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Section 1: Why Sex At All? —Logic Before the Anatom

Instructor Narrative Structured Outline / Causal Chain

The move: This section establishes the cost accounting: sexual The Tradeoff, Stated Cleanly
reproduction carries a roughly 50% energy efficiency, and its task is to . . ;
show what genetic variability provides that outweighs that expense. Asexual: every member reproduces, fast population

Students who see the cost first can follow why the machinery is as growth, offspring are cIones,.Iow variability
e 56 0, « Sexual: only half the population (females) bears

young, slower, but offspring are genetically varied
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Asexual reproduction is the cheaper option

Begin by presenting sexual reproduction as expensive, because
quantitatively it is: there’s a ~ 50% loss of reproductive efficiency, the
expense of supporting males, and also the energy expended finding
mates. Many organisms reproduce asexually; every member of the
population can produce offspring, and population growth is fast. The
catch is that the offspring are clones, genetically identical to the single
parent, so the population carries almost no variability. That is the tradeoff
to hold in mind: asexual reproduction gains population growth rate at the
cost of genetic uniformity.

Variability is the benefit that offsets the cost of sex

Now name the main thing sex provides that justifies its cost. Genetic
variability, meaning diversity of alleles, lets a population adapt to outside
pressure, whether environmental, predatory, or parasitic. Sexual
reproduction generates that variability by segregating paired alleles into
haploid gametes, then recombining them at fertilization. Two
advantageous mutations can land in one organism; deleterious mutations
get paired up and exposed to selection and removed, taking their bad
genes with them. That is the adaptive payoff.

The Red Queen makes the price worth paying

Close with the parasite argument, because it is the clearest rationale.
Parasites evolve continuously, so a host has to keep adapting just to hold
its ground. Carrying non-adaptive and even maladaptive alleles around in
a sexually reproducing population is what allows rapid adaptation when
the environment shifts, because an allele that is useless today may be
exactly what is needed tomorrow. This is the Red Queen hypothesis, from
Through the Looking-Glass, where one must run continuously just to stay
in the same place. The lesson for the chapter: the entire apparatus
continually recombines alleles.

The cost of sex: ~ 50% loss of reproductive efficiency,
the cost of supporting males, plus the energy
expended finding mates

What Variability Buys

Two good mutations can combine in one organism
(raises Darwinian fitness)

Bad mutations get paired and exposed to selection,
then removed from the population

Rapid adaptation to shifting environmental, predatory,
and parasitic pressure

Causal Chain: Why Sex Persists Despite Its Cost

Parasites and the environment shift continuously;
meanwhile, sexual recombination keeps generating new
allele combinations — under the shifted conditions, some
previously useless alleles become adaptive — selection
favors their carriers — population adapts fast enough to
keep pace (Red Queen). Net: the reproductive advantage
outweighs the 50% efficiency cost

Common Errors

Error: Treating sex as the obvious default. It is the
more expensive option; this chapter exists to justify it.
Error: Thinking variability helps the individual. It helps
the population; selection works at the population level.
Error: Assuming faster reproduction always prevails.
Asexual reproduction is faster but cannot adapt the
way sexual reproduction can.

Prediction Prompt

Predict: A stable, parasite-free environment never
changes for thousands of generations. Predict whether
asexual or sexual reproduction is favored there, and
why.

Predict: A parasite mutates rapidly to attack the most
common host genotype. Explain, using the Red Queen



idea, why a sexually-reproducing host population
survives while a clonal one may not.

Section 2: Three Levels of Sex — Genetic, Gonadal, Phenotypic

The payoff is a clean three-step cascade students can carry through the whole differentiation story.

Instructor Narrative Structured Outline / Causal Chain

The move: Replace the single word 'sex’ with three sequential The Three Determinations (In Order)

determinations: genetic, gonadal, and phenotypic. Students arrive . ti R e h

thinking sex is one thing decided at fertilization. It is three factors, decided (C)S(?%cxs;z)x. set at fertilization by sex chromosomes

in order, and a break at any step uncouples the later ones from the . )

earlier. + Gonadal sex: indifferent gonad becomes testis or
ovary

Sex is determined three times, in sequence « Phenotypic sex: internal tract + external genitalia, set

State the cascade up front; the rest of the section depends on it. Genetic by gonadal hormones

sex is set at fertilization by which sex chromosomes you inherit, XX or The Bipotential Starting Point

XY. That genetiC sex then directs gonadal SexX, whether the indifferent «  Wolffian (mesonephric) ducts: precursor to the male

gonad becomes a testis or an ovary. Gonadal sex then directs phenotypic internal tract

sex, the appearance of the internal tract and external genitalia, by way of
the hormones the gonads secrete. Genetic to gonadal to phenotypic. The
order matters because the cause flows one direction, and a defect
partway down the line leaves the upstream level intact while changing
everything below it.

* Millerian (paramesonephric) ducts: precursor to the
female internal tract

+ Indifferent gonads: not yet committed to becoming
testes or ovaries

» Default with no signal: ovaries + female tract

The early embryo el develoP either way Causal Chain: One Direction of Control

Emphasize that the embryo starts bipotential, because this makes the Sex chromosomes (genetic sex) — direct gonad fate
switch logic intelligible. The undifferentiated early embryo carries the (gonadal sex) — gonads secrete hormones (or do not) —
precursors for both tracts at once: Wolffian (mesonephric) ducts that can hormones sculpt tract + genitalia (phenotypic sex)
become the male tract, and Miillerian (paramesonephric) ducts that can o

become the female tract. The gonads are likewise indifferent, not yet Key Distinction: Default vs. Constructed

testes or ovaries. The embryo retains both duct systems and * Female is the default body plan (no instruction

uncommitted gonads until a signal specifies one pathway. required)



The default direction is female

Make the default explicit, because it inverts the intuition most students
bring. Left alone, with no signal, the indifferent gonads become ovaries
and the body follows the female plan. Maleness is the actively
constructed deviation; it requires a specific instruction to be issued. That
single fact, the default is female and male is built, organizes the next two
sections, so state this now and refer back to it when the switches appear.

+ Male development requires a specific signal

» This asymmetry is why many differentiation 'errors'
trend female

Common Errors

* Error: Thinking sex determination is a single event at
fertilization. It is a three-step cascade.

* Error: Assuming the female phenotype reflects
'‘absence' of development. Hers is a fully built plan; it is
just the one that runs without a switch.

+ Error: Collapsing genetic, gonadal, and phenotypic
sex into one. A break between levels separates them.

Prediction Prompt
* Predict: A signal that should direct the indifferent
gonads toward testes never arrives. Predict the
gonads, the internal tract, and the external genitalia.

* Predict: Genetic sex is XY but the gonadal step fails.
Which level(s) match the chromosomes, and which
follow the default?

Section 3: The Two Switches That Build a Male — TDF and AMH

Instructor Narrative

The move: Name the two signals that build a male, TDF and AMH, and
separate what each one does. Students remember 'testosterone makes a
male,’ which is just half the story and produces inaccurate predictions.
There are two separate signals, and they act on two separate targets.

One gene flips the gonad to a testis

Begin with the trigger. The Y chromosome encodes testis-determining
factor (TDF). TDF is the switch that turns the indifferent gonad into a
testis instead of an ovary. No TDF, no testis, and the gonad defaults to an

Structured Outline / Causal Chain

The Trigger
+ SRY gene (on the Y) encodes TDF (testis-determining
factor)

+ TDF switches the indifferent gonad into a testis
* No TDF — ovary (the default)

Two Signals, Two Cells, Two Targets



ovary. Everything being male downstream depends on this one product
being made, so it is the initiating event, and it is the only place the Y
chromosome has to act directly.

