I. Male Reproductive Anatomy



A.Embryology 



1. Development of the Gonads

a. On each side of the embryo, primitive gonad arises from the genital ridge (a condensation of tissue near the adrenal gland).  The gonad develops a cortex and a medulla.  Prior to week six, the structures are identical in both sexes.

b. In genetic males

i. the medulla develops during the seventh and eighth weeks into a testis, and the cortex regresses.

ii. The testes determining gene responsible for this development is on the short arm of the Y chromosome.  Leydig cells appear nest and testosterone and Mullerian Inhibiting Substance (MIS) are secreted.

c. In genetic females

i. the cortex develops and the medulla regresses



2. Development of the Genitalia

a. During week seven, the embryo has both male and female primordial genital ducts (B:Figure 23-6)



b. In a normal male fetus

i. the wolffian duct system on each side develops into the epididymis and vas deferens.

c. In a normal female fetus

i. the mullerian duct system develops into uterine tubes and a uterus.

d. The external genitalia are similarly bipolar until the eighth week, when the urogenital slit disappears and male genitalia form, or alternatively, it remains open and female genitalia form.

3. When there are functional testes in the embryo:

a. male internal and external genitalia develop.

b. Leydig cells of the fetal testis secrete testosterone and the Sertoli cells secrete MIS which both act unilaterally.

c. MIS affects the internal genitalia as opposed to the external genitalia.  It causes regression of the mullerian ducts on the side on which it is secreted, and testosterone fosters the development of the vas deferens and related structures from the wolffian ducts.

d. Testosterone induces the formation of male external genitalia.

(See B: Figures 23-4, 23-5, 23-6, 23-7 pp.378-80 and A: Figure 41-11 p.790 they are really a good review of the embryology)

e. Note about A:  Figure 41-11: The primordial external genitalia include the genital tubercle, genital swellings, urethral folds, and UG sinus.  Differentiation of the external genitalia also occurs between 8-12 weeks gestation, and is determined by the presence or absence of male sex hormones.

f. Differentiation along the male line requires active 5 (-reductase which converts testosterone to dihydrotestosterone (DHT). 



       Testosterone    (((((5 (-reductase (((((    DHT



g. Without DHT, regardless of the genetic, gonadal, or hormonal sex, the external genitalia develop along the female pattern.

B. Histology



1. Be able to identify the following when presented with an appropriate photomicrograph (See Microfiche Module 14 in ISP library  or computerized visuals MED I folder/file)



a. Testis as an organ (I’m not quite sure what the heck this means)

tunica albuginea

seminiferous tubules

mediastinum testis

tubuli recti

rete testis

spermatogonia

primary spermatocyte

spermatid

sustentacular (Sertoli cell)

interstitial (Leydig) cell

epididymal duct

efferent duct

deferent duct (vas deferens)



b. Epididymis as an organ

epididymal duct

efferent duct

deferent duct (vas deferens)



c. Prostate as an organ



d. Seminal Vesicle as an organ



e. Penis as an organ

corpus spongiosum

corpus cavernosum

penile urethra

Glands of Littre



2. Explain the difference between spermiogenesis and spermatogenesis, 

&&&&&

3.Describe the structural changes that take place in the maturation of a spermatogonium into a sperm.



a. Spermatogenesis:

i. The epithelium consists of two cell types : Sertoli cells (supporting cells) and cells that constitute the spermatogenic lineage.

ii. Cells of the spermatogenic lineage are stacked in four to eight layers that occupy the space between the basal lamina and the lumen of the tubule.

iii. These cells divide several times and finally differentiate, producing spermatozoa.  They represent various stages in the continuous process of differentiation of the male germ cells.

iv. Spermatogenesis is the name for the process from start to finish and can be divided into three phases.

a. Spermatocytogenesis: during which spermatogonia divide, producing successive generations of cells that finally give rise to spermatocytes;

b. Meiosis: during which the spermatocyte goes through two successive divisions, with reduction by half of the number of chromosomes and amount of DNA per cell, producing spermatids.

c. Spermiogenesis: during which the spermatids go through an elaborate process of cytodifferentiation, producing spermatozoa.

v. The process begins with a primitive germ cell, the spermatogonium situated next to the basal lamina.  At sexual maturity, this cell undergoes a series of mitoses, and the newly formed cells can follow one of two paths:

a. continue after one or more mitotic divisions, as stem cells, or type A spermatogonia

b. they can differentiate during progressive mitotic cycles to become type B spermatogonia.



vi. Type A spermatogonia are the stem cells for the spermatogenic lineage, while type B spermatogonia are the progenitor cells that differentiate into primary spermatocytes.

vii. Soon after their formation, the type B cells (which contain 44 + XY = 46 chromosomes and 4N of DNA) enter the prophase of the first meiotic division and undergo all stages of meiosis resulting in smaller cells called secondary spermatocytes with only 23 chromosomes ( 22 + X or 22 + Y and 2N DNA).

viii. Secondary spermatocytes are short lived cells that remain in interphase very briefly and quickly enter the second meiotic division resulting in spermatids, cells that contain 23 chromosomes and the amount of DNA per cell is reduced be half in this second division, forming haploid 1N cells (because no S phase occurs between the first and second meiotic divisions of the spermatocytes).

viiii. The meiotic process therefore results in the formation of cells with a haploid number of chromosomes (See D: Figure 22-3 p.409)



b. Spermiogenesis

i. The spermatids resulting from the division of secondary spermatocytes undergo spermiogenesis, a complex process of differentiation that includes formation of the acrosome, condensation and elongation of the nucleus, development of the flagellum, and the loss of much of the cytoplasm.

ii. The end result is the mature spermatozoon, which is then released into the lumen of the seminiferous tubule. Spermiogenesis can be divided into three phases (See D: Figure 22-4 and 22-5 pp. 410-11).

a. The Golgi Phase: 

i. The cytoplasm of the spermatids contains a prominent Golgi complex near the nucleus which holds proacrosomal granules which coalesce to form a single acrosomal granule within a membrane-limited acrosomal vesicle.

ii. The centrioles migrate to a position near the cell surface and opposite the forming acrosome.  Formation of the flagellar axoneme begins, and the centrioles migrate back toward the nucleus, spinning out the axonemal components as they move.

b. The Acrosomal Phase:

i. The acrosomal vesicle and granule spread to cover the acrosomal half of the condensing nucleus and are now known as the acrosome which contains many hydrolytic enzymes.

ii. These enzymes, recall, will eventually dissociate the cells of the corona radiata and digest the zona pellucida around recently produced eggs.

iii. When spermatozoa encounter an ovum, the outer surface of the acrosome fuses with the plasma membrane at several sites liberating the acrosomal enzymes.  This acrosomal reaction is one of the first steps in fertilization.

iv. The anterior pole of the cell, containing the acrosome, becomes oriented toward the base of the seminiferous tubule.  The nucleus becomes more elongated and condensed. 

 v. One of the centrioles grows forming the flagellum.  The mitochondria aggregate around the proximal part of the flagellum, forming a thickened region known as the middle piece where the movements of the spermatozoa are generated.

c. The Maturation Phase

i. Residual cytoplasm is shed and phagocytized by Sertoli cells and the spermatozoa are released into the lumen of the tubule.  (See D: Figures 22-4, 22-6, 22-7 and 22-8 ).

ii. During division of the spermatogonia, the resulting cells do not separate completely but remain attached by cytoplasmic bridges, that provide communication between every primary and secondary spermatocyte and spermatid derived from a single spermatogonium. 

iii. These bridges play a role in coordinating the sequence of events in spermatogenesis.  When the process of spermatogenesis is completed, the sloughing of the cytoplasm and cytoplasmic bridges as residual bodies leads to a separation of the spermatids  (See D: Figure 22-7).



4. Describe Sertoli cell structures and their relevance to cellular function.



a. Sertoli cells: elongated pyramidal cells that partially envelop cells of the spermatogenic lineage.  The bases of the Sertoli cells adhere to the basal lamina, while their apical ends may extend into the lumen of the seminiferous tubule.

i.Contain abundant smooth ER, some rough ER  a well-developed Golgi complex and numerous mitochondria and lysosomes.  The elongated nucleus has numerous infoldings and a prominent nucleolus.

ii. Adjacent Sertoli cells are bound together by occluding junctions at the level of the spermatogonia, which lie in a basal compartment that has free access to materials found in blood.

iii. During  spermatogenesis, progeny of spermatogonia somehow traverse these junctions and come to lie in the adluminal compartment where the more advanced stages of spermatogenesis are protected from the blood-borne products by a blood-testis barrier formed by the occluding junctions between Sertoli cells.

iv. Spermatocytes and spermatids lie deep within deep invaginations of the lateral and apical margins of the Sertoli cells. As the flagellar tails of the spermatids develop, they appear as tufts extending from the apical ends of the Sertoli cells.

v. Sertoli cells are also connected by gap junctions that provide ionic and chemical coupling of the cells.

vi. Sertoli cells have at least four main functions:

a. Support, protection and nutritional regulation of the developing spermatozoa:

i. the network of the interconnected cells of the  spermatogenic series (via cytoplasmic bridges) are supported by extensive cytoplasmic ramifications of the Sertoli cells.

ii. Because the spermatocytes, spermatids and spermatozoa are isolated from the blood supply by the blood-testis barrier, these spermatogenic cells depend upon the Sertoli cells to mediate the exchange of nutrients and metabolites.

b. Phagocytosis:

i. During spermiogenesis, excess spermatid cytoplasm is shed as residual bodies.  These fragments are phagocytized and broken down by Sertoli cell lysosomes.

c. Secretion:

i. Sertoli cells secrete continuously into the seminiferous tubules a fluid that flows in the direction of the genital ducts and is used for sperm transport.

ii. Secretion of an androgen binding protein by Sertoli cells is under the control of FSH and testosterone and serves to concentrate testosterone in the seminiferous tubule, where it is necessary for spermatogenesis.

iii. Sertoli cells can convert testosterone to estradiol.  They also secrete a peptide called inhibin, which suppresses FSH synthesis and release in the anterior pituitary gland.

d. Production of the anti-Mullerian hormone Mullerian inhibiting hormone

i. This glycoprotein acts during embryonic development to promote regression of the Mullerian (paramesonephric) ducts in the male fetus.

ii. Testosterone fosters the development of structures derived from the wolfiann (mesonephric) ducts.



5. Describe the structural changes which result from the action of androgens on the components of the male reproductive tract.



a. Testosterone is the major androgen synthesized and secreted by the Leydig  (interstitial) cells.  Accessory sex organs contain 5 (-reductase which converts testosterone into dihydrotestosterone (the active form).

i. Causes prenatal differentiation of wolffian ducts and external genitalia if  5 (-reductase is present.

ii. Causes development of male secondary sex characteristics at puberty including male hair distribution, growth of external genitalia, laryngeal enlargement, increased muscle mass.

iii. Causes pubertal growth spurt.

iv. Maintains spermatogenesis in Sertoli cells (paracrine effect).

v. Increases size and secretory activity of epididymis, vas deferens, prostate, and seminal vesicles (if 5 (-reductase is present).

vi. Increases libido.

b. Regulation of Testes

i. Hypothalamic control-GnRH

a. Arcuate nuclei of hypothalamus secrete GnRH into hypophysial-portal blood.  GnRH stimulates the anterior pituitary to secrete FSH and LH.

ii. Anterior Pituitary -FSH and LH

a. FSH acts on the Sertoli cells  to maintain spermatogenesis.  The Sertoli cells also secrete inhibin, which is involved in feedback inhibition of FSH secretion.

b. LH acts on the Leydig cells to promote testosterone synthesis.  Testosterone acts via a paracrine mechanism to mediate the effects of FSH on spermatogenesis in the Sertoli cells.

iii. Negative Feedback Control- Testosterone and inhibin

a. Testosterone inhibits secretion of LH by inhibiting release of GnRH from the hypothalamus and by directly inhibiting release of LH from the anterior pituitary.

b. Inhibin inhibits secretion of FSH from the anterior pituitary.

�II. Male Reproductive Physiology



A. Endocrine Regulation of Male reproduction



1. List the important hormones of male reproduction and describe the function of each.



a. GnRH: The hypothalamus processes information obtained from the external and internal environment and relays it to the anterior pituitary by means of the gonadotrophin-releasing hormone (GnRH) which acts on the gonadotrophs of the anterior pituitary and stimulates the secretion of LH and FSH.

b. LH: Luteinizing hormone targets the Leydig cells which reside in the interstitium of the testis and produce the sex steroids such as testosterone.

c. FSH: Follicle stimulating hormone targets the Sertoli cells  located in the seminiferous tubules.  FSH acts to maintain spermatogenesis.

d. Testosterone: Belongs to a class of hormones called androgens which promote maleness.  It carries out multiple functions:

i.  feedback on the hypothalamus and anterior pituitary

ii. support of spermatogenesis

iii. regulation of sexual behavior

iv. support of secondary sex characteristics

e. Inhibin: a glycoprotein hormone produced by the testes which regulates FSH release.