The testis then produces two different signals

Now separate the two signals, because this is where students collapse
the story. Once a testis exists, its Leydig cells secrete testosterone and its
Sertoli cells secrete antimullerian hormone (AMH, also called Miillerian-
inhibiting substance). These are two distinct hormones from two distinct
cell types doing two distinct jobs. Testosterone is constructive: it develops
the Wolffian ducts into the male internal tract. AMH is destructive: it
causes the Millerian ducts to regress, deleting the female tract before it
can form. One duct system is built up; the other is broken down. Both
signals are required to produce a fully male tract.

Female needs no switch, only the absence of testosterone
and AMH

Close by showing how cleanly the default falls out. With no TDF, the
gonad becomes an ovary. With no testosterone, the Wolffian ducts
regress on their own. With no AMH, the Miillerian ducts are free to
develop into the female tract. So, the female pattern is simply what
happens when neither switch is thrown, which is exactly why it is the
default. This also tells you the female tract does not require an estrogen
'build' signal during fetal differentiation; it forms by being left alone.

Leydig cells — testosterone — develops Wolffian
ducts (male internal tract)

Sertoli cells — AMH (antimullerian hormone) —
regresses Miillerian ducts (deletes female tract)

Constructive signal (testosterone) and destructive
signal (AMH) are separate and both required

Causal Chain: Building a Male

Y chromosome present — TDF made — acts on the
indifferent gonad — testis develops — Leydig cells:
testosterone — Wolffian ducts develop; separately,
Sertoli cells: AMH — Muillerian ducts regress; the two
branches together — male internal tract; external
genitalia follow once DHT forms (Section 4)

Causal Chain: The Female Default

No Y chromosome — no TDF — ovary develops — no
testosterone — Wolffian ducts regress on their own; in
parallel, no AMH — Miillerian ducts develop — female
internal tract (no 'build' signal needed)

Key Distinction: Develop vs. Regress

Testosterone develops Wolffian (does not touch
Mdllerian)

AMH regresses Millerian (does not touch Wolffian)

Lose one signal and you get a mixed tract, not a fully
opposite one

Common Errors

Error: Believing 'testosterone makes a male.'
Testosterone builds the Wolffian tract; a separate
hormone (AMH) deletes the female tract.

Error: Thinking the female tract is actively built by
estrogen in the fetus. It forms by default when AMH
and testosterone are absent.

Error: Forgetting AMH. Without it, a genetic/gonadal
male keeps Mullerian-derived female structures.



Prediction Prompt

Predict: An XY fetus makes testosterone but its
Sertoli cells fail to make AMH. Predict the internal tract
(consider both duct systems).

Predict: An XY fetus forms testes but the Leydig cells
cannot make testosterone (AMH is normal). Predict
the Wolffian and Modillerian outcomes.

Section 4: The 5a-Reductase Puzzle — Testosterone vs. DHT

This is the chapter's 'Can you put it together?' case. It rewards students who kept the develop-vs-regress logic straight and introduces DHT, which returns

in the male accessory-gland section.

Instructor Narrative

The move: Work the 5a-reductase case as a diagnostic. It is just the
three-level cascade plus one new fact: some testosterone targets need
testosterone converted to DHT first.

External genitalia run on DHT, not testosterone

Introduce the one new fact the puzzle turns on. Testosterone develops
the internal Wolffian tract directly, but the external genitalia and several
accessory tissues respond to dihydrotestosterone (DHT), a more potent
androgen made from testosterone by the enzyme 5a-reductase in those
peripheral tissues. So, masculinization splits into two jurisdictions: internal
structures answer to testosterone, external structures answer to DHT.
Hold that split, because it is the whole puzzle.

Pose the case before giving the answer

Now set the question exactly as the chapter does and let students predict.

An XY baby is born with a 5a-reductase deficiency, so testosterone is
made normally but cannot be converted to DHT. The testes formed (TDF
worked), AMH regressed the Miillerian ducts, and testosterone developed
the Wolffian ducts, so the internal tract is male. But the external genitalia,

Structured Outline / Causal Chain

The New Fact

Internal (Wolffian) tract: developed by testosterone
directly

External genitalia + some accessory tissues:
development needs DHT

5a-reductase converts testosterone — DHT in
peripheral target tissues

The Puzzle (XY, 5a-reductase deficient)

TDF present — testes form
AMH normal — Miillerian ducts regress
Testosterone normal — internal Wolffian tract is male

No DHT — external genitalia fail to masculinize —
appear female at birth

Causal Chain: Why Internal and External Diverge
Testes + testosterone present — internal tract
masculinizes (testosterone-driven); meanwhile, 5a-
reductase absent — no DHT — external genitalia stay



which need DHT to develop properly, fail to masculinize and appear female-appearing (DHT-driven step fails). Net: gonads =

female at birth. The gonads are testes; the outward appearance is most testes, outward phenotype = female
often female. That dissociation between internal and external morphology .. Puberty Twist
is the lesson.

» Pubertal testosterone surge is large
Puberty can finish what fetal life skipped « Enough androgen action accumulates to partially

Add now the twist, because it demonstrates the mechanism. At puberty masculinize externally

the surge of testosterone is large enough that even without efficient * Phenotype can shift toward male at puberty
conversion, enough DHT (or direct testosterone action) accumulates to Common Errors

drive a degree of external masculinization that did not occur in utero. The
phenotype can shift toward male at puberty. The takeaway is that the
same hormone produces different outcomes in different tissues
depending on whether a converting enzyme is present, which is exactly
the receptor-and-target logic of endocrine signaling: the hormone is
necessary, but the target tissue (which, in some cases, may be
dependent on presence of 5a-reductase) determines the response.

* Error: Concluding the gonads must be ovaries
because the baby 'looks female.' The gonads are
testes; only the external DHT-dependent step failed.

+ Error: Assuming one hormone = one fixed effect.
Testosterone vs. DHT shows the target tissue's
enzymes determine the outcome.

+ Error: Forgetting the internal tract. It is male here,
because it never needed DHT to develop.

Prediction Prompt

* Predict: An XY individual has a 5a-reductase
deficiency. Predict the gonads, the internal tract, and
the external genitalia at birth, then at puberty.

» Predict: A drug (used for prostate/hair conditions)
blocks 5a-reductase in an adult male. Predict which
androgen-dependent tissues are most affected and
which are spared.

Section 5: The Gonad's Three Cell Types — The Homology That Organizes the Chapter

Instructor Narrative Structured Outline / Causal Chain

The move: Establish the three-cell-type homology before any cycle The Universal Gonad (Both Sexes)

appears. Every gonad, male or female, contains the same three cell types - Germ cell: the gamete (sperm / oocyte)



filling the same three roles. Once students see the match ups, much of
the endocrinology that follows is predictable.

Every gonad has a germ cell, a nurse cell, and a secretory
cell

State the universal architecture. Both the testis and the ovary contain
three functional cell types. There is the germ cell, the gamete itself, sperm
in the male and the oocyte in the female. There is also a nurse cell, which
physically surrounds and supports the developing gamete. And then there
is a secretory cell, which sits a bit further out and is the main steroid
factory. Two of the three cell types are not gametes at all; they support
the gamete. Condensing this once, for both sexes side by side, sets up
every figure that follows.

The pairs are direct homologs

Now name the homologs explicitly, because this is the spine. The male
nurse cell is the Sertoli cell; the female nurse cell is the granulosa cell.
The male secretory cell is the Leydig cell; the female secretory cell is the
theca cell. And the control is parallel in males and females, too: the nurse
cells respond mainly to FSH, the secretory cells respond mainly to LH.
Same wiring, same division of labor, different names. When you later
teach the two-cell model of estrogen synthesis in the ovary, students will
recognize it as the female version of a male diagram they already saw.

The secretory cell always starts the steroid; the nurse cell
often finishes it

Foreshadow the steroid logic so it does not surprise anyone later. In both
sexes the LH-driven secretory cell runs the steroid pathway down to an
androgen. In the male the Leydig cell takes it all the way to testosterone;
in the female the theca cell stops at androstenedione and hands it to the
granulosa cell, which uses the FSH-induced enzyme aromatase to
convert that androstenedione to estrogen. So, the difference between a
'male' and 'female’ steroid output is largely one enzyme and which cell
expresses it. Establish that now; it recurs in Sections 11 and 15.