2. Describe the regulation of LH and FSH secretion by GnRH.  Recognize that pulsatile GnRH secretion is REQUIRED for physiological LH and FSH secretion.  Explain why GnRH agonists (long acting highly potent GnRH analogs) can be used to treat conditions requiring decreased gonadotropin secretion.  Describe the intracellular events following GnRH binding which lead to LH release from the gonadotrope.



a. Information from external and internal cues is fed into the brain and processed, amplified, integrated and transduced to the hypothalamus.  The hypothalamus translates these signals into the production and pulsatile secretion of a humoral messenger, GnRH that influences the anterior pituitary.

b. The GnRH released is picked up by the capillaries of the portal vessels and transported to the anterior pituitary.  The hormones of the hypothalamopituitary-gonadal axis are secreted in a pulsatile manner, which is necessary for their proper functioning.

c. The discrete bursts of GnRH secretion are followed by pulses of LH release.  FSH is also released in a pulsatile manner, but the lack of complete synchrony with LH suggests that its release is regulated by additional factors.

d. The putative pulse generator resides in the hypothalamus and is responsible for the synchronized and rhythmic firing of a population of neurons and is modified by several factors.

e. The pulse generator is tonically inhibited by gonadal steroids.

f. The mode of action of GnRH is unique. 

i. Constant exposure of the gonadotrophs to GnRH results in desensitization of GnRH receptors, leading to a decline in LH and FSH release.

ii. The pulsatile pattern of GnRH release serves an important physiologic function.  Administration of GnRH at an improper frequency results in a decline in hormone release or a substantial change in the ratio of LH/FSH release.

iii. This explains why GnRH agonists can be used to treat conditions requiring decreased gonadotrophin secretion.

g. GnRH binds to a single class of high-affinity receptors on the plasma membrane of the gonadotrophs.  The affinity of the receptor for GnRH remains relatively constant, while the number of receptors fluctuates and is subject to hormonal regulation.

h. The binding of GnRH to the receptor elicits a biphasic rise in intracellular calcium.  The first rise is sharp and transient and the second phase is prolonged and of lower magnitude.  (See A: Figure 39-4 p. 741 it is very helpful).

i. The first phase involves the phosphatidylinositol pathway.  Activation of phospholipase C via a guanine-nucleotide binding protein causes the cleavage of phosphatidylinositol 4,5-biphosphate into inositol triphosphate (IP3) and diacylglycerol (DAG).

a.IP3 stimulates a rapid release of calcium from intracellular stores (endoplasmic reticulum has receptors for IP3).

b.DAG increases the activity of calcium-dependent protein kinase-C which when activated, phosphorylates several classes of proteins and proteolytic enzymes important for exocytosis, membrane channels that facilitate ion transport and DNA binding proteins which regulate gene expression.

c.This activation results in a cascade of events lasting various periods of time resulting in increased hormone release, followed by enhanced hormone synthesis.

ii.GnRH binding also induces an influx of extracellular calcium resulting in the second, prolonged phase of cytosolic calcium elevation.

a. Calcium enters the cells via voltage gated or ligand gated calcium channels.

iii. The GnRH stimulated LH release occurs by exocytosis, which is always preceded by a large rise in intracellular calcium and increased activity of calcium-calmodulin dependent protein kinase and protein kinase C.

iv. The calcium level is returned to normal by three mechanisms:

a. sequestration into intracellular organelles like mitochondria, secretory granules, and endoplasmic reticulum

b. neutralization by binding to cytosolic proteins serving as internal buffers

c. transport out of the cell by an energy-dependent calcium-ATPase or sodium-calcium countertransporter.

i. Gonadal hormones exert negative feedback on gonadotrophin release.

i. Testosterone inhibits LH release by decreasing the amount of GnRH reaching the anterior pituitary and by reducing pituitary sensitivity to the peptide.  It slows the pulse frequency of GnRH release.

ii. Inhibin acts directly on the anterior pituitary and inhibits the secretion of FSH but not LH.



3. Describe the regulation of testosterone biosynthesis by hypothalamic and pituitary hormones.  Describe the effect of testosterone on the secretion of GnRH and LH.  Recall that GnRH-secreting neurons in the hypothalamus do not contain steroid receptors.  As such, steroid feedback regulation of GnRH secretion must be mediated by other factors in the brain.



a. Testosterone is  the main androgen synthesized and secreted by the Leydig cells.  LH increases testosterone synthesis by binding to the Leydig cells and triggering the biosynthetic pathway.

b. Steroid biosynthesis can be regulated at each of several levels including availability of substrates and cofactors, induction  of enzymes, alteration in enzyme activity, and transport of intermediates.  

c. LH stimulates steroidogenesis by acting at two principal sites.  

i. One is phosphorylation of cholesterol esterase, which releases cholesterol from its intracellular stores and transports it to the mitochondria.

ii.The second is activation of the rate-limiting enzyme, mitochondrial cytochrome P450scc, which yields pregnenolone from cholesterol.

d. (See A: Figure 39-12 p. 750) to understand the proposed intracellular mechanism by which LH stimulates testosterone synthesis.  

e. LH binds to receptors on the Leydig cells and activates cAMP which activates protein kinase A.  Protein kinase A phosphorylates cholesterol esterase which releases cholesterol and transports it to the mitochondria where it can be converted to pregnenolone by P450scc.

f. Pregnenolone is then transported to the smooth ER where it is used to synthesize testosterone and estradiol via the delta 5 pathway.

g. Testosterone inhibits the secretion of LH by inhibiting release of GnRH from the hypothalamus and by directly inhibiting release of LH from the anterior pituitary.

h. Recall that the pulse generator responsible for the synchronized and rhythmic release of GnRH is tonically inhibited by gonadal steroids.  GnRH neurons lack receptors for gonadal steroids, suggesting that steroidal effects are mediated by other agents.  The most likely candidates are norepinephrine, dopamine and opioid peptides. 



4. Describe the regulation of FSH secretion by Inhibin.



a. Inhibin is produced by Sertoli cells and inhibits the secretion of FSH from the anterior pituitary.

b. The testicular Sertoli cells form a classical negative feedback loop in which FSH stimulates inhibin secretion and inhibin suppresses FSH release.  

c. Inhibin also functions as a paracrine agent in the testes.



5. Review the pathways for androgen biosynthesis by the testis.  Knowledge of detailed steroid structure is not essential.  Understanding the pathways (delta 4 or delta 5) is.  Recognize that delta 4 predominates in the ovary and delta 5 predominates in the testis.  Conversion of cholesterol to pregnenolone is the rate-limiting step and is stimulated by LH. (cholesterol desmolase ?)



a. Steroid hormones are produced from cholesterol by the adrenal cortex, ovaries, testes, and placenta.  Each organ uses the same general biosynthetic pathway, but the relative amount of the final products depends on the particular subset of enzymes expressed in that tissue.  The main product of the testes is testosterone, but other androgens as well as a small amount of estrogens are also produced.

b. Pregnenolone is a key intermediate for all classes of steroid hormones (See A: Figure 39-11 p. 749).  After formation in the mitochondria, it is transported to the smooth endoplasmic reticulum, where the remainder of the biosynthetic reactions take place.

c. Pregnenolone can be converted to testosterone via the delta 5 or the delta 4 pathway.  These refer to the stage at which the double bond in ring B (position  5,6) is switched to ring A (position 3,4).

d. Delta 5 Pathway:

i. Intermediates include 17 (-hydroxypregnenolone, DHEA, and androstenediol.

ii. Major route for testosterone production in the human testis.

e. Delta 4 Pathway:

i. Intermediates include progesterone, 17 (-hydroxyprogesterone, and androstenedione.

ii. predominates in the ovary.



6. Describe the metabolic fate of testosterone under the following headings  (See A: Figure 39-13 p.751):



a. aromatization in peripheral tissues to estrogen

i. Occurs in fat, liver, skin, and brain tissue.

ii. Circulating levels of total estrogens (estradiol + estrone) in men approach those of women during the early follicular phase, yet men are protected from feminization  as long as production of and tissue responsiveness to androgens are normal.

b. reduction by 5  (- reductase to dihydrotestosterone is specific tissues.

i. Skin, hair follicles, and most of the male reproductive tract contain an active 5  (- reductase which irreversibly catalyzes the reduction of the double bond in ring A and generates DHT.

ii. DHT has a strong binding affinity for the androgen receptor and is two to three times more potent than testosterone.  It is critical for the normal development of the external genitalia during embryonic life.

c. Conjugation to sulfates and glucuronides in liver

i. Androgens are metabolized in the liver to biologically inactive derivatives suitable for excretion by the kidney.

ii. The major products of testosterone metabolism are the 17ketosteroids: androsterone and etiocholanolone.  

iii.  These, as well as native testosterone, are conjugated in position 3 to form sulfates and glucuronides, which are water soluble and excreted into the urine.



7. Describe post-receptor events following testosterone binding to receptors in target cells.  State in which tissues testosterone is further metabolized before receptor binding.  Name the enzyme and metabolic product. ???



a. Testosterone is not stored in the Leydig cells, but diffuses into the bloodstream immediately after being synthesized.

b. Testosterone circulates bound to plasma proteins: albumin (30-40%) and SSBG (sex steroid binding globulin, the remaining amount).  Only 2-3% is present as the free hormone.

c. Once released into the circulation, testosterone’s fate is quite variable. In most target tissues, testosterone functions as a prohormone and is converted to the biologically active derivatives dihydrotestosterone (DHT), estradiol, and androstenedione (See A: Figure 39-13 p.751).

d. Testosterone is further metabolized by 5  (- reductase  in skin, hair follicles, prostate, scrotum, penis, bone and most of the male reproductive tract which converts it to DHT, a more potent intermediate.

e. Androgens gave profound effects on almost every body tissue:

i. alterations in primary sex structures (testes and genital tract)

ii. stimulation of secondary sex structures (accessory glands)

ii. development of secondary sex characteristics responsible for masculine phenotypic expression

iv. effects on psychology and sexual behavior.

v. at each level, androgens can participated in cell differentiation, maturation, secretion or maintenance of structural and functional integrity.



8. Describe the role of testosterone:



a. In fetal differentiation and development: Wolffian ducts, accessory sex structures, penis, brain:

i. Between weeks 8 and 18 of fetal life, androgens mediate the differentiation of the male genitalia. 

ii. The organogenesis of the Wolffian ducts into the epididymis, vas deferens, and seminal vesicles is directly influenced by testosterone, which reaches these target tissues by diffusion rather than by a systemic route.

iii. The differentiation of the UG sinus and the genital tubercle into the penis, scrotum, and prostate gland depends on testosterone being converted to DHT.

iv. Toward the end of fetal life, the descent of the testes into the scrotum is promoted by testosterone.

v. One of the least understood effects of androgens is on the differentiation, maturation, and operation of the central nervous system.  The enzyme 5 (-reductase is widely distributed in the brain, but its activity is generally higher during the prenatal period than in adults.

vi. Sexual dimorphism in the size, number, and arborization of neurons in the preoptic area, amygdala and superior cervical ganglia has been recently recognized in humans.



b. in pubertal development: accessory sex organs and glands, secondary sex characteristics and psycho-sexual maturation and behavior.

i. The onset of puberty is marked by enhanced androgenic activity.  Androgens promote growth of the penis and scrotum, stimulate growth and secretory activity of the epididymis  and accessory glands and increase pigmentation of the genitalia.

ii. Enlargement of the testes occurs under the influence of the gonadotrophins.  Spermatogenesis, which is initiated during puberty, is absolutely dependent on adequate amounts of testosterone.  

iii. Androgens stimulate the development of secondary sex characteristics responsible for masculine phenotypic expression and affect the psychology and sexual behavior of adolescent men.



c. in the adult maintenance function:

i. Androgens are responsible for maintaining the structural and functional integrity of all reproductive tissues.  Castration of adult men results in regression of the reproductive tract and involution of the accessory glands.



9. Describe the effects of androgens on muscle and bone.



a. The growth spurt of adolescent males is influenced by a complex interplay between androgens, growth hormones and genetic factors.  This includes the growth of the vertebrae, long bones, and shoulders.

b. The mechanism by which androgens (like DHT) alter bone metabolism is unclear, but they also accelerate closure of the epiphyses in the long bones, eventually limiting further growth.

c. Androgens have multiple effects on skeletal and cardiac muscle.  Since 5 (-reductase activity in muscle is very low, the androgenic action is due to testosterone itself.

d. Testosterone stimulates muscle hypertrophy, thus increasing muscle mass, but has minimal or no effect on muscle hyperplasia.



B. Seminiferous Tubule Functions:



1. Sertoli Cells (Some of this is a repeat, but nevertheless, a good review)

a. Describe the basis of the blood testis barrier, the cells on the basal lamina which are excluded, and the cells included in the barrier.  What is the principal function of this barrier?

i. Each seminiferous tubule is surrounded by a basement membrane and neighboring myoid, or smooth muscle cells.  The perimeter of the tubule is lined by large, irregularly shaped Sertoli cells, which span the width of the tubule from the basement membrane to the lumen (See A: Figure 39-6 p.742).

ii. Sertoli cells are attached to one another by tight junctions.  The junctional complexes limit the transport of fluid and macromolecules from the interstitial space into the tubular lumen, forming the blood-testis barrier.  

iii. Each tubule is effectively divided into a basal compartment, whose constituents are exposed to circulating agents, and an adluminal compartment, which is isolated from blood-borne elements.

iv. Located between the nonproliferating Sertoli cells are germ cells at various stages of division and differentiation.

a. the spermatogonia are located in the basal compartment (See A: Figure 39-7 p. 743).

b. as spermatogenesis proceeds, the dividing cells move across the junctional complexes into the adluminal compartment, where they mature into spermatozoa, or gametes.

c. the adluminal compartment constitutes an immunologically privileged site.



b. Name which pituitary  gonadotrophin binds to Sertoli cell receptors.  Name the three primary proteins produced by Sertoli cells, (one during fetal development) and describe their regulation and function.



i. Receptors for FSH present only on Sertoli cells are oligomeric glycoproteins linked to adenylate cyclase via a G protein.

ii. FSH binds to Sertoli cell receptors and exerts multiple effects all of which are mediated by cAMP and protein kinase.

a. stimulation of the production of androgen binding protein (ABP)

b. increased secretion of inhibin

c.  induction of P450arom activity

d.  production of plasminogen activator

e.  increased cell proliferation

iii. Three primary proteins produces by Sertoli cells are: ??? (not sure about what he wanted for this)

a. androgen binding protein: a protein with a high binding affinity for dihydrotestosterone and testosterone.  It serves as a carrier of testosterone in the Sertoli cell, as a storage protein for androgens in the seminiferous tubules, and as a carrier of testosterone from the testes to the epididymis.

b. transferrin: an iron-transport protein important for sperm development.

c. plasminogen activator: converts plasminogen into plasmin and assists in spermiation, the final detachment of mature spermatozoa from the Sertoli cell into the lumen. 

d. Mullerian Inhibiting Factor (MIF)? : Sertoli cells undergo active mitosis during fetal life and are affected by agents that regulate the organogenesis of the testes and by MIF, which suppresses the development of female internal genitalia.  



c. Name the major steroids secreted by Sertoli cells.

i. Inhibin: A product of the Sertoli cells which suppresses FSH release from the pituitary gonadotrophs.  The testicular Sertoli cells form a classical negative feedback loop in which FSH stimulates inhibin secretion and inhibin suppresses FSH release.  

ii. Estradiol: Testosterone serves as a precursor for estradiol production in the Sertoli cell.



2. Leydig Cells.



a. Name which pituitary gonadotropin binds to Leydig cell receptors and name the three primary androgens produced by the Leydig cells.

i. LH : binds to Leydig cell receptors.

ii. Three primary androgens produced by the Leydig cells:

a. Testosterone

b. dihydroepiandrosterone (DHEA)

c. androstenedione

b. Understand the two-cell two-gonadotropin theory of steroid production (See A: Figure 39-8 and 40-6 pp. 744 and 766).  The diagram on page 6a of the module may be found useful as well, but here are a few comments anyway.

i. There are bi-directional  interactions between Sertoli and Leydig cells.  The Sertoli cell is incapable of producing testosterone, but it contains testosterone receptors as well as and FSH-dependent P450arom (converts androgens to estrogens)

ii. The Leydig cell does not produce much estradiol but contains receptors for it.  Testosterone diffuses from the Leydig to the Sertoli cell, binds to ABP and is obligatory for spermatogenesis and the proper functioning of the Sertoli cell.

iii. In the Sertoli cell, testosterone also serves as a precursor for estradiol production.  Its role in the functioning of the Leydig cells is unclear. 



C. Spermatogenesis (See Module page 7 for diagram of gametogenesis)



1. Describe the changes that take place in the germ cells during spermatogenesis and discuss the endocrine control of spermatogenesis.

a. Spermatogenesis is divided into three distinct phases

i. mitosis: cell replication

ii. meiosis: reductional division

iii. spermiogenesis: cell differentiation (See A: Figure 39-9 p.744).

b. Spermatogenesis begins during puberty, but the germ cells are not dormant during fetal life.  

i. identified in yolk sac day 24-25 of gestation.

ii. these cells move by ameboid movement to the location of the developing testes and become embedded in its medulla.

iii. between 3-6 months they undergo rapid proliferation, followed by a massive loss of cells.  The seminiferous tubules are quiescent during childhood and spermatogenesis is initiated shortly before puberty, under the influence of the rising levels of gonadotrophins.

c. Spermatogonia Undergo Mitotic and Meiotic Divisions and Become Spermatids

i. The cell cycle consists of a long interphase and a very short period of cell division which consists of mitosis and cytokinesis (cytoplasmic division). Primordial germ cells are diploid, each consisting of 46 chromosomes.

ii. Mitosis results in the formation of two identical diploid cells.

iii. Each spermatogonium entering meiosis first undergoes four mitotic division, forming 16 daughter diploid clones connected by cytoplasmic bridges.

iv. They migrate away from the walls of the seminiferous tubules and enter the first meiotic division as primary spermatocytes.  They enter the second meiotic division as secondary spermatocytes  resulting in spermatids.

v. Of every four spermatids emanating from a primary spermatocyte, two contain X chromosomes and two contain Y chromosomes.

vi. As a result of the four mitotic divisions and meiosis, each spermatogonium committed to meiosis should have yielded 64 spermatids, if all cells survive.

d. Spermatids undergo remodeling to become mature spermatozoon

i. alterations of the nucleus : becomes eccentric, decreases in size and the chromatin becomes condensed.

ii. formation of a tail

iii. massive loss of cytoplasm

iv. The acrosome buds from the Golgi complex, flattens and covers most of the nucleus.

v. The centrioles migrate to the caudal pole and form a long axial filament made of nine peripheral doublet microtubules surrounding a central pair (9 + 2 arrangement) which becomes the axoneme, or major portion of the tail.

e. Mature Spermatozoa Summary

i. consists of three main parts: head, middle piece and tail

ii. The head is composed of condensed chromatin and the acrosome.  The chromatin is inactive throughout life until fertilization then the nucleus decondenses and becomes a pronucleus.

iii. The acrosome contains proteolytic enzymes that are inactive until the acrosome reaction occurs upon contact of the sperm head with the egg.

iv. The middle piece contains  a lot of mitochondria that supply energy form sperm metabolism and locomotion.

v. The tail is composed of a 9 + 2 arrangement of microtubules, which is typical of cilia and flagella and is surrounded by a fibrous sheath that provides some rigidity.

f. Endocrine control of spermatogenesis

i. Spermatogenesis requires the presence of FSH and high intratesticular levels of testosterone which act through the Sertoli cell, which contains receptors for each.

ii. The rate and number of mitotic divisions of the spermatogonia are probably hormone-independent  and may be programmed by the cell genome.  Upon entering meiosis, spermatogenesis depends on the availability of FSH and testosterone.  

iii. FSH is required for the initiation of spermatogenesis before puberty or after a long cessation.  When adequate sperm production has been achieved, LH alone (by way of stimulating testosterone production) or testosterone alone will suffice.



2. Describe the temperature requirement for spermatogenesis.  How do anatomy and blood supply (pampiniform plexus) support this requirement? What is cryptorchidism?



a. The location of the testes in the scrotum is important for sperm production, which is optimal at 2-3 (C below core body temperature.

b. Two systems help maintain the testes at a cooler temperature.

i. Pampiniform plexus of blood vessels: serves as a countercurrent heat exchanger between warm arterial blood reaching the testes and cooler venous blood leaving the testes.

ii. The cremasteric muscle: responds to changes in temperature by moving the testes closer or farther away from the body.

c. Cryptorchidism: nondescendent testes



3.State the approximate maturation time of spermatozoa.



a. The duration of the spermatogenic cycle is 65-70 days.



D. Functions of Accessory Sex Organs and Glands



1. Epididymis (note plural is epididymides)

a. Describe functional changes in spermatozoa which occur during transit in epididymal tubules.



i. Sperm must pass through the epididymis to become fertile and motile and undergo changes in composition of cell membrane, a switch in substrate use, changes in ion transport, and increased adenylate cyclase and protein kinase activities.

ii. While in the epididymis, sperm are exposed to lower pH, increased K+/Na+ ratio, altered substrate concentrations, and specific epididymal products, such as enzymes, glycoproteins, and glycolipids.

iii. During their passage through the epididymis, sperm acquire the ability for forward motion, that depends on the length of time they have resided in the epididymal duct.

iv. In the epididymis, sperm also develop the ability to bind to the zona pellucida of the egg.



2. Accessory Glands

a. Collectively the secretions make up seminal fluid which serves to maintain an optimal pH, provide nutrients, and dilute spermatozoa.  Some constituents affect smooth muscle contractility.

b. Seminal vesicular secretion (approximately 60% of volume)  

i. High in K+

ii. converts glucose to fructose which is testosterone dependent

iii. source of several prostaglandins, some of which promote uterine contraction

c. Prostatic secretion (approximately 20% of volume)

i. pH=6.5, 

ii. very high [citrate] = 500(2700 ug/dL

iii. contains many proteinases

d. Bulbourethral secretion (also known as Cowper’s glands)

i. first secretion to appear in the ejaculate

ii. its alkaline pH neutralizes acidity of the urethra

iii. has a high concentration of mucoproteins which have a lubricating function



3. Erection, Emission, and Ejaculation

a. Describe the physiologic basis of erection (i.e. the psychic, neural and vascular components).



i. Successful reproduction depends on the ability to achieve and maintain penile erection.  During sexual arousal, afferent stimuli derived from the genitalia, together with nerve signals originating in the limbic system, trigger motor impulses in the spinal cord.

ii. These are carried by the nervi erigentes to the penis, causing vasodilation of the arterioles as well as venoconstriction.  As a result, blood is trapped in the surrounding erectile tissue, leading to engorgement of the penis and erection.



b. Describe the two reflexes associated with sensory stimulation of the glans penis (i.e., emission and ejaculation).



i.  Sperm is expelled by a reflex process, divided into two sequential phases: emission and ejaculation.

ii. Emission:

a. causes the sperm to move from the cauda epididymis to the urethra.  Efferent stimuli originating in the lumbar area of the spinal cord and mediated by adrenergic sympathetic nerves induce contraction of smooth muscles surrounding the epididymis, vas deferens, and ejaculatory duct.

b. this propels the sperm into the urethra and closes the internal urethral sphincter, thus preventing retrograde ejaculation into the bladder.

iii. Ejaculation:

a. Involves expulsion of the sperm from the penile urethra.  This phase is also controlled by a reflex mechanism and involves rhythmic contractions of the striated muscles surrounding the urethra.

b. Unejaculated spermatozoa are eventually phagocytosed and reabsorbed.



E. Reproductive Dysfunction



Describe the following disorders of reproductive function.



1. Impotence

a. defined as the inability to achieve or maintain erection or ejaculation and occurs on a regular basis in approximately 10-12% of men and infrequently in about 35%.

b. Etiology: can be psychogenic or traced to specific pathologies resulting from vascular defects, diabetes mellitus, or neuronal dysfunction.

i. psychogenic impotence is the most common cause an is often associated with alternating periods of potency and impotence. 

ii. If this is the cause, counseling is the treatment of choice. (For more detail and additional treatments see A: p. 753)

2. Hypogonadotrophic hypogonadism 

a. Endocrine related hypogonadism can be classified as hypothalamic pituitary defects (hypogonadotrophic), primary gonadal defects (hypergonadotrophic) and defective androgen action. Each is divided into several subcategories some of which will be discussed here.

b. Hypogonadotrophic hypogonadism can be congenital, idiopathic, or acquired.  

c. Kallmann syndrome: 

i. the most common congenital form of the disease which results from decreased or absent GnRH secretion.  These patients are unable to smell (anosmic) and hypogonadal due to GnRH deficiency resulting from a failure of GnRH neurons to migrate from the olfactory bulbs. 

ii. often associated with anosmia or hyposmia and is transmitted as an autosomal dominant trait.

iii. patients do not undergo pubertal development and have eunuchoidal features (absence of secondary sexual characteristics).

iv. Plasma LH, FSH, and testosterone are low, and the testes are immature with no  spermatozoa.   

d. Hyperprolactinemia:

i. whether due to hypothalamic disturbance or pituitary adenoma, often results in decreased GnRH production, hypogonadotrophic state, with impotence and decreased libido.

ii. Leydig cells also contain receptors for prolactin (PRL) and GnRH.  Hyperprolactinemia in men with pituitary tumors is associated with decreased testosterone levels.  This is due to a direct effect of elevated PRL on the Leydig cells or is secondary to decreased gonadotrophin levels.

iii. Recall that prolactin (PRL) decreases the synthesis and release of GnRH and inhibits spermatogenesis by this mechanism.  

e. Congenital adrenal hyperplasia:

i. Excess androgens can also result in suppression of the hypothalamic-pituitary axis, resulting in lower LH levels and impaired testicular function.

ii. This often results from congenital adrenal hyperplasia and increased adrenal androgen production due to cytochrome P450c21 (21 hydroxylase) deficiency.



3. Hypergonadotrophic hypogonadism

a. usually results from impaired testosterone production, which can be congenital or acquired.

b. Klinefelter Syndrome

i. the most common disorder is this congenital abnormality with an incidence of approzimately 0.2% of live male births.

ii. it results from sex chromosomal nondisjunction, characterized by the presence of XXY chromosomes in the testes and often in most other tissues.

iii. clinical manifestations include small, firm testes, azoospermia (none), gynecomastia, inadequate masculinization.

iv. patients have some eunuchoidal features, with low testosterone levels and elevated gonadotrophins.

c. Sertoli cell Only Syndrome

i. another disorder associated with a hypergonadotrophic state.

ii. caused by abnormality in the seminiferous tubules and is associated with azoospermia, normal LH and testosterone levels, but elevated FSH levels.



4. Testicular Feminization 

a. a pseudohermaphrodite is an individual with gonads of one sex and genitalia of the other.  In this case , the cause of male reproductive abnormality is an end organ insensitivity to androgens.

b. X-linked recessive disorder caused by a defect in the testosterone receptor.

c. In the classic form, patients are male pseudohermaphrodites with a female phenotype and an XY male genotype.  

i. they have abdominal testes that secrete testosterone but no other internal genitalia of either sex.

ii. they commonly have female external genitalia, but with a short vagina ending in a blind pouch.

iii. Breast development is typical of a female (due to peripheral aromatization of testosterone), but axillary and pubic hair, which are androgen-dependent, are scarce or absent.

d. testosterone levels are above normal or elevated, estradiol levels are above the normal male range, and circulating gonadotrophin levels are high.

e.  The testes usually have to be removed because of increased risk of cancer.  After orchiectomy, patients are treated with estradiol to maintain a normal female phenotype.

 5. 5 (-reductase deficiency

a. another example of male pseudohermaphroditism is this autosomal recessive disorder that results from an inability to convert testosterone to DHT.

b. Differentiation of the internal genitalia which is testosterone-dependent, proceeds normally along the male line.  The external genitalia, which depend on DHT, develop along the female line. 

c. Such individuals are often identified as females at birth with bilateral inguinal masses, but undergo marked masculinization during puberty in response to rising levels of testosterone.

�III. Female Reproductive Anatomy



A. Gross Anatomy (I will present more information for a more thorough review)



1. Know the blood supply to the uterus and ovary.



a. Blood supply to uterus is from two major sources

i. uterine artery a branch of the internal iliac but may also arise from the inferior gluteal, internal pudendal, umbilical and obturator arteries.

a. as it approaches the cervix, it bifurcates into an ascending (supplying the body and fundus of the uterus) and descending trunk which supplies the cervix and vagina.

ii. ovarian artery arises directly off the aorta and supplies the fundus of the gravid uterus.

iii. The uterine vein receives most of the venous effluent from the uterus and vagina and forms a complicated plexus above an below the uterine artery as it enters the uterus.

a. These veins run laterally within the broad ligament to form one or two trunks that drain into the internal iliac vein.

b. Blood supply to the ovary is derived from two sources as well : the internal iliac artery and the aorta.

i. The ovarian artery that provides the superior blood supply is a direct branch of the abdominal aorta.  It enters the mesovarium passing through the suspensory ligament of the ovary (See C; Figure 1-23, 24 pp. 26, 28).

ii. The ovarian branch of the uterine artery ( a branch of the internal iliac) anastomoses with the ovarian artery here and is the second major blood supply.  

a. the most superior, lateral and the terminal branch of the uterine artery.  It extends laterally in the broad ligament to reach the mesovarium, where it enters the ovarian hilus and anastomoses with the ovarian artery.



2. Be able to trace the ureter in relation to the hypogastric ( internal iliac) artery, uterus, and uterine artery.



a. The ureter passes anterolateral to the internal iliac artery, passes posterior and inferolateral to the uterus below the uterine artery to enter the bladder.

b. The ureter does travel in the interligamentous space of the broad ligament  (underneath the tent as it drapes over the uterus)

c. Do yourself a favor and look at any plate of Netter for a clear presentation.