Nurse cell: surrounds and supports the gamete
Secretory cell: the steroid factory, sits further out

The Homology Table

Germ cell: sperm (male) = oocyte/egg (female)
Nurse cell: Sertoli (male) = granulosa (female) [FSH-
driven]

Secretory cell: Leydig (male) = theca (female) [LH-
driven]

Causal Chain: Shared Steroid Logic

LH — secretory cell (Leydig/theca) — steroid pathway
runs to an androgen — in the male, Leydig finishes at
testosterone and Sertoli cells aromatize only a small local
fraction; in the female, theca stops at androstenedione
and transfers it to the granulosa cell, where FSH-induced
aromatase converts the androgen to estrogen in quantity
— estrogen released to the blood, where it feeds back on
the hypothalamus and pituitary and builds the uterine
lining

Key Distinction: Who Responds to What

LH — secretory cells — androgens (testosterone /
androstenedione)

FSH — nurse cells — support functions (ABP in
males; aromatase in females); inhibin in both

The hormones (LH, FSH) are identical in both sexes;
the cells differ

Common Errors

Error: Thinking male and female gonads are built on
different plans. They use the same three cell types
and the same two pituitary hormones.

Error: Pairing the wrong cells. Nurse pairs with nurse
(Sertoli/granulosa, FSH); secretory pairs with
secretory (Leydig/theca, LH).



» Error: Believing estrogen is uniquely ‘female' and
testosterone is 'male.' Both sexes make both; the ratio
and the aromatase step differ.

Prediction Prompt
» Predict: You are told a gonadal cell responds to LH
and makes androgen. Name its counterpart in the
other sex and predict its product.
* Predict: A drug blocks aromatase in both sexes.
Predict the effect on estrogen in the ovary's granulosa
cells and in the testis.

Section 6: The HPG Axis — One Control System for Both Sexes

Instructor Narrative Structured Outline / Causal Chain

The move: Draw the three-tier control loop. Students expect separate The Three Tiers
male and female control diagrams. There is one axis; only the gonad at

Fio o 1) (6 it G * Hypothalamus — GnRH (via portal circulation to the

pituitary)
Three tiers: hypothalamus, anterior pituitary, gonad * Anterior pituitary — LH + FSH (gonadotropins)
Lay out the axis as a stack. At the top, the hypothalamus integrates * Gonad (testis/ovary) — sex steroids + inhibin
environmental and hormonal input and secretes GnRH, gonadotropin- Targets Within the Gonad
releasing h(_)rmo_ne_, into a special _portgl pirculation that delivers i’F straight « LH — secretory cells (Leydig/theca) —
to the anterior pituitary. The anterior pituitary responds by secreting two androgens/steroids

gonadotropins, LH (luteinizing hormone) and FSH (follicle-stimulating
hormone). These act on the gonad, the testis or the ovary, at the bottom.
Both gonadotropins are named for their roles in females but are fully
active in both sexes. State this explicitly, because the names mislead

* FSH — nurse cells (Sertoli/granulosa) — gamete
support, inhibin

+ FSH's target, the nurse cell, is in direct contact with
the gamete, so FSH is the branch of the axis most tied

otherwise. _
to gamete maturation

LH targets the secretory cell, FSH targets the nurse cell el @ [ (e A5de el [FEE %

Connect the axis to the homology you just described. LH acts on the Hypothalamus: GnRH — pituitary: LH + FSH — gonad:

secretory cells, Leydig in the male and theca in the female, driving sex steroids + inhibin — long-loop negative feedback on



androgen and steroid production. FSH acts on the nurse cells, Sertoli in
the male and granulosa in the female. In the male, FSH drives the Sertoli
cell to make inhibin and androgen-binding protein (ABP); in the female
the same hormone drives the granulosa cell to produce estrogen (via
aromatase) and inhibin. The nurse cells are in direct contact with the
gamete, which is why FSH, working through them, is the hormone most
tied to actual gamete maturation.

The output feeds back; the rhythm is the only real sex
difference

Close the loop and then point to the one genuine divergence. The
gonadal products, the sex steroids plus inhibin, feed back on both the
pituitary and the hypothalamus in what is called long-loop feedback,
mostly negative, keeping the system regulated over time. What differs
between the sexes is not the wiring but the tempo. In males, GnRH, LH,
and FSH run relatively steadily, supporting continuous sperm production.
In females the system is strongly cyclic, with dramatic swings between
FSH and LH that drive the monthly cycle. Same axis, two rhythms; that is
the organizing thesis of the chapter's second half.

Section 7: A Lifetime of Gonadotro

pituitary + hypothalamus — system held in regulation
over time

Key Distinction: Same Wiring, Two Rhythms

Male: relatively steady GhnRH/LH/FSH — continuous
sperm output

Female: strongly cyclic, big FSH/LH swings — monthly
cycle

The names LH/FSH come from female roles but act in
both sexes

Common Errors

Error: Drawing separate male and female control
systems. There is just one axis; only the gonad and
the rhythm differ in males and females.

Error: Assigning LH and FSH to the wrong cells. LH =
secretory (Leydig/theca); FSH = nurse
(Sertoli/granulosa).

Error: Thinking feedback is purely on the pituitary.

Long-loop feedback also reaches the hypothalamus
(GnRH).

Prediction Prompt

Predict: A tumor secretes an LH-like hormone
continuously. Predict its effect on the secretory cells
and their steroid output in either sex.

Predict: GnRH is delivered as a steady infusion
instead of pulses. Predict the effect on LH/FSH
secretion (foreshadowing Section 8).

pikes, Silence, Pulses, and Meno

Instructor Narrative Structured Outline / Causal Chain



The move: Trace the axis across an entire lifespan, because the on/off
pattern explains things students otherwise memorize as unrelated facts:
fetal sex determination, infant ‘mini-puberty,’ the long childhood quiet, and
the gonadotropin rise at menopause.

A fetal spike does the sex-determination work

Walk the timeline left to right, starting before birth. As the fetal brain
develops, GnRH rises and drives a spike in FSH and LH. That spike
activates the gonads to produce sex steroids, which masculinize or
feminize the genital tract, exactly the differentiation you taught in Sections
3 and 4. Then late in pregnancy the curve drops, because placental
steroids feed back strongly and suppress the axis. So, the fetal axis turns
on to set the phenotype, then is quieted by the placenta near term.

Birth removes placental feedback, producing infant mini-
puberty

Use the post-birth bump to teach feedback removal, a logic that will be
reused at menopause. The placenta was producing sex steroids that
suppressed the fetal axis. At birth that placental feedback vanishes, and
with the brakes gone the gonadotropins surge again in the first months of
life. This 'mini-puberty' further develops the reproductive tract and
contributes to sexually dimorphic features of the brain, which may
influence later perception of being male or female. Then the axis goes
quiet for the long childhood years, with essentially no reproductive
function.

Pulsatile GnRH starts puberty; lost feedback explains
menopause

End with the two adult transitions and tie them together. Puberty begins,
on a largely genetic schedule, when GnRH resumes in a pulsatile pattern,
reactivating LH and FSH and maturing the gonads to produce gametes.
From here the sexes diverge: females are strongly cyclic across
reproductive life; males are comparatively continuous for decades.
Around age 50 the female gonads stop making much steroid,
menopause, and ovarian estrogen falls sharply, while FSH and LH rise
dramatically. Make sure students understand that rise: it is the same

The Lifespan Pattern

+ Fetal: GhnRH/LH/FSH spike — sex steroids — tract
masculinization/feminization

+ Late fetal: placental steroids suppress the axis (drop-
off)

* Infancy: placental feedback gone — gonadotropin
surge (‘'mini-puberty'); brain
feminization/masculinization

+ Childhood: axis quiet, no reproductive function

+ Puberty: pulsatile GnRH resumes — gamete
production begins

* Menopause (~50 years): ovarian steroids fall; FSH/LH
rise (lost negative feedback)

Causal Chain: Why Gonadotropins Rise at Menopause
Ovaries stop making estrogen/inhibin — negative
feedback on pituitary/hypothalamus is removed — GnRH,
FSH, LH climb; but the gonad can no longer respond.
Net: high gonadotropins, low steroids

Key Distinction: Two 'Lost Feedback' Events

» Post-birth surge: placental steroid feedback removed
— gonadotropins rise

* Menopause: ovarian steroid feedback removed —
gonadotropins rise

« Same mechanism, different life stage
Male vs. Female in Adulthood
+ Female: strongly cyclic/pulsatile; sharp menopause
+ Male: comparatively continuous; gradual decline with
age
Common Errors

« Error: Thinking gonadotropins fall at menopause.
They rise; it is the steroids that fall.



mechanism as the post-birth surge. Remove the steroid that was
supplying negative feedback, and the gonadotropins climb, even though
the gonad can no longer respond. Males show a gentler version of the
same thing with age.

* Error: Treating infant mini-puberty as a curiosity. It
reflects removal of placental feedback and aids
brain/tract development.

» Error: Assuming puberty is triggered by rising steroids
first. The upstream change is resumed pulsatile
GnRH.

Prediction Prompt

* Predict: A postmenopausal blood panel shows very
high FSH and very low estrogen. Explain how both
can be true at once.

* Predict: A newborn's placenta is delivered. Predict the

direction of change in the infant's gonadotropins over
the next weeks, and explain why.

Section 8: What Starts Puberty — Pulsatility, Not a New Hormone

Instructor Narrative

The move: Correct the most common misconception about puberty
before teaching the sequence. Nothing new appears at puberty. The
same GnRH that was present all along simply resumes a pulsatile
pattern, and pulsatility is the message.

Puberty is the axis switching back on, not a new system

Frame puberty as a reactivation. The reproductive axis was fully
operational in the fetus and infant, then went quiet through childhood.
Puberty is the brain releasing GnRH again, on a largely genetically
determined schedule, which restarts LH and FSH and brings the gonads
back online to produce sex steroids and, eventually, mature gametes.
Students who picture a brand-new pubertal hormone will look for the
wrong thing; point them at the timer on an existing system.

The pattern of GnRH release is itself the signal

Structured Outline / Causal Chain

The Core Idea
* No new hormone at puberty; the axis reactivates
* Onset = resumption of pulsatile GnRH (frequency is
the signal)
+ Steady/continuous GnRH would suppress, not
stimulate (clinical lever)
» Schedule is largely genetic; nutritional status
modulates timing
Sex-Specific Sequence
+ Male (in order): testicular enlargement, penile growth,
pubic/axillary hair (testosterone, DHT)
* Female (in order): breast development (thelarche), first
period (menarche) (estrogen)



Make pulsatility the central idea, because it is non-obvious. GnRH is not Causal Chain: Onset of Puberty

released steadily; it comes in pulses, and the frequency of those pulses is Genetic/nutritional cue — pulsatile GnRH resumes — LH
what the pituitary reads. The onset of puberty is the onset of pulsatile + FSH rise —» gonads make sex steroids + mature
GnRH secretion. This is also why a steady, non-pulsatile GhnRH signal gametes — secondary sex characteristics + fertility
paradoxically shuts the axis down rather than driving it: continuous

receptor occupancy desensitizes and downregulates the pituitary GnRH Common Errors

receptors, so LH and FSH secretion falls. This is the basis for clinical + Error: Looking for a unique 'puberty hormone.' It is the
GnRH-agonist therapy. The lesson: in this system, timing carries same GnRH/LH/FSH, newly pulsatile.

information, not just amount. Nutritional status and other inputs feed into « Error: Thinking more GnRH secretion always has a
whether and when those pulses begin. stimulatory effect. Continuous GnRH down-regulates

S tri t isibl the axis; pulses drive it.

ame trigger, two visible sequences » Error: Assuming steroids start puberty. The upstream
Then give the sex-specific sequences from the chapter, kept brief. In change is the GnRH pulse pattern; steroids follow.
males, puberty begins with testicular enlargement, followed by penile

growth and pubic and axillary hair development, driven by rising FEEIGR I T

testosterone and DHT. In females, puberty begins with breast * Predict: A patient is given a long-acting GnRH agonist
development (thelarche), followed by the first menstrual period that keeps GnRH receptors continuously occupied.
(menarche), driven by rising estrogen. Different visible milestones, but the Predict the effect on LH/FSH and why this is used to
same upstream event: pulsatile GnRH waking up an axis that had been pause puberty.

idle since infancy. * Predict: Two children have identical genes but very

different nutritional status. Predict which is likely to
begin pulsatile GnRH (and puberty) earlier.

Section 9: The Male Plumbing — One Continuous System of Tubules

Instructor Narrative Structured Outline / Causal Chain

The move: Teach the male reproductive tract as a single connected pipe  The Route (in order)
and trace one sperm from stem cell to exit. The anatomy is
straightforward plumbing, and the route explains maturation timing,
storage, and why the urinary and reproductive tracts must coordinate.

» Seminiferous tubules (>1/2 mile total): site of
spermatogenesis
* Rete testis

Follow the tube from testis to urethra » Efferent ducts



Trace the path in order, naming each junction. Sperm are made in the
seminiferous tubules, tiny convoluted tubes with over half a mile of
collective length packed into the testis. From there sperm enter the rete
testis, then the efferent ducts, and into the epididymis, a single highly
coiled tube about twenty feet long sitting on the testis, where sperm
spend about a week maturing. Next, sperm move into the vas deferens,
which carries them through the inguinal canal into the abdomen and
serves as storage. At the ejaculatory duct the vas deferens joins the
urethra inside the prostate, and from there sperm exit through the penile
urethra. One continuous, albeit elaborate, pipe.

Production is cyclic locally but continuous overall

Resolve the apparent paradox of continuous output, because students
ask about it. At any single spot in a seminiferous tubule, sperm production
is cyclic. But there are hundreds to thousands of sites at different phases
at any instant, so the testis as a whole pours out sperm continuously, on
the order of tens of thousands per minute. Contrast that immediately with
the female, who ovulates roughly one egg per month. That single
comparison, tens of thousands per minute versus one per month,
captures the whole difference in reproductive strategy and previews why
the female system is cyclic and the male is ostensibly not.

Maturation happens in transit; the bladder must cooperate

Add two functional details worth stressing. Sperm leave the seminiferous
tubules non-motile; they gain motility and full function during their week in
the epididymis and become more concentrated there. They can then
remain viable in the vas deferens for weeks. Finally, because the
reproductive and urinary tracts share the urethra, the body must prevent
sperm from traveling up into the bladder. During ejaculation the bladder
neck constricts, forcing the contents outward; failure of that constriction
causes retrograde ejaculation into the bladder. Plumbing that shares a
junction like this needs a valve.

+ Epididymis (~20 ft coiled): sperm reside there ~1
week, gain motility and concentrate

+ Vas deferens: up through the inguinal canal; storage
(viable for weeks)

* Ejaculatory duct

* Urethra (inside the prostate), then penile urethra

» External urethral orifice (exit)

Cyclic Locally, Continuous Overall
« Each tubule site is cyclic; many offset sites =
continuous output
» ~ tens of thousands of sperm per minute (male)
+ ~one egg per month (female): the strategy contrast in
one line
Causal Chain: Maturation in Transit

Sperm leave the seminiferous tubule anatomically
complete but non-motile — epididymal epithelium
reabsorbs luminal fluid and adds secretions — sperm
undergo membrane maturation and become concentrated
— sperm are motility-competent and storable for weeks

Key Distinction: Shared Urethra Needs a Valve
* Reproductive + urinary tracts join at the urethra

» Ejaculation: bladder neck constricts to direct flow
outward

» Failure — retrograde ejaculation (semen into bladder)

Common Errors

» Error: Thinking sperm are fully functional leaving the
testis. They mature in the epididymis (~1 week).