3. List ligaments to the uterus and their relative function for uterine support.



a. Broad Ligament is the mesentery that suspends the uterus within the pelvis and is bilaminar, with an anteroposterior layer, covering the uterus, tubes and a portion of the ovary (See C: Figure 1-19 p. 22). 

i. The suspensory ligament of the ovary is an extension of the broad ligament  and attaches the upper pole of the ovary to the lateral pelvic wall

ii. The ovarian ligament proper lies within the anterior and posterior leaves of the broad ligament and attaches the lower pole of the ovary to the lateral wall of the uterus. 



b. The Round Ligament : specialized remnant of the gubernaculum of the fetal gonad which is contained as well within the leaves of the broad ligament. 

i. attaches to anterolateral portion of the uterus, traverses the broad ligament in its anteroinferior plane, and enter the inguinal canal to insert into the labium majus.

c. Uterosacral Ligament : connective tissue thickening at the base of the broad ligament (forms these and cardinal ligaments).

i. uterosacral ligaments are attached at their anterior ends to the lateral aspect of the cervix and sweep around posteriorly to the rectum and insert into the region of the 2-4th foramina of the sacrum.

ii. form the rectouterine folds; the lateral aspect of the uterosacral ligaments merges with the cardinal ligaments.

d. Cardinal Ligament : situated at the base of the broad ligament and represents the condensed perivascular connective tissue anterior to the uterosacral ligaments.

i. along with the uterosacral ligaments help provide support for the uterus by holding it anteverted.



B. Histology



1. Identify the following when presented with an appropriate photomicrograph.



a. Ovary as an organ 

germinal epithelium

primordial follicle

primary follicle

developing (antral) follicle

mature (Graffian) follicle

corpus luteum

corus albicans

follicular epithelium

oocyte

zona pellucida

corona radiata

theca interna

theca externa

follicular granulosum cells

theca granulosum cells

stroma

b. Oviduct as an organ



c. Cervix as an organ

cervical glands



d. Vagina as an organ

e. Uterus as an organ

parametrium

myometrium

endometrium

zona basalis

zona functionalis

spiral arteries

endometrial glands

f. Mammary gland as an organ

lactiferous ducts

lactiferous alveoli

lactiferous sinus



2. Describe the structural changes which take place in the ovary as a primordial follicle matures, ovulates, luteinizes and eventually becomes a corpus albicans.  (See A: Figure 40-5 p.762 and Table 40-2 p. 764)



a. Primordial Follicle

i. Oocytes are formed during intrauterine life, and their number does not increase after birth.  The cells that are precursors of the oocytes, the oogonia or primordial germ cells, originate in the endoderm of the yolk sac.  They migrate to the genital ridge and then into the developing ovary.

ii. Primordial as well as growing follicles contain primary oocytes that are the equivalent of primary spermatocytes of the seminiferous tubules.  These oocytes are in the prophase of the first meiotic division.

iv. The primordial follicles are most numerous before birth and each consists of a primary oocyte ( oogonia that have entered the prophase of the first meiotic division) enveloped by a single layer of flattened follicular cells (See D: Figure 23-3 p. 425 for question)

b. Growing Follicle

i. Follicular growth involves mainly the follicular cells but also the primary oocyte and the stroma surrounding the follicle.

ii. Oocyte growth is rapid early on. The nucleus enlarges and is now called a germinal vesicle. 

iii. Follicular cells form a single layer of cuboidal cells, and the follicle is now called a unilaminar primary follicle.  Follicular cells proliferate by mitosis and form a stratified follicular epithelium, or granulosa layer.

iv. The follicle is now called a multilaminar primary follicle. And gap junctions are found between follicular cells.   A thick coat called the zona pellucida, composed of at least three glycoproteins, surrounds the oocyte.

v. The stroma immediately around the follicle differentiates to form the theca folliculi.  This layer differentiates to form the theca interna and theca externa.

a. the theca externa consists of connective tissue.

b. the theca interna is richly vascularized.

vi. As the follicle grows due to the increase in size and number of granulosa cells, accumulations of follicular liquid appear between the cells.  These cavities that contain this fluid coalesce and form a cavity, the antrum.

a. these follicles are termed secondary (vesicular) follicles.

vii. The cells of the granulosa layer are more numerous at a certain point on the follicular wall, forming a small hillock of cells, the cumulus oophorus, which contains the oocyte.  

a. the cumulus oophorus protrudes toward the interior of the antrum.

b. The oocyte grows no more thereafter.

c. Mature Follicles

i. The mature graafian follicle is 2.5cm in diameter and can be seen as a transparent vesicle that bulges from the surface of the ovary. 

ii. Due to the accumulation of liquid, the follicular cavity increases in size, and the oocyte adheres to the wall of the follicle through a pedicle formed by granulosa cells.

iii. The granulosa layer becomes thinner.  The cells that form the first layer around the ovum (in contact with the zona pellucida) become elongated and form the corona radiata which accompanies the ovum when it leaves the ovary.

iv. most ovarian follicles undergo atresia and are disposed of by phagocytic cells. 

a. Although granulosa cells and the oocytes undergo degeneration during follicular atresia, the theca interna cells frequently persist and become active steroid secretes. 

b. These active thecal cells are called interstitial cells which secrete small amounts of androgens from childhood through menopause.

d. Ovulation

i. Consists of rupture of the mature follicle and liberation of the ovum.  

ii. Takes place in  approximately the middle of the menstrual cycle, around day 14 of a 28 day cycle. 

iii. the stimulus is a surge of luteinizing hormone (LH) secreted by the anterior pituitary gland.  

iv. Within minutes of the increase in LH in the blood, there is an increase in blood flow through the ovary, and plasma proteins leak through capillaries and postcapillary venules, resulting in edema.

a. Local release of prostaglandins, histamine, vasopressin, collagenase

b. Granulosa cells produce more hyaluronic acid and become loose and the outer follicular wall weakens

c. This, combined with an increased pressure of the antral fluid and possibly the contraction of smooth muscle cells, leads to the rupture of the outer follicular wall and ovulation.

d. the ovum, with its zona pellucida, covering cells, and some antral fluid leaves the ovary and enters the uterine tube.

e. Corpus luteum and Corpus Albicans

i. After ovulation, the granulosa cells and those of the theca interna that remain in the ovary form a temporary endocrine gland called the corpus luteum (See D: Figure 23-8 p. 429).

a. localized in the cortical region of the ovary, secretes progesterone and estrogens.

b. Progesterone prevents the development of new ovarian follicles and thus prevents ovulation.

c. Made of connective tissue, granulosa cells that have increased greatly in size (granulosa lutein cells), cells of the theca interna (theca lutein cells) whose blood capillaries and lymphatics of the theca interna  form the rich vascular network of this structure.

d. Formed as a result of the stimulus provided by luteinizing hormone synthesized by the pars distalis of the pituitary under hypothalamic control.

e. Since the progesterone produced by the corpus luteum has an inhibitory effect on the production of LH, the corpus luteum will soon degenerate unless it receives a stimulus from another source.

f. This inhibitory effect of progesterone on LH production is indirect; it is mediated through the hypothalamus (See D: Figure 23-9p. 430).

g. When pregnancy occurs 

i. chorionic gonadotropin produced by the  placenta will stimulate the corpus luteum , which is maintained for about 6 months and then declines.

ii .does not disappear completely and continues to secrete progesterone until the end of pregnancy as well as relaxin, a hormone that facilitates parturition.

h. When pregnancy does not occur:

i. corpus luteum disappears after 10-14 days (the second half of the menstrual cycle) due to lack of luteinizing hormone.

ii. Corpus Albicans: The cells of the corpus luteum of menstruation (if not pregnant) or pregnancy (if pregnant) undergo degeneration by autolysis, and their remnants are phagocytized by macrophages.

a. the site is occupied by a scar of dense connective tissue called the corpus albicans which remains for a variable period and is gradually absorbed by macrophages of the stroma.



3. Describe the structural changes which take place in the endometrium in a normal 28 day cycle with reference to the influence of ovarian hormones.



a. The action of ovarian hormones under the stimulus of the anterior lobe of the pituitary causes the endometrium to undergo cyclic structural modifications during the menstrual cycle.

b. The beginning of the cycle is the day when menstrual bleeding appears and the discharge consists of degenerating endometrium mixed with blood from the ruptured blood vessels.  

c. In general there are three phases of the cycle (See D: Figure 23-13, and 23-14 pp. 434-5).

i. Menstrual phase:  days 1-4

ii. Proliferative phase:  days 5-14

iii. Secretory phase:  days 15-28



d. *****Before describing the changes that occur in the endometrium during the menstrual cycle, I will describe the structure and components of the endometrium

i. Consists of epithelium and lamina propria containing simple tubular glands that sometimes branch in their deeper portions.

ii. Its covering epithelial cells are a mixture of ciliated and secretory simple columnar cells

iii. The epithelium of the uterine glands is similar to the superficial epithelium, but ciliated cells are rare within the glands.

iv. Connective tissue

a. rich in fibroblasts and contains abundant amorphous ground substance.

b. fibers are mostly reticular.

v. The endometrial layer can be divided into two zones.

a. Functionalis: constitutes the portions sloughed off at menstruation and replaced during each menstrual cycle

b. Basalis: the portion retained after menstruation that subsequently proliferates and provides a new epithelium and lamina propria for the renewal of the endometrium.

vi. The blood vessels supplying the endometrium are of special significance in the periodic sloughing of most of this layer.

a. Arcuate arteries: circumferentially oriented in the middle layers of the myometrium. From these vessels two sets of arteries arise to supply blood to the endometrium

i. straight arteries: supply the basalis

ii. coiled arteries: bring blood to the functionalis.

e. Proliferative Phase:

i. After the menstrual phase, the uterine mucosa is reduced to a small band of connective tissue (lamina propria) containing the basal portions of the glands.

ii. Known as the follicular phase because it coincides with the development of ovarian follicles and the production of estrogens.

iii. Cellular proliferation continues during the entire proliferative phase and reconstitutes both the glands and the surface lining the endometrium.

iv. At the end, the endometrium is 2-4mm thick, and the glands (simple columnar epithelial cells) are straight tubules with narrow lumens.

v. These cells gradually accumulate more cisternae of rough endoplasmic reticulum, and the Golgi complex increases in size in preparation for the secretory activity.

vi. coiled arteries grow into the regenerating stroma.

f. Secretory or Luteal Phase

i. starts after ovulation and depends upon progesterone secreted by the corpus luteum.

ii. Acting upon the glands already developed by the action of estrogen, progesterone stimulates the gland cells to secrete glycoproteins that will be the major source of embryonic nutrition before implantation occurs.

iii. Glands become highly coiled and epithelial cells begin to accumulate glycogen below their nuclei.

a. Later, the amount of glycogen diminishes and glycoprotein secretory products dilate the lumens of the glands and the endometrium reaches its maximum thickness (5mm) as a result of the accumulation of secretions and the edema of the stroma.

iv. Mitoses are rare during the luteal phase.

v. elongation and convolution of the coiled arteries continue and they extend into the superficial portion of the endometrium.

vi. Progesterone inhibits the contractions of smooth muscle cells of the myometrium that might otherwise interfere with the implantation of the embryo.

g. The Menstrual Phase

i. When fertilization and implantation of the ovum released by the ovary fail to occur, the corpus luteum spontaneously ceases functioning after about 14 days.  

ii. Progesterone and estrogen levels in the blood drop rapidly, and the endometrium developed in response to these hormones undergoes involution and is partially shed. 

a. If implantation occurs, human chorionic gonadotropin (HCG) begins to be synthesized by the developing embryo and this sustains the life of the corpus luteum.

iii. At the end of the secretory phase, the walls of the coiled arteries contract, closing off the blood flow and producing ischemia which leads to death of their walls and the functionalis layer of the endometrium.  

iv. At this time, blood vessels above the constrictions rupture and bleeding begins.

v. The endometrium becomes partly detached, and at the end of the menstrual phase, the endometrium is almost always reduced to nothing but the basal layer.

vi. Proliferation of the gland cells and their migration to the surface initiates the proliferative phase, restarting the cycle.



�IV. Female Reproductive Physiology



A. Endocrine Regulation of Female Reproduction



1. List the important hormones of female reproduction and describe the functions of each.



a. GnRH: like in males the hypothalamus produces GnRH which stimulates the anterior pituitary to release LH and FSH (recall this is in a pulsatile fashion).  The ovaries have a dual function of producing germ cells (oogenesis) and steroidogenesis.

i. Gonadotrophin secretion in the female has two distinct modes of release : a tonic and a surge mode.

a. the tonic mode is similar to that of males and involves low but pulsatile release of LH

b. the surge mode is unique to the final and involves periodic massive releases of LH and to a lesser extent, FSH.

b. FSH is  primarily involved in stimulating the growth of ovarian follicles and LH controls ovulation and regulates steroids.  Together these two hormones release by the anterior pituitary stimulate the following

i. steroidogenesis in the ovarian follicle and corpus luteum.

ii. follicular development beyond the antral stage

iii. ovulation

iv. luteinization

d. Estradiol (estrogen): the main product of the follicle

i. has both negative and positive feedback effects on FSH and LH secretion.

ii. Causes maturation and maintenance of fallopian tube, uterus, cervix and vagina.

iii. is responsible for development of female secondary sex characteristics at puberty.

iv. is responsible for development of the breasts.

v. up-regulates estrogen, LH and progesterone receptors.

vi. is responsible for proliferation and development of granulosa cells.

vii. maintains pregnancy

viii. lowers uterine threshold to contractile stimuli during pregnancy.

ix. stimulates prolactin secretion (but then blocks its action on the breast).

e. Progesterone : produced by the corpus luteum

i. has negative feedback effects on FSH and LH secretion

ii. maintains secretory activity of the uterus during the luteal  phase.

iii. maintains pregnancy

iv. raises uterine threshold to contractile stimuli during pregnancy.

v. is responsible for development of the breasts.

vi. in addition to acting on the brain, progesterone acts in the ovary to suppress new follicular growth.

f. Prolactin : multiple target organs, regulated by brain

i. the major hormone responsible for lactogenesis

ii. participates in breast development

iii. permissive role in regulation of gonadal function in both sexes.

g. Note that progesterone and estrogen differ in structure and functions, and their actions can be additive, synergistic, or antagonistic.

h. Inhibin

i. produced by the ovary and regulates FSH release.

i. Oxytocin

i. increases contraction of uterine muscles during parturition.

ii. ejection of milk from mammary glands during lactation.



2. Describe the regulation of estradiol and progesterone biosynthesis by hypothalamic ant pituitary hormones.  Describe the effect of estradiol and progesterone on the secretion of GnRH and LH.