* Error: Calling sperm production purely cyclic or purely
continuous. It is cyclic per site, continuous in
aggregate.

» Error: Forgetting the urinary/reproductive junction.
The bladder neck must close during ejaculation.



Prediction Prompt
* Predict: Vasectomy cuts the vas deferens. Predict
what happens to sperm production and to the sperm
that are still made.
» Predict: Nerve damage prevents bladder-neck
constriction during ejaculation. Predict where the
semen goes and why.

Section 10: Accessory Glands and Semen — Most of the Volume Isn't Sperm
Instructor Narrative Structured Outline / Causal Chain

The move: Separate the cells from the fluid. Students conflate semen The Three Glands
with sperm; sperm are just a tiny fraction of the volume. Each accessory-
gland secretion has a specific effect on sperm survival, transport, or the
chemical environment sperm encounter.

+ Seminal vesicles (paired): fructose + prostaglandins +
much of the volume

* Prostate (single): urethra passes through it; buffers,
Three accessory glands add the fluid clotting factors

Name the glands and their number, because the pairing is important. * Bulbourethral / Cowper's (paired): buffers + lubricant,

Three sets of accessory glands contribute secretions during emission: the added first, ahead of the sperm fraction

seminal vesicles (paired), the prostate (a single gland the urethra passes Secretions and Their Effects

through), and the bulbourethral or Cowper's glands (paired). Sperm « Fructose — fuel (sperm store almost no nutrients)

coming from the vas deferens are added to these secretions, and the Buffers — neutralize urethral + vaginal acidity

combined product is semen. The gametes themselves are a very small ) ) )

fraction of the total volume; the glands supply almost everything else. * Prostaglandins — contractions in male and female
tracts (propulsion)

Each secretion has a specific functional consequence + Clotting factor — coagulates semen in the female tract

Run the secretions as a problem-solution list. Fructose provides nutrition, (then liquefies)

because sperm store almost none and depend on their environment for « Lubricants + antibiotic-like substances — passage +
fuel. Buffers neutralize acidic conditions in the male urethra and the protection
female tract. Lubricants ease passage. Prostaglandins stimulate Key Distinction: Semen vs. Sperm

contractions in both the male and female tracts to help propel the sperm.

A clotting factor coagulates the semen in the female tract, then it later * Sperm are a tiny fraction of semen volume



liquefies. Antibiotic-like substances offer some protection. Each secretion
counters a specific chemical or physical condition sperm confront.

DHT, more than testosterone, maintains these glands

Tie the glands back to the androgen logic from Section 4. The accessory
glands are among the tissues that depend on dihydrotestosterone (DHT)
rather than testosterone itself; 5a-reductase converts testosterone to DHT
locally, and DHT is the more potent activator in these structures. This is
the same enzyme whose absence caused the differentiation puzzle, now
showing up in adult maintenance. It is also why drugs that block 5a-
reductase target prostate tissue. The accessory glands are a clean
example that the relevant androgen can be tissue-specific.

* Most volume = accessory-gland fluid

Causal Chain: DHT Maintains the Glands

Testosterone reaches accessory-gland tissue — local 5a-
reductase converts testosterone to DHT — DHT binds
the same androgen receptor with higher affinity — gland
secretion and tissue mass are maintained

Causal Chain: Blocking the Conversion (clinical)

5a-reductase inhibitor given — local conversion of
testosterone to DHT falls — androgen signal in the gland
drops toward the weaker testosterone-only level —
prostate tissue involutes and gland volume shrinks —
less compression of the urethra passing through it —
obstructive urinary symptoms improve (benign prostatic
hyperplasia, BPH)

Common Errors

* Error: Equating semen with sperm. Sperm are a minor
volume fraction.

* Error: Assuming testosterone acts directly
everywhere. Accessory glands run largely on DHT.

+ Error: Forgetting prostaglandins act on the female
tract too, not just the male.

Prediction Prompt

* Predict: A man's semen lacks fructose. Predict the
effect on sperm motility/survival after ejaculation, and
why.

* Predict: A 5a-reductase inhibitor is taken for prostate
enlargement. Predict the effect on prostate size and
on DHT-dependent vs. testosterone-dependent
tissues.

Section 11: The Blood-Testis Barrier and the Two-Cell Logic



Instructor Narrative

The move: Show how the testis traps a lipophilic hormone at roughly
100-fold greater than blood levels. The mechanism is counterintuitive, but
it is what drives spermatogenesis. The same FSH/LH division of labor
from the axis now performs a concrete function.

Sertoli cells wall off a private compartment

Establish the barrier first, because everything else happens inside it.
Sertoli cells are joined by tight junctions that form the blood-testis barrier
(BTB), sealing off the interior of the seminiferous tubule from the
bloodstream. This lets the testis maintain an internal environment
dramatically different from the rest of the body, which is essential for
spermatogenesis. Developing sperm cells have to cross this barrier as
they mature, and the Sertoli cells literally zip and unzip those junctions to
let cells through without breaking the seal. The Sertoli cell is the nurse
cell, in direct contact with the developing gametes.

LH and FSH split the labor across two cells

Run the two-cell endocrine logic, the male version of a diagram students
will see again in the ovary. LH acts on the Leydig cell (outside the tubule),
stimulating a pacemaker enzyme that drives cholesterol down the steroid
pathway to testosterone. The Leydig cell also expresses aromatase,
converting some testosterone to estrogen. FSH acts on the Sertoli cell
(the nurse cell), driving it to make androgen-binding protein. Two pituitary
hormones, two cells, two jobs, exactly the division you set up in Section 5.

Trap a lipophilic hormone by sticking it to something that
isn't

Deliver the counterintuitive mechanism deliberately, because it is what
the section depends on. Spermatogenesis needs very high local
testosterone, far higher than blood levels. But testosterone is lipophilic, so
it diffuses freely and would be swept away by the dense capillary bed.
The solution: androgen-binding protein binds testosterone, and because
the bound complex is no longer freely lipophilic, the testosterone is
trapped inside the Sertoli cell and tubule, reaching roughly 100-fold
greater than the blood concentration. A lipophilic molecule can be

Structured Outline / Causal Chain

The Barrier
« Sertoli tight junctions = blood-testis barrier
» Creates a protected internal tubule environment for
spermatogenesis
» Developing cells cross by 'zipping/unzipping' junctions
(seal maintained)
Two-Cell Endocrine Logic (male)
* LH — Leydig cell — testosterone (+ aromatase —
some estrogen)
* FSH — Sertoli cell —» androgen-binding protein (ABP)
* Bonus: prolactin maintains LH-receptor expression on
Leydig cells
Causal Chain: Trapping Testosterone at ~ 100-fold Blood
Levels

LH — Leydig cells make testosterone (lipophilic, diffuses
away); in parallel, FSH — Sertoli cells make ABP — ABP
binds testosterone — complex no longer freely lipophilic
— testosterone trapped in Sertoli cell and seminiferous
tubule (~ 100-fold greater than blood level) — high local
testosterone drives spermatogenesis

Key Distinction: Both Steroids Are Required

+ Testosterone required: low T stalls spermatogenesis
at meiosis |

+ Estrogen required: aromatase-deficient males are
sterile

* Males are testosterone-dominant in blood but
estrogen-dependent in the tubule
Common Errors

* Error: Thinking estrogen is irrelevant in males.
Aromatase deficiency — sterility.



ensnared by tethering it to something that is not lipophilic. Finally, stress
that estrogen is not optional in males: aromatase-deficient males are
sterile, and low testosterone stalls spermatogenesis in meiosis |. Both
steroids are required.

+ Error: Assuming testosterone diffuses into the Sertoli
cell and just stays there on its own accord. It must be
trapped by ABP to reach effective levels.

« Error: Mixing up the cells: LH — Leydig (steroid). FSH
— Sertoli (ABP, support).

Prediction Prompt

* Predict: A man cannot make androgen-binding
protein. Predict the direction of change in tubule
testosterone concentration, and the effect on
spermatogenesis.

» Predict: An aromatase inhibitor is given to a male.
Predict the effect on intratubular estrogen and on
fertility.

Section 12: Spermatogenesis — Mitosis, Meiosis, Spermiogenesis

Instructor Narrative

The move: Break sperm production into three named phases and
account explicitly for how the stem-cell supply is maintained. The hardest
idea for students is the asymmetric division that lets the testis make
sperm for decades without running out.

Three phases in sequence

Name the three phases so students stop blurring them. Spermatogenesis
is mitosis, then meiosis, then spermiogenesis, in that order. Mitosis
(diploid to diploid) amplifies cell number. Meiosis (diploid to haploid, two
divisions) halves the chromosome number to make haploid gametes.
Spermiogenesis is the final remodeling, no more division, just the
differentiation of a round haploid cell into a streamlined sperm. Three
distinct operations doing three distinct things: multiply, halve, reshape.

The stem cell renews itself with every division

Structured Outline / Causal Chain

Three Phases
+ Mitosis: diploid — diploid (amplify number)
* Meiosis: diploid — haploid, two divisions (halve
chromosomes)
+ Spermiogenesis: no division; reshape spermatid —
sperm
Causal Chain: Protecting the Stem Pool

Spermatogonium (stem cell) divides — daughter 1:
differentiating spermatogonium — becomes sperm;
daughter 2: non-differentiating — replaces the stem cell
— pool is maintained — sperm output continues for
decades

Cohort Coordination + Final Remodel



Spend real time on the self-renewal logic, because it is the conceptual
core. The spermatogonium is the stem cell, sitting outside the blood-testis
barrier. When it divides, it produces two different daughters: one
differentiating spermatogonium that will go on to become sperm, and one
non-differentiating spermatogonium that replaces the original stem cell. If
both daughters committed to becoming sperm, the stem-cell pool would
be depleted and sperm production would end. By always keeping one
daughter as a replacement, the testis can produce sperm continuously for
decades. That asymmetric split is what makes lifelong fertility possible.

A linked cohort matures together, then sheds its cytoplasm

Finish with the coordination detail and the final remodel. The
differentiating cells cross into the BTB and undergo many rounds of
mitosis, producing large numbers of primary spermatocytes that stay
connected by cytoplasmic bridges, which keeps the whole cohort
developing in sync. Meiosis then takes primary spermatocytes to
secondary spermatocytes (haploid) to spermatids. In spermiogenesis the
spermatid sheds most of its cytoplasm, grows a flagellum for motility,
packs mitochondria in the midpiece for power, and loads the head with
enzymes to aid fertilization. The cytoplasmic bridges are finally cut,
releasing free spermatozoa into the lumen. The whole sequence takes
roughly 74 days.

Sperm are highly adapted for the single task of delivering
their DNA to an egg

Seal the concept by showing how cleanly the relevance falls out. In the
transition from secondary spermatocyte to spermatozoa, cellular
differentiation produces a unique cell adapted for the singular function of
delivering DNA to the egg within the female genital tract. Its one flagellum
is powered by ATP supplied from an adjacent series of linked
mitochondria arranged in a spiral around its base. The sperm have lost
nearly all their cytoplasm and organelles, other than mitochondria, and
have a head region packed with their 23 chromosomes. Covering the
head area is the acrosome, a membranous bag of antigens and enzymes
essential for gaining access to the egg.

Primary spermatocytes linked by cytoplasmic bridges
— synchronized cohort

Spermiogenesis: shed cytoplasm, grow flagellum,
pack midpiece mitochondria, load acrosomal enzymes
in head

Bridges cut — free spermatozoa released to lumen;
~74 days total

Sperm Anatomy (3 regions + the Acrosome)

This is a unique cell adapted for the singular function
of delivering DNA to the egg within the female genital
tract.

Head: haploid DNA + acrosomal enzymes
(fertilization)

Midpiece: mitochondria (ATP power)

Flagellum: motility

Acrosome, a membranous bag of enzymes covering
the head area of the sperm; essential for gaining
access to the egg.

Common Errors

Error: Thinking both daughter cells become sperm.
One must renew the stem pool, or production ends.
Error: Confusing the phases: mitosis amplifies,
meiosis halves ploidy, spermiogenesis only reshapes.
Error: Assuming sperm divide. After meiosis there is
no further division, only differentiation.

Prediction Prompt

Predict: A toxin kills all non-differentiating
spermatogonia but spares differentiating ones. Predict
short-term vs. long-term sperm output.

Predict: A drug blocks cytoplasmic-bridge formation
between spermatocytes. Predict the effect on the
synchrony of a developing cohort.

Motility, Capacitation, and the Acrosome Reaction



Acquiring motility, capacitation, and the acrosome reaction

Make the adaptations explicit, because they far surpass the intuition most
students bring. Sperm released into the seminiferous tubule lumen are
non-motile. These sperm may reside within the tubule systems of the
epididymis and vas deferens for months, so full motility at that time would
be a waste of energy. Greater forward mobility is acquired, however, in
the epididymis prior to ejaculation. This involves activation of a cation
specific channel (CatSper, abbreviated from “cation channels of sperm”).
The channel becomes activated by a host of chemical cues, including
some encountered within the female reproductive tract. Later, during a
process called capacitation, Ca?* flux helps mediate a phase of
hyperactive motility as well as initiate the acrosome reaction. In that
reaction, as the sperm (it actually takes several for this) approach

the egg’s zona pellucida, the acrosome membranes fuse with the plasma
membrane of the sperm heads, exposing the contents of the acrosome
and forming pores through which those contents (surface antigens
necessary for binding to the egg's cell membrane and enzymes
responsible for breaking through the egg's tough coating) are released. A
single sperm then fuses with the ovum and a channel forms for discharge
of the sperm’s DNA in preparation for fertilization. One follow-up to the
acrosome reaction is that, except for the single sperm already attached to
the ovum, access by other sperm is prevented via hardening of the zona
pellucida in a Ca?*-dependent process called the “cortical reaction”
(discussed in more detail later).

A timing duet, semenogelin and prostate specific antigen

Now separate the two signals, because this is where students conflate
the story. Interestingly, semen spontaneously coagulates following
ejaculation via action of a seminal vesicle protein termed semenogelin (as
it tends to “gel” semen within the female tract). This action inhibits
capacitation of sperm on a short-term basis by, in part, inhibiting reactive
oxygen species generation. That inhibition might seem counterproductive
to fertilization, but is critical to avoiding premature capacitation, especially
the release of acrosomal enzymes, until other factors (e.g., mucus
thinning) are prepared. Certainly, releasing enzymes that provide access
to the egg long before the sperm are close by would not be conducive to

» Sperm released into the seminiferous tubule lumen
are non-motile, but greater forward mobility is acquired
in the epididymis prior to ejaculation.

+ Capacitation: CatSper becomes activated by a host of
chemical cues. Ca?* flux helps mediate a phase of
hyperactive motility as well as prepare for the
acrosome reaction.

» Acrosome reaction: The acrosome membrane fuses
with the plasma membrane of the sperm's head,
exposing the contents of the acrosome and forming
pores through which acrosome contents will be
released.

Common Errors
* Error: Believing sperm are inherently motile from the
time they’re formed. Becoming motile requires action
of CatSper and, ultimately, capacitation.

* Error: Assuming that sperm DNA are injected into the
egg at contact. This process requires the acrosome
reaction, release of antigens for binding to the egg’s
membrane and enzymes responsible for breaking the
egg’s tough coating.

Prediction Prompt
* Predict: Men with mutations or deletions in CatSper
are infertile. Why?
Semenogelin and Prostate Specific Antigen

+ Semen spontaneously coagulates following ejaculation
via action of a seminal vesicle protein termed
semenogelin. This is countered by PSA which acts to
liquify the coagulated solution after just a few minutes,
allowing capacitation to continue.