&&&&&

3. Review the pathways for estrogen and progesterone biosynthesis by the ovary.



a. Ovarian steroidogenesis proceeds along the same biosynthetic pathway as in the testes.  The main product of the follicle is estradiol, while progesterone is produced by the corpus luteum.

b. Small amounts of androgens are produced by both structures and by ovarian stromal cells.  Ovarian steroidogenesis depends on the availability of cholesterol:

i. produced locally from acetate or taken up from the circulation via low-density lipoprotein (LDL) receptors.

ii. Conversion of cholesterol to pregnenolone by side chain cleavage is a rate-limiting step regulated by the gonadotrophins.

c. From pregnenolone to androgens (C-19 steroids), ovarian steroidogenesis proceeds primarily along the delta 4 pathway.  Unlike the testes, the ovary has an active cytochrome P450arom; and the main products of the follicle are estrogen, rather than androgens.

d. The steroidogenic output of the follicle requires cooperation between granulosa and theca cells and coordination between FSH and LH. Review the concept of the two-cell two-gonadotrophin concept. (See A: Figure 40-6 p. 766).

i. requires recognition of several characteristics that distinguish theca from granulosa cells. 

ii. These include distribution an abundance of hormone receptors, expression of steroidogenic enzymes, and effective microenvironment.

e. The actions of FSH are restricted to granulosa cells, since all other ovarian cell types lack FSH receptors.

f. LH hormone actions, on the other hand, are exerted on theca and granulosa cells, stromal cells, and the corpus luteum. 

i. the expression of LH receptors is time-dependent.  Theca cells acquire LH receptors at a relatively early stage.

ii. LH receptors on the granulosa cells are induced by a combined action of FSH and estradiol only in the maturing follicle.

g. The biosynthetic enzymes are differentially expressed in the two cells.  

i. Ctyochrome P450arom is expressed mainly in granulosa cells and both its activation and induction are regulated by FSH in synergism with estradiol.

ii. Granulosa cells are deficient in cytochrome P450c17 and cannot process beyond C-21 steroids to generate C-19 androgenic compounds.

iii. Consequently, estrogen production by granulosa cells depends on an adequate supply of exogenous aromatizable androgens, provided by the theca cells.

a. Under LH regulation, theca cells produce androgenic substrates, primarily androstenedione, which reaches the granulosa cells by diffusion.

b. Androstenedione is the converted to testosterone by 17-keto reductase, followed by aromatization to estradiol.

h. Theca and granulosa cells are exposed to a different microenvironments

i. Vascularization is restricted to the theca layer, since blood vessels cannot penetrate the basement membrane.  

a. Theca cells therefore have better access to circulation cholesterol, which enters the cells via LDL receptors.

ii. Granulosa cells primarily produce cholesterol from acetate, a less efficient process than uptake.  In addition, they are bathed in follicular fluid and exposed to paracrine control by locally produced peptides and growth factors.

i. FSH acts on the granulosa cells by a cAMP dependent mechanism and exhibits a broad range of activities, including:

i. increased mitosis and cell proliferation

ii. stimulation of progesterone synthesis

iii. induction of aromatase, and increased inhibin synthesis.

j. As the follicle matures, the number of receptors for both gonadotrophins increases. 

i. FSH stimulates the formation of its own receptors and induces the appearance of LH receptors.  

ii.The combined activities of both gonadotrophins greatly amplifies estrogen production.

k. (See A: Figure 40-11 p. 766). This helps pull the concepts together.

l. The hypothalamus serves as one target for negative feedback by estradiol.

i. Estradiol suppresses LH pulses but does not affect the GnRH neurons directly, its actions are mediated by neurotransmitters.

ii. Estradiol also has a direct negative feedback action of the anterior pituitary.

iii. Overall, estradiol exerts both negative and positive feedback control on the secretion of GnRH and thus LH.

a. although estradiol exerts negative feedback on LH release most of the time, positive feedback by estradiol is required to generated the mid-cycle LH surge (to be discussed later).

b. The mechanism that transforms estradiol from a negative to a positive regulator of LH release is enigmatic.

i. Part of the positive action involves an increase in the number of GnRH receptors on the gonadotrophs, thereby increasing pituitary responsiveness to GnRH.

ii. Another is the conversion of a storage pool of LH to a readily releasable pool.  

iii. Estrogen may also increase GnRH release, serving as a fine-tuning mechanism.

m. Progesterone also plays a role in regulating LH pulsatility.

i. the actions of progesterone are exerted on the brain and are mediated by opioid peptides.

ii. causes LH pulses of slower frequency and higher magnitude.

iii. The opioids do not act directly on the anterior pituitary but interact with the GnRH neurons or catecholaminergic neurons that affect GnRH.

iv. Overall, progesterone exerts negative feedback control on both GnRH secretion and LH secretion.

n. Androgens are produced by theca and stromal cells.  They serve as precursors for estrogen synthesis and also have a distinct local action.

i. At low concentrations androgens enhance aromatase activity, thus promoting estrogen production.

ii. At high concentrations, androgens are converted by 5 (-reductase to more potent androgens like DHT.

iii. When follicles are overwhelmed by androgens, the intrafollicular androgenic environment antagonizes estrogen-induced cell proliferation and leads to atresia.



4. Know that androstenedione is a major precursor for estrogens.  Peripheral aromatization and androstenedione (especially in fat tissues) is the major source of estrogen in postmenopausal women.



5. List the principal effects of estrogen on reproductive tissues, liver protein synthesis (i.e. binding globulins), and cardiovascular function, and cholesterol deposition.



a. Estrogen  and progesterone circulate bound to plasma albumins and specific and estrogen and progesterone binding globulins

b. The main function of estrogens is to promote cellular differentiation and growth of the primary sex structures and other tissues related to reproduction.

c. Estrogens have little effect of fetuses or on prepubertal girls.  During adolescence, estrogens induce growth and maturation of the oviducts, uterus, vagina and external genitalia.

d. They are responsible for breast enlargement at puberty by inducing the development of stromal tissue, growth of the ductule system, and fat deposition.

e. They cause the spurt of growth in girls during puberty by increasing osteoblastic activity, but they also induce closure of the epiphyses of the long bones.

f. They influence the mucosal lining of the oviducts, causing proliferation of gland-epithelial tissue and increasing the number of ciliated epithelial cells.

g. The activity of cilia is enhanced by estrogens, helping to propel the ovum toward the uterus.

h. Exert negative and positive feedback effects LH and FSH release and also stimulate prolactin synthesis.  They cause hypertrophy and hyperplasia of the pituitary during pregnancy, primarily be affecting proliferation of the lactotrophs.

i. They are considered to be ”feminizing hormones” responsible for feminine characteristics

i. narrow shoulders, broad hips, characteristic fat and hair distribution, and high pitched voice

j. Cause some salt and water retention which would tend to slightly increase systemic blood pressure and have an effect on the sebaceous glands and skin texture.

k. Cause a lowering of blood cholesterol levels thus providing some protection against myocardial infarction and other vascular diseases.

l. In the liver, estrogens are oxidized or converted to glucuronide and sulfate conjugates.  Appreciable amounts are secreted in the bile and reabsorbed into the bloodstream (enterohepatic circulation).      



6. List the principal actions of progestins on estrogen receptors, breasts, hypothalamic temperature control and kidney.



a. The most important of the progestins is progesterone which is secreted in significant amounts only during the luteal phase. 

i. during pregnancy, the corpus luteum secretes progesterone throughout the first trimester, and the placenta continues progesterone production until parturition.

b. It is considered the hormone of pregnancy since its primary action is geared toward preparation for and maintenance of pregnancy.

c. The principal targets of progesterone are the uterus, breasts, and brain.

d. The progestational effects on the uterine endometrium, cervix, and vagina have already been discussed.

e. Progesterone antagonizes the actions of estrogens on the myometrium by decreasing myometrial excitability, spontaneous electrical activity, and sensitivity to oxytocin.

f. It reduces the number of estrogen receptors in the endometrium.  

g. It also promotes the development of lobules and alveoli in the breast and induces differentiation of the duct tissue to become secretory.

h. Progesterone acts on hypothalamic thermoregulatory centers and accounts for the rise in basal body temperature at the time of ovulation.

i. Progesterone shows some pulsatility, which roughly corresponds to that of LH.

j. Its feedback effects are complex and exerted at both the hypothalamic and the pituitary levels.   

i. large doses of progesterone inhibit LH secretion and potentiate the inhibitory effect of estrogens.  

ii. Progesterone injections can prevent ovulation in humans.

k. Large doses of progesterone produce natriuresis, probably blocking the action of aldosterone on the kidney.   



7. Describe the actions of inhibin on pituitary gonadotrophin secretion.



a. The ovary produces the polypeptide hormone inhibin, which regulates FSH release from the anterior pituitary.

b. Found in the antral fluid of the ovarian follicles.



B. Regulation of Menstrual Cycle.



1. Describe how the dominant follicle becomes selected and continues to develop while the other follicles in the ovary do not.  What is atresia?



Appreciate that the process of follicular growth from a primordial follicle to ovulation requires approximately one year.  Most of this growth does not require the presence of gonadotropins.  Only the last few weeks of follicle growth are stimulated by FSH. The figure shown on page 12 of the Module might be helpful.



a. Progression from primordial to primary follicles occurs at a relatively constant rate throughout fetal through adult life.  Once primary follicles leave the resting reservoir, they are committed for further development.  Most become atretic and typically only one will ovulate in the human female.  

b. The mechanism by which one follicle is selected from a cohort of growing follicles is poorly understood.   

i. occurs during the first few days of the cycle, immediately after the onset of menstruation.

ii. once selected, the follicle begins to grow and differentiate at an exponential rate and becomes dominant.

c.   In parallel with the growth of the dominant follicle, the rest of the preantral follicles undergo atresia.  Two main factors contribute to atresia in the nonselected follicles.

i. the suppression of plasma FSH in response to increased estradiol secretion by the dominant follicle.  The decline in FSH support decreases aromatase activity and estradiol production and interrupts granulosa cell proliferation.

a. the dominant follicle is protected from a fall in circulating FSH levels because it has accumulated FSH in the follicular fluid and increased the density of FSH receptors on its granulosa cells.

b. the high concentration of estradiol in the follicular fluid of the dominant follicle also amplifies FSH actions in terms of mitogenesis and increased aromatase activity.

ii. The accumulation of androgenic compounds, especially those that are nonaromatizable, such as DHT, in the nonselected follicles. Changes the intrafollicular ratio of estrogen to androgen and antagonizes the actions of FSH and estradiol.

d. As the dominant follicle grows, vascularization of the theca layer increases.  On day 9-10 of the cycle, the vascularity of the dominant follicle is twice that of the other antral follicles.  

i. this permits a more efficient delivery of cholesterol to the theca cells and better exposure to circulating gonadotrophins.

ii. At this time, the main source of circulating estradiol is the dominant follicle.  Since estradiol is the primary regulator of LH and FSH secretion, the dominant follicle ultimately determines its own fate.

e. The LH surge, generated by factors discussed below, induces multiple changes in the dominant follicle in a short period of time.

i. vascular alterations

ii. resumption of meiosis

iii. granulosa cell differentiation and transformation

iv. activation of proteolytic enzymes

v. increased production of prostaglandins, histamine and other local factors, and a shift in steroidogenesis.

f. Within 30-36 hours after the onset of the LH surge, this coordinated series of biochemical and morphologic events culminates in follicular rupture and ovulation.

i. the midcycle FSH surge is not essential for ovulation

ii. only follicles that have been adequately primed with FSH, however, will ovulate.



2. Describe the process of oogenesis.  Appreciate that oogenesis and folliculogenesis are dissynchronous.



a. Review folliculogenesis from III.B.2 of the module outline and also (See Table 40-2 p.764 for a summary).

b. Primordial germ cells originate in the endoderm of the yolk sac of the embryo.  During the first 3-5 weeks of fetal life they migrate by ameboid movement to the genital ridges.

i. about 2000 of these called oogonia, invade the cortex of the developing ovary and start proliferating by active mitosis.

ii. By 8 weeks, their number reaches 600,000.

iii. Between 8-13 weeks, some oogonia cease mitosis and begin the first meiotic division.  Others continue to proliferated and by 5-6 months, the ovary contains 6-7 million oogonia.

iv. By this time, all the germ cells, now classified as primary oocytes, have entered meiosis.

c. From then on, the population of germ cells decreases markedly to  about 1-2 million at birth due to atresia.

i. the survival of an oocyte in the fetal ovary depends of its contact and encapsulation by granulosa cells.  

ii. Oocytes failing to form primordial follicles undergo atresia and degenerate.

iii. The number of oocytes continues to decline with increasing age 

a. at puberty only about 400,000 exist

b. only a few remain in the ovary at menopause.

d. The process of meiosis extends over many years and is interrupted twice, first during fetal life and then at the time of ovulation.

e. After the germ cells begin meiosis at midfetal life, they proceed to prophase of the first meiotic division.  This involves :

i. alignment of the homologous chromosomes

ii. pairing

iii. formation of chiasmata

iv. crossing over and exchange of genetic material

f. Primary oocytes remain arrested in this phase of meiosis until ovulation, 13-50 years later by mechanisms that are not well understood.

g. Throughout meiotic arrest, primary oocytes are not quiescent.  They exhibit transcriptional activity and synthesize several classes of stable RNA.

i. from the time of formation to ovulation, primary oocytes grow from less that 20um to about 100um in diameter. 

ii. they synthesize several products unique to oocytes

a. cortical granules

b. components of the zona pellucida.

h. The resumption of meiosis (oocyte maturation) is triggered by the preovulatory LH surge (already discussed).  LH acts by neutralizing the effect of a meiosis inhibiting factor.

i. The resumption of meiosis is characterized by:

i. disappearance of the nuclear membrane

ii. condensation of the chromosomes

iii. nuclear dissolution.

j. A meiotic spindle is then formed and migrates to the cell periphery and an unequal division of the cell cytoplasm yields a large secondary oocyte and a small, nonfunctional cell, the first polar body.

k. The secondary oocyte is formed several hours before ovulation.  it rapidly begins the second meiotic division and proceeds through a short prophase to become arrested in metaphase of the second meiotic division.

i. at this stage, the secondary oocyte is expelled from the graafian follicle.

ii. the second arrest period is relatively short.

iii. in response to penetration by a spermatozoon during fertilization, meiosis resumes and is rapidly completed.

iv. a second unequal cell division soon follows, producing a small second polar body and a large fertilized egg, the zygote.

v. the first polar body resulting from the first cell division either degenerates or divides, yielding two small nonfunctional cells.