Common Errors

+ Error: Thinking of semen as a relatively unchanged
fluid from the time of ejaculation until fertilization. Its



fertilization. The prostate gland adaptively coordinates with the secretion consistency and potency are chemically modulated in
of semenogelin by producing prostate specific antigen (PSA). This a carefully timed manner.

protease is added to semen and acts to liquify the coagulated solution
after a few minutes, allowing capacitation, including the enhanced . . .
motility, to continue. While considered “fast”, sperm are only capable of 1- Predict: Semenogelin deficiency can lead to male

3 mm/min forward progress and the ovulated egg is (or will be) quite a infertility. What's the likely mechanism for this?
distance away. * Predict: High levels of semenogelin can lead to

infertility. Explain how can this be true.

Prediction Prompt

Section 13: The Female Tract — A Discontinuous System

Instructor Narrative Structured Outline / Causal Chain

The move: Lead with the one structural fact that makes the female tract The Route (and the Gap)
different from the male: it is not a sealed pipe. There is a finite gap
between ovary and tube, and that gap explains the need for fimbriae, the
fertilization site, and ectopic pregnancy.

+ Vagina — cervix — uterus — uterine (fallopian) tubes
— near the ovaries

« Ovary is not attached to the tube: egg released into

Unlike the male, the female tract has a gap peritoneal cavity, then captured
Contrast the two tracts directly, because the male system is fresh in * F'Lnebr'ae (ciliated) sweep the ovulated egg into the
u

students' minds. The male tract is one continuous tube, testis to urethra.
The female tract is not continuous: the ovary is suspended near, but not Causal Chain: Where Egg and Sperm Meet

egg is actually released into the peritoneal cavity and then captured by sweep that complex into uterine tube; meanwhile, sperm
the tube. That small anatomical gap is the source of several downstream driven up tract by smooth-muscle contractions —
features, so name it now and keep pointing back to it. fertilization in the tube — ciliary transport to uterus (~1

Fimbriae sweep the egg in; fertilization happens in the tube week) — implantation in endometrium
Walk the path of the egg and the sperm and show where they meet. At
ovulation the egg, with its surrounding corona radiata, is swept into the
uterine tube by the fimbriae, finger-like projections lined with cilia that
beat inward. Sperm travel the opposite direction, driven up through the
vagina, cervix, and uterus largely by smooth-muscle contractions of the

Two Consequences of the Gap + Timing
* Depending on cervical mucus quality and pH, sperm
can remain in the fallopian tube wall and wait (nearly a
week) for ovulation



tract walls. Generally, it takes at least several hours post-intercourse for + Ectopic pregnancy: embryo implants outside the

fertilization to take place, and may even occur much later due to longevity uterus (most often the tube)
of sperm in the female tract. In this case, sperm adhere to the epithelial « Tube can't support an embryo — spontaneous
lining of the uterine tubes for days awaiting the arrival of an egg abortion or rupture risk

(e.g., fertilization may occur with an egg that is ovulated significantly after

copulation). Fertilization typically occurs in the uterine tube, not the T LRI LRI LU s, (MRS

uterus. The fertilized egg is then moved by ciliary action down toward the * Fertilization site: uterine tube
uterus over about a week, dividing along the way, and implants in the * Implantation/development site: uterus (endometrium)
?hnéiﬁgcral’jzum. Fertilization takes place in the tube; implantation occurs in Common Errors
' » Error: Thinking fertilization happens in the uterus. It

Sperm can wait, and a misrouted egg causes ectopic takes place in the fallopian tube.
pregnancy + Error: Assuming sperm and egg must arrive
Close with the two consequences of timing and the gap. First, viable smultgneously. STUEIN) G2 BT OR fol &) it

. > ovulation.
sperm can embed in the tube wall and wait there for up to about a week, ) o
so fertilization can occur well after intercourse if ovulation comes later. * Error: Treating the female tract as a sealed pipe like
Second, because the egg crosses an open gap and relies on ciliary the male. The ovary-to-tube gap is the key difference.
transport, an embryo can implant in the wrong place, an ectopic Prediction Prompt
pregnancy, most often in the uterine tube itself. The tube cannot s.upport « Predict: Ciliary function in the uterine tubes is
a developing embryo, so these often abort spontaneously or require impaired. Predict and explain the risk of ectopic
intervention to avoid rupture. The discontinuity that lets the system work implantation.

is the same feature that makes ectopic pregnancy possible. . Predict: Intercourse occurs three days before

ovulation. Explain how fertilization is still possible.

Section 14: Folliculogenesis — A Year-Long, Multi-Cohort Process

Most textbook figures get this wrong by compressing folliculogenesis into 14 days. The correction (year-long, overlapping cohorts) is worth teaching
explicitly.

Instructor Narrative Structured Outline / Causal Chain

The move: Stretch out the timeline most textbooks compress. A Fixed, Declining Supply
Folliculogenesis takes nearly a year, not two weeks, with many offset



cohorts run at once. Fixing the timeline remedies a cascade of student
misconceptions about the cycle.

A follicle is an egg plus its support cells, and most are lost

Define the unit and the scale of attrition. A follicle is an oocyte plus the
somatic cells that surround and support it. The entire supply is set before
birth and only declines: about 5 to 7 million primordial follicles form in the
fetus, then atresia, programmed cell death, drops that to roughly 2 million
at birth and under half a million by puberty. From that pool, a woman
ovulates only a few hundred eggs across a lifetime. The number never
goes up; the whole reproductive span is a controlled drawdown of a fixed,
prenatal stockpile.

Development is year-long and runs in overlapping waves

Correct the timeline directly, because the standard textbook depiction
misleads. Post-puberty, small groups of primordial follicles are recruited
into the growth sequence, primordial to primary to secondary to antral
(fluid-filled) secondary to recruitable antral follicle. This entire journey
takes nearly a year. Since an egg is ovulated about every 28 days but
each follicle needs ~ 340 days to mature, there must be many cohorts in
progress at once, offset in time, like a staggered assembly line. Most
textbook figures show a single follicle racing from primordial to ovulation
in 14 days, which is simply wrong; make sure students see the
overlapping waves.

Early growth is intra-ovarian; only the last stretch is
pituitary-driven

Draw the control line that the cycle depends on. The early stages of
folliculogenesis are controlled by intra-ovarian signals that are poorly
understood, not by circulating LH and FSH. This has to be true: if pituitary
gonadotropins drove early growth, every follicle would be recruited at
once instead of in small offset batches. Only at the recruitable antral
stage do follicles become responsive to FSH and LH and enter the
roughly 28-day ovarian cycle, at its follicular phase. So, the last two
weeks of a nearly year-long process is the part the pituitary actually
controls, and the part that’s been generally presented as 'the cycle.'

Follicle = oocyte + surrounding support
(granulosa/theca) cells

~5-7 million (fetal) — ~2 million at birth — <500,000 at
puberty (atresia)

Only a few hundred ovulated in a lifetime; supply
never increases

The Real Timeline

Primordial — primary — secondary — antral
secondary — recruitable antral

Full journey: ~1 year (~340 days), not 14 days
Ovulation every ~28 days against a ~340-day
developmental journey, so many offset cohorts,
running at once, must exist

Causal Chain: Two Control Regimes

Early folliculogenesis: intra-ovarian signals (not pituitary),
because pituitary control would recruit all follicles at once.
At the recruitable antral stage the follicle becomes
FSH/LH-responsive and enters the ~28-day ovarian cycle
(follicular phase)

Key Distinction: Folliculogenesis vs. Ovarian Cycle

Folliculogenesis: ~1 year, intra-ovarian early control
Ovarian cycle: ~28 days, the FSH/LH-driven final
stretch

The so-called 'cycle' is just the last ~2 weeks of a
year-long process

Common Errors

Error: Believing a follicle goes primordial — ovulation
in one ~14-day cycle. It takes ~1 year.