3. Describe the effects of luteinizing hormone on the corpus luteum.  What are the primary hormones secreted by the corpus luteum?  What are their functions?  What regulates the life span of the corpus luteum?  What causes luteolysis?  What prevents luteolysis?  Describe the luteal placental shift.  When does it occur?



a. One of the earliest responses of the ovary to a rise in LH is increased blood flow, resulting from an LH-mediated release of vasodilatory substances such as histamine, bradykinin, and prostaglandins.  The highly vascularized dominant follicle becomes hyperemic and edematous.

b. There is also an increased production of follicular fluid, disaggregation of granulosa cells, and detachment of the oocyte-cumulus complex from the follicular wall.

c. The basement membrane separating the theca from the granulosa cells begins to disintegrate and the granulosa cells begin to undergo luteinization.

d. The resumption of meiosis is triggered by LH.  

i. Up to this point, the primary oocyte has been protected from premature resumption of division by a local factor, oocyte maturation inhibitor, produced by the granulosa cells. 

ii. LH induced cAMP activity overcomes this inhibition and the oocyte resumes meiosis, undergoes the first cell division, and extrudes the first polar body. 

e. As ovulation approaches, the follicle enlarges and protrudes from the surface of the ovary.  In response to the surge, plasminogen activator is produced by theca and granulosa cells of the dominant follicle and converts plasminogen to plasmin.

i. plasmin is a proteolytic enzyme that acts directly on the follicular wall and stimulates the production of collagenase enzymes, which digest the connective tissue matrix.

ii. The thinning and increased distensibility of the wall facilitates the rupture of the follicle.

iii. the extrusion of the ooctye-cumulus cell mass is aided by smooth muscle contraction.

f. The LH surge also causes a large but short increase in steroid biosynthesis.  

i. LH stimulates the conversion of pregnenolone to progesterone and enhances the production of progesterone as well as androgens and estrogens.

ii. progesterone acts locally to promote ovulation by increasing the  distensibility of the follicular wall and enhancing the activity of the proteolytic enzymes.

iii. As LH levels reach their peak, plasma estradiol levels plunge because of down regulation by LH of its own receptors.

g. The corpus luteum is a transient endocrine structure formed from the evacuated graafian follicle.  It serves as the main source of circulating steroids during the postovulatory phase of the cycle and is essential for maintenance of pregnancy during the first trimester.

h. The process of luteinization begins before ovulation.  

i. the granulosa cells, after acquiring a high concentration of LH receptors, respond to the LH surge by undergoing morphologic and biochemical transformation.

ii. this involves cell enlargement and development of smooth ER and lipid inclusions typical of steroid-secreting cells.  

iii. Unlike the nonvascular granulosa cells, luteal cells have a rich blood supply.  Invasion by capillaries starts immediately after the LH surge and is facilitated by the dissolution of the basement membrane. 

iv. Peak vascularization is reached by 7-8 days after ovulation.

i. The corpus luteum is composed of transformed granulosa cells and secretes progesterone only.

j. In women, differentiated theca and stroma cells are incorporated into the corpus luteum, and all three classes of steroids are synthesized.

i. androgens

ii. estrogens

iii. progestins

k. Although some progesterone is secreted before ovulation, peak progesterone production i reached 6-8 days after the LH surge.  The life span of the corpus luteum is limited.

i. Unless pregnancy occurs, it degenerates with 9-11 days after formation.

ii. The function of the corpus luteum is maintained by LH.

iii. Regression of the corpus luteum is not due to removal of LH, it is induces by luteolytic agents.

l. Luteolysis: the regression of the corpus luteum 3-4 days before next menses and is eventually replaced by scar tissue forming a corpus albicans.

i. may be caused by several candidates including estrogen, oxytocin and GnRH 

ii. Prostaglandins may play a role by inhibiting the effect of LH and cAMP.

m. Once begin luteolysis, estrogen and progesterone levels decrease and the secretion of FSH and LH increase.

i. a new crop of follicles develops, and a single dominant one matures

ii. At midcycle, there is an increase in estrogen secretion from the follicle.  This does a couple of things:

a. augments response of pituitary to GnRH

b. triggers burst LH secretion

c. Ovulation occurs, then form new corpus luteum

n. The corpus luteum is rescued from degeneration once implantation of the developing embryo has occurred by the action of hCG produced by the trophoblast.



4. Explain the effects of FSH and LH on the theca cells and the granulosa cells during the follicular phase of the menstrual cycle.  Describe the two cell-two gonadotrophin theory of ovarian steroid production.



a. Overall, LH and FSH receptors are induced in theca and granulosa cells so that they can stimulate synthesis of androgen (LH, theca cells) and estradiol (FSH, granulosa cells).

b. This is a reiteration of IV.A.2 and 3.

c. The steroidogenic output of the follicle requires cooperation between granulosa and theca cells and coordination between FSH and LH. Review the concept of the two-cell two-gonadotrophin concept. (See A: Figure 40-6 p. 766).

i. requires recognition of several characteristics that distinguish theca from granulosa cells. 

ii. These include distribution an abundance of hormone receptors, expression of steroidogenic enzymes, and effective microenvironment.

d. The actions of FSH are restricted to granulosa cells, since all other ovarian cell types lack FSH receptors.

e. LH hormone actions, on the other hand, are exerted on theca and granulosa cells, stromal cells, and the corpus luteum. 

i. the expression of LH receptors is time-dependent.  Theca cells acquire LH receptors at a relatively early stage.

ii. LH receptors on the granulosa cells are induced by a combined action of FSH and estradiol only in the maturing follicle.

f. The biosynthetic enzymes are differentially expressed in the two cells.  



i. Cytochrome P450arom is expressed mainly in granulosa cells and both its activation and induction are regulated by FSH in synergism with estradiol.

ii. Granulosa cells are deficient in cytochrome P450c17 and cannot process beyond C-21 steroids to generate C-19 androgenic compounds.

iii. Consequently, estrogen production by granulosa cells depends on an adequate supply of exogenous aromatizable androgens, provided by the theca cells.

a. Under LH regulation, theca cells produce androgenic substrates, primarily androstenedione, which reaches the granulosa cells by diffusion.

b. Androstenedione is the converted to testosterone by 17-keto reductase, followed by aromatization to estradiol.

iv. Recall that the Delta 4 Pathway predominates in the ovary.

a. Intermediates include progesterone, 17 (-hydroxyprogesterone, and androstenedione.

g. Theca and granulosa cells are exposed to a different microenvironments

i. Vascularization is restricted to the theca layer, since blood vessels cannot penetrate the basement membrane.  

a. Theca cells therefore have better access to circulation cholesterol, which enters the cells via LDL receptors.

ii. Granulosa cells primarily produce cholesterol from acetate, a less efficient process than uptake.  In addition, they are bathed in follicular fluid and exposed to paracrine control by locally produced peptides and growth factors.

h. FSH acts on the granulosa cells by a cAMP dependent mechanism and exhibits a broad range of activities, including:

i. increased mitosis and cell proliferation

ii. stimulation of progesterone synthesis

iii. induction of aromatase, and increased inhibin synthesis.

i. As the follicle matures, the number of receptors for both gonadotrophins increases. 

i. FSH stimulates the formation of its own receptors and induces the appearance of LH receptors.  

ii.The combined activities of both gonadotrophins greatly amplifies estrogen production.

j. (See A: Figure 40-11 p. 766). This helps pull the concepts together.



5. Name the phases of the menstrual cycle and describe the serum concentrations of FSH, LH, estradiol, progesterone during each phase. (See A: Figure 40-7 p.769)



a. The menstrual cycle can be divided into a hypothetical cycle of 28 days

i. menses                                 days 0-5

ii. follicular  phase                    days 0-13

iii. LH surge and ovulation       days 13-14

iv. luteal phase                         days 14-28  

 

b.   Menses

i. estrogen and progesterone are very low due to corpus luteum regression and low steroid synthesis by immature follicles.

ii. In response to removal of negative feedback, plasma FSH levels are elevated while mean LH levels are low

iii. FSH acts on a cohort of follicles recruited 20-25 days earlier from resting primordial follicles.

iv. The granulosa cells begin to proliferated, aromatase activity increases, and plasma estradiol levels rise slightly between days 5-7, starts growing, and increases in size and steroidogenic activity.

v. Between day 8-10, plasma estradiol levels increase sharply, reaching peak levels above 200pg/mL on day 12, the day before the LH surge.

   c. Follicular phase (Early)

i. LH pulsatility is of low amplitude and high frequency.  As estradiol levels rise, the pulse frequency further increases, without a change in amplitude.

ii. This results in a gradual rise in mean plasma LH level, which supports follicular steroidogenesis.

d. Follicular phase (Mid to late)

i. Estradiol suppresses FSH release.  The decline in FSH together with an accumulation of non-aromatizable androgens, induces atresia in the nonselected follicles.

ii. The dominant follicle is saved by virtue of its high density of FSH receptors, accumulation of FSH and estradiol in its follicular fluid.

e. Midcycle surge of LH and Ovulation

i. For the LH surge to occur, estrogen must be maintained at a critical concentration  (200 pg/mL) for a sufficient duration 36-48h.

ii. Paradoxically, then, although it exerts negative feedback on LH release most of the time, positive feedback by estradiol is required to generated the midcycle surge.

iii. The timing of the surge is determined by the ovary.  Estrogen exerts its effects directly on the anterior pituitary with GnRH playing a permissive role. (Recall the mechanism that transforms estradiol from a negative to a positive regulator of LH release??? See question IV.2.l.iii.b.i-ii).

iv. Estrogen may also increase GnRH release, serving as a fine-tuning mechanism.

v. There is a small rise in progesterone before the LH surge which is important for augmenting the LH surge and together with estradiol, promoting a concomitant surge in FSH.

a. there are indications that the midcycle FSH surge is important for inducing enough LH receptors on granulosa cells, stimulating plasminogen activator, and activating a cohort of follicles destined to develop in the next cycle.

vi. A midcycle rise of 17-hydroxy progesterone is also observed but its function is unclear.

vii. The LH rise inhibits the cytochrome P450c17 enzyme, decreasing androstenedione production by the dominant follicle.

a. Estradiol levels decline,

b. 17-hydroxy progesterone increases

c. prolonged exposure of high LH levels down regulates the LH receptors, accounting for the immediate postovulatory suppression of estradiol

viii. As the corpus luteum matures, it increases progesterone production and reinitiates that of estradiol.  Both reach high plasma concentration on days 20-23, about 1 week after ovulation.

f. Luteal phase

i. circulating FSH levels are suppressed by the elevated steroids.  The LH pulse frequency is reduced during the early luteal phase, but the amplitude is higher than that during the follicular phase.

ii. LH is important at this time for maintaining the function of the corpus luteum and sustaining steroid production.

iii. In the late luteal phase, both LH pulse frequency and amplitude are reduced by a progesterone-dependent, opioid mediated suppression of the GnRH pulse generator.

iv. Following the demise of the corpus luteum on days 24-26, estradiol and progesterone levels plunge.

a. results in withdrawal of support from the uterine endometrium, culminating within 2-3 days in menstruation.

b. the reduction in ovarian steroids acts centrally to remove feedback inhibition.

v. The FSH level begins to rise, and a new cycle is initiated.



6. Correlate changes in reproductive hormones with changes in ovarian and uterine structure. (Also See A: Figure  40-8 p. 770)



a. The endometrial cycle is divided into four phases (Also see A: Figure 40-7 p.769) :

i. proliferative

ii. secretory

iii. ischemic

iv. menstrual

b. Proliferative phase

i. coincides with the mid to late follicular phase.

ii. Under the influence of the rising estradiol, the stroma and epithelial layers of the uterine endometrium undergo hyperplasia and hypertrophy and increase in size and thickness.

iii. The endometrial glands elongate and are lined with columnar epithelium.

iv. The endometrium becomes vascularized and more spiral arteries develop.

v. Estradiol also induces the formation of progesterone receptors and increases myometrial excitability and contractility.



c. Secretory Phase

i. begins on the day of ovulation and coincides with the early to midluteal phase.

ii. Under the combined action of progesterone and estrogen, the endometrial glands become coiled, store glycogen, and secrete large amounts of carbohydrate-rich mucus.

iii. The stroma increases in vascularity and becomes edematous, and the spiral arteries become tortuous.

iv. Peak secretory activity, edema formation, and overall thickness of the endometrium are reached on days 6-8 after ovulation in preparation for implantation of the zygote.

v. Progesterone antagonizes the effect of estrogen on the myometrium and reduces spontaneous myometrial contractions.



d. Ishemic Phase

i. initiated by the declining levels of steroids due to corpus luteum regression.  Necrotic changes occur in the mucosa layer and pseudo-decidual reactions become apparent in the stroma, near the spiral arteries.

ii. The arteries constrict, reducing the blood supply to the superficial endometrium.  Leukocytes and macrophages invade the stroma and begin to phagocytize the ischemic tissue.

iii. The leukocytes persist in large numbers throughout menstruation, providing resistance against infection to the denuded endometrial surface.



e. Menstrual Phase

i. Desquamation and sloughing of the entire functional layer of the endometrium occurs during the menstrual phase.  The mechanism leading to necrosis is not completely understood (See A: Figure 40-9 p. 770).

ii. The reduction in steroids destabilizes lysosomal membranes in endometrial cells, resulting in liberation of proteolytic enzymes and increased production of prostaglandins from stored phospholipids.

iii. The prostaglandins induce vasospasm of the spiral arteries, and the proteolytic enzymes digest the tissue.

iv. Eventually, the blood vessels rupture and blood is released together with cellular debris.  The menstrual flow lasts 4-5 days and averages 30-50mL.  

v. The presence of fibrinolysin keeps it from clotting.



f. The cervical mucus undergoes cyclic changes in composition and volume.  

i. During the follicular phase, estrogen increases the quantity, alkalinity, viscosity and elasticity of the mucus.

ii. At the time of ovulation, mucosal elasticity is the greatest

iii. These changes promote the survival and transport of sperm.

g. With the rising progesterone either after ovulation or during pregnancy, the quantity and elasticity of the mucus decline; it becomes thicker.

i. provides better protection from infection

h. Under the influence of estrogen, the vaginal epithelium proliferates.

i. Basophilic cells predominate in the follicular phase and then become cornified.

j. During the postovulatory period, progesterone induces the formation of thick mucus, and the epithelium becomes infiltrated with leukocytes.



7. Name the primary source of estrogen in the post menopausal female.



a. Ovarian estradiol production becomes almost undetectable.  The elevated LH stimulates ovarian stroma cells to continue producing androstenedione.

b. Estrone, derived almost entirely from peripheral conversion of adrenal and ovarian androstenedione, becomes the dominant estrogen.  



8. Describe what happens, and why, to gonadotropins during menopause.



a. From about age 45 and on, the frequency of ovulation begins to decline, resulting in irregular menses and reduced fertility.  

b. This is accompanied by a gradual decrease in estradiol production and consequently and elevation in plasma gonadotrophin levels.  The increase in FSH precedes that of LH and is of greater magnitude.



9. Describe at least three symptoms related to estrogen loss.



a. hot flashes

b. changes in reproductive tract and secondary sex characteristics

c. decline in bone mass and increased risk of cardiovascular disease



10. Describe the normal sequence of events of puberty in the female.



a. The onset of puberty depends on a sequence of maturational processes that begin during fetal life.

b. The hypothalamopituitary unit becomes reactivated during the late prepubertal period.  This involves a decrease in hypothalamic sensitivity to sex steroids and a reduction in effectiveness of the intrinsic CNS inhibition over the GnRH pulse generator.

c. As a result, the frequency and amplitude of GnRH pulses increase.

i. initially, the pulsatility is most prominent at night and later becomes established throughout all 24 hours/ day.

ii. GnRH acts on the gonadotroph cells of the anterior pituitary as a self-primer.

a. increases the number of GnRH receptors (up-regulation)

b. augments the synthesis, storage and secretion of the gonadotrophins.

d. The increased responsiveness of FSH to GnRH in females occurs earlier than that of LH, accounting for a higher FSH/LH ratio at the onset of puberty than that during late puberty and throughout adulthood.

e. The increased pulsatile GnRH release initiates a cascade of events

i. increased sensitivity to GnRH, increased secretion of LH and FSH

ii. more responsive gonads to the gonadotrophins

iii. The rising circulating levels of gonadal steroids induce a progressive development of the secondary sex characteristics and establish and adult pattern of negative feedback on the hypothalamopituitary unit.

iv. Activation of the positive feedback mechanism in females and the capacity to exhibit and estrogen-induces LH surge is a late event, expressed in mid to late puberty.



f. The onset of puberty in humans begins at age 10-11, is slow and lasts 3-5 years involving the development of secondary sex characteristics, growth spurt and acquisition of fertility.

g. The first signs of puberty in girls are breast budding (thelarche) and appearance of pubic hair.

h. Axillary hair growth and peak height spurt occur within 1-2 years.  Menarche is a late event achieved at a median age of 12.8 years in American girls. 

i. Puberty is also regulated by hormones other than gonadal steroids. The adrenal androgens DHEA and DHEAS are primarily responsible for development of pubic and axillary hair.

j. Adrenal maturation, or adrenarche, precedes gonadal maturation, or gonadarche, by 2 years.



C. Reproductive Dysfunction



Describe the following conditions.



1. Primary amenorrhea:  condition in which menstruation has never occurred.

a. Turner’s Syndrome : or gonadal dysgenesis

i.  a congenital abnormality caused by a nondisjunction of one of the X chromosomes, resulting in a 45 XO chromosomal karyotype.

ii. has only rudimentary gonads and therefore fails to undergo regular puberty.  

iii. short stature, webbed neck, coarctation of the aorta, renal disorders.



2. Secondary amenorrhea: cessation of menstruation for longer than 6 months.

a. pregnancy, lactation, and menopause are the biggest causes.

b. can be grouped into premature ovarian failure, polycystic ovary syndrome, hyperprolactinemia and hypopituitarism.



3. Polycystic Ovarian Syndrome: heterogeneous group of disorders manifested as amenorrhea or anovulatory bleeding, elevated LH/FSH ratio, high androgen levels, hirsutism, and obesity.

a. initiated by excessive adrenal androgen production during puberty or following stress.

b. the hyperstimulated ovaries are enlarged and contain many small atretic follicles and hyperplastic and luteinized theca cells.



4. Hyperprolactinemia

a.common cause of secondary amenorrhea; has variable etiology.

b. Pituitary prolactinemias account for 50% of cases, Hypothalamic disorders, trauma to pituitary stalk psychotropic medications all associated with a reduction in dopamine release are other causes. 

5.  Oligomennorrhea

a. often caused by exercise and nutritional, psychological and social factors.

b. a low level of body fat and the effect of stress itself appear responsible.

c. college exams, job-related illness and relocation may also induce this.



D. Gametogenesis and Conception



1. Describe the passage of sperm from the vagina until it becomes pronucleus.



a. The volume of ejaculate in men is 2-6 mL and contains 50-250 million sperm per mL which are deposited in the vagina during intercourse.

b. The human ovum secretes an attractant or chemotactic factor that attracts the sperm to the egg.

c. The cervical canal constitutes a more favorable environment, enabling sperm survival for several hours.  Under estrogen dominance, mucin molecules in the cervical mucus become oriented in parallel and facilitate sperm migration.  Sperm stored in cervical crypts form a reserve pool.

d. Eventually 50-100 sperm get to the ovum, many of which contact the zona pellucida, the membranous structure that surrounds the ovum.

e. The sperm then binds to the zona pellucida by a reaction between sperm receptors in the zona and a specific egg binding protein on the sperm plasma membrane.

i. Recall that in order for the sperm to bind to the zona, it must undergo capacitation which takes place along the female genital tract and lasts 1 to several hours.

f. Binding is followed by the acrosomal reaction triggered by the sperm receptor.

i. breakdown of the acrosome, the lysosome-like organelle on the head of the sperm, with the release of various enzymes including the trypsin-like protease acrosin.

ii. Acrosin facilitates the penetration of the sperm through the zona.  When one sperm reaches the membrane of the ovum, it fuses to it, setting off a reduction in the membrane potential of the ovum that prevents polyspermy, the fertilization of the ovum by more than one sperm.

a. the complete block to polyspermy is caused by the cortical reaction, which induces the zona reaction.  Cortical granules are lysosomelike organelles located underneath the oolemma which contain proteolytic enzymes.

b. The cortical reaction involves fusion of the cortical granules with the oolemma.  Fusion propagates over the entire egg surface,

c. The contents of the granules is released into the perivitelline space and diffuses into the zona pellucida, inducing the zona reaction.   The sperm receptors are inactivated and the zona becomes hardened.

iii. Sperm induced influx of calcium into the egg together with massive release of calcium from intracellular stores, activates the dormant egg.  Completion of the second meiotic division occurs first.

iv. The remaining haploid nucleus (not the polar body) is transformed into a female pronucleus.  Soon after being incorporated into the ooplasm, the nuclear envelope of the sperm disintegrates and the male pronucleus is formed and increases four to five times in size.  

v. The two pronuclei migrate to the center of the cell, assisted by contractions of microtubules and microfilaments.  DNA replication begins in both pronuclei.  Pores are formed in their nuclear membranes, and the pronuclei fuse.

vi. The zygote, or fertilized egg, then enters the first mitotic division.



2. Name where fertilization ordinarily occurs.



a. Fertilization usually occurs in the ampulla of the fallopian tube.



3. Name when the following hallmarks occur in relation to ovulation, fertilization or LH surge.



a. release of the 1st polar body: 

i. prior to ovulation triggered by the preovulatory LH surge, meiosis resumes and the primary oocyte divides into the secondary oocyte and the 1st polar body, a small non-functional cell.

b. release of the 2nd polar body:

i. in response to penetration by a spermatozoon during fertilization, meiosis resumes and is rapidly completed.  A second unequal cell division soon follows, producing a small 2nd polar body and a large fertilized egg, the zygote.

c. entrance of the embryo into the uterus:

i. After several cell divisions, the embryo becomes a solid ball of cells, the morula.  At the 20-30 cell stage, a fluid-filled cavity, blastocoele, appears and then enlarges until the embryo becomes a hollow sphere, the blastocyst.

ii. The blastocyst reaches the uterus 3-4 days after ovulation and remains suspended in the uterine cavity for 2-3 days, being nourished by uterine fluid.

d. Implantation

i. Implantation begins on days 7-8 after ovulation and requires proper priming of the uterus by estrogen and progesterone.



4. State the fertilizable life span of the human ova and sperm.



a. The fertilizable life span of the human ovum is 24 hours.

b. The fertilizing capacity of sperm is limited to 1-2 days in the female reproductive tract.



5. Describe the processes of capacitation and the acrosome reaction.



a. Capacitation : sperm must undergo this in order to bind to zona pellucida.

i. reversible process that involves and increase in sperm motility, removal of surface proteins, and loss of lipids from the membrane.

ii. results in redistribution of membrane constituents, increases membrane fluidity and a rise in calcium permeability.

iii. Occurs along the female genital tract and lasts 1 to several hours

b. Acrosome Reaction

i. Triggered by contact between the sperm and the egg and enables the sperm to penetrate.

ii. Begins with multiple fusions between the plasma membrane and acrosomal membrane of the sperm.

iii. Vesicles are then formed, releasing their content of proteolytic enzymes to dissolve the granulosa cell matrix and zona pellucida.

iv. Creates a narrow slit, sperm enters the egg.  Eventually, the whole sperm is incorporated into the ooplasm.



6. Describe the cellular events occurring at the time of fertilization.



a. Rapid cell division after fertilization occurs without growth.  The cells of the early embryo become progressively smaller.  The embryo continues to cleave as it moves from the ampulla toward the uterus.

b. Until implantation, it is enclosed in the zona (See A: Figure 41-2 p.781) which is necessary for embryo transport, protection and immunological rejection.

c. After the first cell division, the embryo consists of two cells of unequal size.  The larger one divides first, followed a few hours later by the smaller one.

d. After additional cell divisions, the embryo becomes a solid ball of cells, the morula. At the 20-30 cell stage, a fluid-filled cavity, blastocoele, appears and then enlarges until the embryo becomes a hollow sphere, the blastocyst.

e. The cells of the blastocyst have undergone significant differentiation.  A single peripheral layer of flattened cells, linked by tight junctions, make up the trophoblast.  These will participate in implantation, form the placenta and embryonic membranes, and produce hCG.

f. A smaller cluster of cells comprise the embryoblast which will give rise to the new individual.

ii. The blastocyst reaches the uterus 3-4 days after ovulation and remains suspended in the uterine cavity for 2-3 days, being nourished by uterine fluid.



7. Describe the interactions between embryo and endometrium during implantation.



a. Implantation begins 7-8 days after ovulation and requires proper priming of the uterus by estrogen and progesterone.  The first step requires removal of the zona pellucida

i. it is ruptured by the expansion of the blastocyst and lysed by enzymes in the uterine fluid.  The denuded trophoblast becomes negatively charged and adheres to the endometrium via surface glycoproteins.  

b. In response to the attaching blastocyst, the endometrium undergoes the decidual reaction.

a. this involves dilation of blood vessels, increased capillary permeability, edema formation, and increased proliferation of endometrial, glandular and epithelial cells.

b. Priming by progesterone is a prerequisite.  Invasion of the endometrium is facilitated by the release of plasminogen activator by the trophoblast.

c. By day 8-12 after ovulation, the human conceptus has penetrated the uterine epithelium and is embedded in the stroma.

d. The trophoblastic cells have differentiated into large polyhedral cytotrophoblasts and peripheral syncytiotrophoblasts lacking distinct cell boundaries.

e. Maternal blood vessels dilate and vacuoles appear and fuse, forming blood-filled lacunae.

f. Between weeks 2-3, villi are formed establishing a functional communication between the maternal blood and the embryonic vascular system.  

g. The embryoblast has differentiated into three layers:

i. ectoderm: will form the epidermis, its appendages and the entire nervous system

ii. mesoderm: will form the bulk of teh body, the connective tissue, muscle, bone, blood and lymph.

iii. ectoderm: will form the epithelial lining of the digestive tract and associated structures. 



�V. Physiology of Pregnancy



A. Endocrinology of Pregnancy



1. Name the placental cell type which produces steroid and protein hormones during pregnancy.  Describe the major functions of hCG, estrogen and hPL (See A: Figure 41-6 p.785 for an overview of their levels during gestation).



a. The trophoblast produces steroid and protein hormones during pregnancy.  It starts making hCG almost as soon as it is formed, 8-9 days after ovulation.

b. hCG:

i. stimulates progesterone production by the corpus luteum, preventing the next menses.

ii. glycoprotein that like LH, stimulates steroidogenesis.  It binds to the same, or similar membrane receptor and increases the formation of pregnenolone from cholesterol by a cAMP-dependent mechanism.

iii. It reaches peak level by week 10 of gestation and then falls of by about 80% due to negative feedback by placental progesterone or steroids produced by the fetus. 

iv. Regulates Leydig cell proliferation as well as testosterone biosynthesis in the male fetus.

c. Estrogen:

i. Estrogens increase the size of the uterus, induce receptors for progesterone and oxytocin, stimulate maternal hepatic protein secretion and increase the mass of breast and adipose tissue.

d. hPL:

i. is synthesized by the syncytiotrophoblast and secreted into the maternal circulation, where its levels gradually rise until term.

ii. promotes cell specialization in the mammary gland but is less potent than prolactin in stimulating milk production.

iii. main function is to alter the fuel availability by antagonizing maternal glucose consumption and enhancing fat mobilization.



2. Name the source of progesterone production during the first six weeks of pregnancy.  Describe the function of progesterone in pregnancy.



A. Progesterone secretion by the corpus luteum is maximal 4-5 weeks after conception and then declines, although hCG levels are still rising. 

b. Corpus luteum refractoriness results from receptor desensitization and the rising levels of placental estrogens.

c. From week 7-10 of gestation, steroid production by the corpus luteum is gradually replaced by steroid production by the placenta.

d. Progesterone serves several functions during pregnancy:

i. maintains pregnancy and prevents the next menses.

ii. acts locally to suppress T cell activation, affects macrophage function, and reduces leukocyte numbers.

iii. essential for maintaining placental implantation, inhibits myometrial contraction, and suppresses maternal immunologic response to fetal antigens.

iv. Precursor for steroid production by the fetal adrenal and plays a role in the onset of parturition.



3. Describe the source of maternal levels of estriol.  Describe fetal conditions where maternal levels of estriol would be reduced (See A: Figure 41-7 p. 786)



a. The major estrogen produced during pregnancy is estriol, which has relatively weak estrogenic activity.  Estriol is produced by a unique biosynthetic pathway involving 16 hydroxylation of DHEAS by the fetal liver and, to a lesser extent, the fetal adrenal gland.

b. This is followed by deconjugation by placental sulfatase and conversion to estriol by placental aromatase.

c. Since 16-OH DHEAS is not made by the maternal ovary, the levels of estriol in the amniotic fluid or maternal urine are used as an index of fetal well-being.



4. Describe the changes is serum concentrations of prolactin during pregnancy and the sources of prolactin.



a. Rising levels of estrogens stimulate prolactin release.  Prolactin levels begin to rise during the first trimester, increasing gradually to reach a level 10 times higher near term. 

b. Prolactin is secreted by lactotrophs, which make up 20-30% of the cells of the anterior pituitary.  The number and size of the lactotrophs increases markedly during pregnancy under the influence of estrogens.  

c. The somatomammotrophs can secrete both prolactin and GH and probably function as progenitor cells that  can be directed toward production of either hormone under the proper stimulation.

d. essential for the preparation and maintenance of lactation.



5. List mechanisms of transfer used by the placenta.  Give examples of each mode of transfer.



a. Oxygen diffuses toward the fetal blood down a gradient of 60-70mmHg and the oxygen transporting capacity of fetal blood is enhanced by fetal hemoglobin, which has a high affinity for oxygen.

b. The PCO2  of fetal arterial blood is 2-3 mmHg higher than that of maternal blood, allowing diffusion of carbon dioxide toward the maternal compartment.

c. Other compounds, such as glucose, amino acids, free fatty acids, electrolytes, vitamins, and some hormones, are transported by diffusion, facilitated diffusion, or pinocytosis.

d. Waste products such as urea and creatinine diffuse away from the fetus down their concentration gradients.

e. Large proteins like most polypeptide hormones, do not readily cross the placenta, whereas the lipid-soluble steroids do.

f. The blood-placental barrier allows the transfer of some immunoglobulins, viruses, and drugs from the mother to the fetus.



6. Name the principle energy source of the placenta.  What substrates require energy to facilitate transfer to the fetus? ( Im not quite sure about this question and could not find a direct answer to it in Rhoades and Tanner or Ganong).



a.  Several maternal and placental hormones act together to provide a constant supply of metabolic fuels to the fetus.  

b. Glucose is the principle energy source of the placenta and is transported by a glucose cotransporter (I believe a Na+/K+ pump plays a role here but I am not positive).

i. In the first half of gestation, progesterone increases maternal appetite and diverts glucose into fat stores for energy later on.

ii. Toward the second half of gestation,  the metabolic requirements of the fetus are at a peak, and the mother develops a resistance to insulin.  This is brought about by hormones that are antagonistic to insulin, such as GH, prolactin, hPL, glucagon, cortisol.

iii. Maternal glucose use declines and gluconeogenesis increases, thereby maximizing the glucose gradient across the placenta.  



B. Maternal Adaptation to Pregnancy



Compensatory Changes

1. Describe the changes in respiratory function which occur with pregnancy.

a. Among the most notable changes that occur during pregnancy are hyperventilation, reduced arterial blood PCO2 .

b. Minute ventilation increases 30 to 40% by late pregnancy although oxygen consumption increases only 15-20%.  This leads to increases alveolar and arterial PO2.



2. Name the changes which occur in salt and water metabolism, renal function and blood pressure in pregnancy.   Describe the mechanisms of these changes.



a. There will be reduced plasma osmolality, increased renal blood flow and GFR (glomerular filtration rate) and increased blood pressure and substantial weight gain.

i. By week 5 of pregnancy, plasma osmolality has decreased by 10 mOsm/kg water below normal nonpregnant levels of 280-290 mOsm/kg water.

b. These are brought about by the rising levels of estrogens, progesterone, hPL, and other placental hormones and by mechanical factors such as the expanding size of the uterus and the development of uterine and placental circulations.  

c. Salt metabolism is delicately balanced in normal pregnancy to permit a net accumulation of about 1000 mEq of sodium in the fetus, placenta, and maternal intravascular and interstitial fluids. 

i. The 50% increase in GFR which increases the filtered load of sodium by 50% tends to promote sodium loss.

ii. Progesterone promotes natriuresis.  To overcome these effects, the renal tubules must increase their reabsorption of sodium remarkably;

iii. In fact, the increase in tubular sodium reabsorption represents the largest renal adjustment that occurs during pregnancy.

iv. Sodium reabsorption is promoted by the hormones aldosterone and estrogen.  The rise in aldosterone during pregnancy is most likely the key factor that prevents sodium diuresis form occurring despite the elevation in GFR and serum progesterone levels.

v. Plasma aldosterone levels are 200-700 ng/L during late pregnancy and only 100-200 ng/L during the nonpregnant state.



3. Name the changes which occur during normal pregnancy with respect to blood volume, uterine blood flow, heart rate, cardiac output.  Recall the approximate percentage change from pre-pregnant values.

a. There will be increased blood volume and cardiac output. Maternal cardiac output increases 30-50% during pregnancy.

i. Cardiac output is the product of heart rate and stroke volume, both of which increase during pregnancy.  

ii. Heart rate has increased 15 - 20 bpm over nonpregnant levels by the third trimester and is responsible for maintaining the elevated cardiac output.

b.  During pregnancy, blood flow increases rapidly as the uterus increase is size.  The uterine blood flow increases 20 fold during pregnancy, the size of the conceptus increases much more, changing from a single cell to a 4-5 kg fetus placenta.

c. Consequently, more O2 is extracted from the uterine blood during the latter part of pregnancy, and the O2 saturation of uterine blood falls.



4. Describe the effect of posture on blood pressure and uterine blood flow during pregnancy.



a. BP is lower throughout pregnancy. It is highest when sitting, intermediate when supine, and lowest when on your side.

b. Uterine blood flow increases throughout pregnancy.



5. Describe the effect pregnancy has on maternal thyroid and adrenal function.



a. Thyroid and parathyroid glands enlarge during pregnancy and the release of PTH (parathyroid hormone) increases mostly during the third trimester.

b. This enhances calcium mobilization from maternal bone stores in response to the growing demands for calcium by the fetus.

c. The rate of adrenal secretion of mineralocorticoids and glucocorticoids increases, and plasma free cortisol is higher because of its dissociation from transcortin, its binding globulin, by progesterone.

i. The fetal adrenal glands are larger than the kidneys due to the development of a fetal zone that constitutes 75-80% of the whole gland at 4 months gestation.

ii. The outer definitive zone will form the adult adrenal cortex, and the deeper fetal zone involutes after birth.

iii. The fetal zone produces large amounts of DHEAS and provides androgenic precursors for estrogen synthesis by the placenta (See A: figure 41-7 p. 786).  

iv. The definitive zone produces cortisol, which has multiple functions during fetal life, including promotion of pancreas and lung maturation, induction of liver enzymes, promotion of intestinal tract cytodifferentiation, and initiation of labor.



6. Describe the effect of pregnancy on glucose and fuel metabolism.



a. During the first half of gestation, most of maternal glucose is diverted into fat synthesis; this is attributed to progesterone and the extra fat stores will be used for energy later, as the fetal needs increase.

b. Toward the second half of gestation, the mother develops a resistance to insulin due to the combined action of hormones, prolactin, hPL, glucagon, cortisol and an impairment of insulin action at the target cells.   

c. As a result, maternal glucose use declines and gluconeogenesis increases, thereby maximizing the glucose gradient across the placenta.

d. Glucose is the main metabolic fuel for the fetus and fetal insulin, produces by the pancreas by week 12 of gestation, regulated tissue glucose use, controls liver glycogen storage, and facilitates fat deposition.

e. It does not control the supply of glucose, however; this is determined by maternal gluconeogenesis and placental glucose transport.   



Normal Labor

1. Describe the role of estrogen, progesterone, oxytocin, phospholipase A2 and prostaglandins in the initiation of labor.



a. The onset of birth, or parturition, is regulated by interactions of fetal and maternal factors.

b. The contraction of the uterine muscle is regulated by hormones and mechanical factors.  The hormones include progesterone, estrogen, prostaglandin, oxytocin, and relaxin.

c. Progesterone

i. hyperpolarizes myometrial cells, lowers their excitability, and suppresses uterine contractions.  

ii. Prevents the release of phospholipase A2 , the rate limiting enzyme in prostaglandin synthesis.

d. Estrogen

i. opposite effects of progesterone.  Maintenance of uterine quiescence throughout gestation, preventing premature delivery is termed progesterone block.

ii. A sharp decline in progesterone and rising estrogen levels are seen before birth.

e. Oxytocin (released from maternal and fetal pituitaries)

i. The number of oxytocin receptors in the myometrium and the decidua increases more the 100-fold during pregnancy and reaches a peak during early labor.

ii. Estrogens increase the number of oxytocin receptors, as does uterine distention later in pregnancy.

iii. The oxytocin level does not rise during labor, but the marked increase in receptors may cause the uterus to respond to normal plasma levels.

iv. Once labor is started, the uterine contraction dilate the cervix and this delay in turn sets up signals in afferent nerves that increase oxytocin secretion.

v. The plasma oxytocin level rises, and more oxytocin becomes available to act on the uterus.  Thus, a positive feedback loop is established that aids delivery and terminates on expulsion of the products of conception.

vi. Oxytocin increase uterine contractions in two ways:

a. acts directly on uterine smooth muscle cells to make them contract

b. stimulates the formation of prostaglandins in the decidua, and the prostaglandins enhance the oxytocin-induced contractions.

f. Phospholipase A2

i. rate limiting enzyme in prostaglandin synthesis.

g. Prostaglandins

i. potent stimulators of uterine contraction.  They increase the intracellular calcium concentration of myometrial cells and activate the actin-myosin contractile apparatus. 

ii. Shortly before the onset of parturition, the concentration of prostaglandins in amniotic fluid rises abruptly (produced by the decidua, or chorion).

h. Relaxin

i. softens the cervix and permits the eventual passage of the fetus, and increases the number of oxytocin receptors.



2. Name and describe the three stages of labor.



STAGES OF LABOR



STAGE 1



a. Variable duration (8-24 h)

b. Regular contractions begin

c. Uterine contractions originate at fundus and move down

d. Head of fetus if forces against cervix

e. Cervix widens (dilation) and thins (effacement)

f. Associated pain probably due to hypoxia of uterine muscles resulting from    compression of uterine blood vessels



STAGE 2



a. Lasts < 1 hour (variable)

b. Fetus is forced out of uterus, through cervix and is delivered from vagina

c. More severe pain due to cervical and perineal stretching



STAGE 3



a. Lasts 10 minutes or less

b. Placenta is separated from decidual tissue and delivered 

c. Further myometrial contractions constrict uterine blood vessels and prevent excess bleeding

d. Placental hormones disappear from plasma according to their half-lives



Lactation

1. List the relevant hormones involved in lactation; Describe the functions of each.



a. Estrogen and progesterone stimulate growth an development of the breasts throughout pregnancy.

b. Prolactin increases steadily during pregnancy because estrogen stimulates its secretion from the anterior pituitary.

c. Lactation does not occur during pregnancy because estrogen and progesterone block the action of prolactin on the breast.

d. After parturition, estrogen and progesterone levels fall rapidly so lactation can occur.

e. Lactation is maintained by suckling, which stimulates both oxytocin and prolactin secretion.

f. Ovulation is suppressed as long as lactation continues because prolactin has the following effects.

i. Inhibits hypothalamic GnRH secretion

ii. Inhibits the action of GnRH on the anterior pituitary, and consequently inhibits LH and FSH secretion.

iii. Antagonizes the action of LH and FSH on the ovaries.



2. Differentiate between milk synthesis and milk ejection.



a. Lactation involves two components—milk synthesis and milk removal- which are regulated independently.

b. Lactogenesis designates milk production and  galactopoiesis the maintenance of an established lactation.  Milk synthesis and secretion is a continuous process.

i. Milk secretion involves the synthesis of milk constituents by the alveolar cells, their intracellular transport, and the release of formed milk into the alveolar lumen.  

ii. Prolactin is the major regulator of milk secretion in women and most other mammals.

c. Milk removal is not continuous, it is intermittent.  Oxytocin is responsible for milk removal by activating milk ejection or “let-down”.



3. Describe the reflex pathways and mechanisms for the control of prolactin and oxytocin secretion and discuss the roles of these hormones in lactation and milk ejection.



a. The milk ejection reflex is initiated by a neuroendocrine reflex.  The receptors involved are the touch receptors, which are plentiful in the breast-especially around the nipple.  The afferent arc is neural and the efferent arc in hormonal.

b. Impulses generated in these receptors are relayed to the appropriate nuclei via somatic touch pathways and discharge of the oxytocin-containing neurons causes secretion of  oxytocin from the posterior pituitary.  

c. The infant suckling at the breast stimulates the touch receptors, the nuclei are stimulated, oxytocin is released, and the milk is expressed into the sinuses, ready to flow into the mouth of the waiting infant.

d. The suckling stimulus also increases the release of prolactin, oxytocin, and ACTH and inhibits the secretion of gonadotrophins.

d. Suckling not only evokes reflex oxytocin release and milk ejection, it also maintains and augments the secretion of milk because of the stimulation for prolactin secretion produced by suckling.



C. Disorders of Sexual Development



Describe the following conditions.



1. Gonadal Dysgenesis



a. refers to the incomplete differentiation of the gonads and is usually associated with sex chromosome abnormalities.

b. These result from errors in the first or second meiotic division and occur by chromosomal nondisjunction, translocation, rearrangement, or deletion.  The two most common are:

i. Klinefelter Syndrome

a. 47, XXY. Patient has normal testicular function in utero in terms of MIF production and no ambiguity of the genitalia at birth.

b. The extra X chromosome interferes with the development of the seminiferous tubules which show extensive hyalinization and fibrosis.

c. Also see small testes, azoospermia etc.

ii. Turner Syndrome

a. 45, XO. Patients will have no gonadal development during fetal life and present at birth as phenotypic female.

b. Given the absence of ovarian follicles, such patients have very low levels of estrogens, primary amenorrhea, and do not undergo normal pubertal development.



2. Congenital adrenal hyperplasia



a. The most common cause of female pseudohermaphrodites, 46XX females with normal ovaries and internal genitalia but with a different degree of virilization of the external genitalia, resulting from exposure to excessive androgens in utero.

b. Inherited abnormality in adrenal steroid biosynthesis, cortisol production is low causing increased production of ACTH by activating the hypothalamopituitary axis.

c. These elevated levels induce adrenal hyperplasia and abnormal production of androgens and corticosteroid precursors.

d. Born with ambiguous genitalia.



3. Alpha-reductase Deficiency



a. Autosomal recessive disorder caused by the inability to convert testosterone to DHT.

b. Ambiguous or female external genitalia and normal male internal genitalia.

c. Often raised as females but undergo a complete or partial testosterone dependent puberty, including enlargement of the penis, testicular descent, and development of male psychosexual behavior.

d. A form of male pseudohermaphroditism (46XY) in which the male has differentiated testes by underdeveloped and absent wolffian derived structures and inadequate virilization of the external genitalia.



4. Testicular Feminization



a. X-linked recessive disorder caused by end-organ insensitivity to androgens, usually because of absent or defective androgen receptors.

b. 46XY males have abdominal testes that secrete normal testosterone levels.

c. Because of androgen insensitivity, the wolffian ducts regress and the external genitalia develop along the female line. 

d. The presence of MIF in utero causes regression of the mullerian ducts.  They thus have neither male nor female internal genitalia and phenotypic female external genitalia, with the vagina ending in a blind pouch.
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