Error: Thinking FSH/LH drive early follicle growth.
Early growth is intra-ovarian; only late stages respond
to gonadotropins.

Error: Assuming new eggs are made in adulthood.
The supply is prenatal and only declines.



Prediction Prompt

» Predict: If early folliculogenesis were controlled by
circulating FSH, predict what would happen to the
entire follicle pool in one cycle.

* Predict: A treatment slows atresia dramatically before
birth. Predict the size of the follicle pool at puberty and
possible consequences.

Section 15: The Two-Cell Model — Theca + Granulosa = Estrogen

Instructor Narrative

The move: Restate the male two-cell scheme, this time with female
labels. Students just learned LH — Leydig and FSH — Sertoli. The ovary
runs the identical circuit; the only change is one handoff and one enzyme
location.

Theca is the Leydig homolog; granulosa is the Sertoli
homolog

Map the female cells onto the male diagram explicitly, because
recognition is the goal here. The theca cells are the outer secretory cells
and respond to LH, exactly like Leydig cells did. The granulosa cells are
the inner nurse cells, in direct contact with the oocyte (even linked to it by
gap junctions), and respond to FSH, exactly as was seen with Sertoli
cells. If students hold the Section 5 homology table, this figure is not new
information; it is the same wiring with female names. State that explicitly.

One handoff makes the female output estrogen instead of
testosterone

Now teach the single mechanistic difference. LH drives the theca cell to
run cholesterol down the steroid pathway, but it stops at the androgen
androstenedione rather than continuing to testosterone. That androgen
crosses to the granulosa cell. FSH has induced aromatase in the

Structured Outline / Causal Chain

Same Circuit, Female Labels
+ Theca cells (outer, secretory): LH-driven = Leydig cells
+ Granulosa cells (inner, nurse, gap-junctioned to
oocyte): FSH-driven = Sertoli cells
Causal Chain: Two-Cell Estrogen Synthesis

LH binds theca cells — theca take up cholesterol and run
it down the steroid pathway — synthesis stops at
androstenedione, since theca lack aromatase —
androstenedione diffuses into the granulosa cell — FSH-
induced aromatase there converts it to estrogen —
estrogen leaves the follicle and enters the blood

The Only Real Difference From Males
+ Male Leydig finishes at testosterone (one cell)

* Female splits it: theca makes androgen, granulosa
aromatizes to estrogen (two cells)

+ Same hormones (LH/FSH), same enzymes, different
handoff
Also Made: Inhibin (sets up selection)
* Granulosa makes inhibin B (enhanced by FSH)



granulosa cell, and aromatase converts the androgen to estrogen, which
is released to the blood. So, estrogen production requires both cells and
both gonadotropins: theca (LH) makes the androgen substrate, granulosa
(FSH) makes the enzyme. Neither cell can do it alone. That cooperation
is why it is called the two-cell model.

The follicle also makes inhibin and suppresses its own FSH

Add the feedback hormone now, because it drives the selection logic in
the next section. Alongside estrogen, the granulosa cells make inhibin B,
and FSH enhances it. Both estrogen and inhibin feed back negatively on
FSH secretion. That sounds backwards, FSH is what grew the follicle and
turned on aromatase in the first place, so why does the follicle's own
estrogen and inhibin drive FSH down? Preview the answer: as FSH falls,
only the single most FSH-sensitive follicle retains enough stimulation to
keep growing, while the others, lacking sufficient FSH support, undergo
atresia. The follicle's estrogen and inhibin suppression of FSH is therefore
the mechanism that narrows the cohort to one. This selection is
developed in Section 16.

Estrogen + inhibin feeds back negatively on FSH

Purpose: lower FSH — only the most FSH-sensitive
follicle survives

Common Errors

Error: Thinking one ovarian cell alone makes
estrogen. Estrogen production requires theca
(androgen) + granulosa (aromatase).

Error: Forgetting the male homology. This is the
Leydig/Sertoli diagram relabeled.

Error: Seeing inhibin's FSH suppression as a mistake.
It is actually a selection mechanism (Section 16).

Prediction Prompt

Predict: Granulosa cells cannot express aromatase.
Predict the follicle's androgen and estrogen output.

Predict: Theca cells are unresponsive to LH. Predict

whether the granulosa cells have any androgen
substrate to aromatize.

Section 16: The Ovarian Cycle — Selecting One Follicle and Flipping Feedback

Instructor Narrative

The move: Teach the cycle around two non-obvious mechanisms: a
negative-feedback paradox that selects one follicle, and a switch from
negative to positive feedback that triggers ovulation. Grasp those two and
the cycle is no longer a memorization exercise.

Follicular phase: falling FSH selects a single winner

Open the cycle at day zero and explain the selection paradox. At the start
of the follicular phase, low-frequency GnRH favors FSH, and rising FSH
grows the cohort of recruitable antral follicles, which start producing
estrogen and inhibin. Those hormones feed back to lower FSH. As FSH

Structured Outline / Causal Chain

Follicular Phase: Selecting One Follicle

Low-frequency GnRH favors FSH — cohort grows,
makes estrogen + inhibin

Estrogen/inhibin lower FSH (negative feedback)

Falling FSH — only the most FSH-sensitive follicle
survives; others undergo atresia

Result: one dominant (Graafian) follicle

Causal Chain: The Feedback Flip Triggers Ovulation



falls, only the single most FSH-sensitive follicle can keep growing on the
dwindling supply; the rest undergo atresia. This is the mechanism that
takes a dozen-plus follicles down to one dominant (Graafian) follicle. The
follicle that suppresses FSH best, by making the most estrogen, is the
one that survives; survival of the most FSH-sensitive.

Mid-cycle: estrogen flips from negative to positive feedback

Make the feedback flip the centerpiece, because it is the single most
challenging idea in the cycle. For most of the follicular phase, estrogen
inhibits LH and FSH (negative feedback). But once a single dominant
follicle drives estrogen high and keeps it high, the feedback sign flips:
sustained high estrogen now stimulates the pituitary, producing a massive
surge of LH (and a smaller FSH rise). That LH surge is what triggers
ovulation, around day 14, through the release of enzymes and
inflammatory factors that rupture the follicle and free the egg. Same
hormone, estrogen, opposite effect on the pituitary depending on its level
and duration, an echo of the receptor-and-concentration logic of
endocrine signaling.

Luteal phase: the leftover follicle becomes a progesterone
factory

Finish the loop with the corpus luteum and the reset. After ovulation, the
LH surge also shifts the remaining follicular cells: aromatase activity
drops, so estrogen falls and progesterone rises. The leftover follicle
becomes the corpus luteum, an endocrine structure dominated by
progesterone, a hormone that maintains the uterine lining in case of
implantation. If no pregnancy occurs, the corpus luteum degenerates
(becoming the corpus albicans), progesterone and estrogen fall, their
negative feedback on FSH lifts, FSH rises again, and the next follicular
phase begins. The cycle is a loop, and the falling hormones at the end
are exactly what start the next one.

Single dominant follicle — estrogen high and sustained
— feedback to pituitary flips from negative to positive —
massive LH surge (+ smaller FSH rise) —
enzymes/inflammatory factors rupture follicle — ovulation
(~ day 14)

Luteal Phase: The Luteal Phase and the Reset

LH surge — follicular cells luteinize — aromatase activity
falls and progesterone synthesis rises (estrogen down,
progesterone dominant) — the leftover follicle becomes
the corpus luteum — with no hCG to sustain it, the
corpus luteum regresses to corpus albicans —
progesterone and estrogen fall — FSH suppression lifts
— FSH rises — next follicular phase begins

Key Distinction: Two Faces of Estrogen Feedback
+ Moderate estrogen: negative feedback (selects one
follicle)
» High + sustained estrogen: positive feedback (triggers
LH surge)
+ Same hormone, opposite effect, set by level + duration

Common Errors

» Error: Thinking estrogen always inhibits LH.
Sustained high estrogen flips to positive feedback and
triggers ovulation.

* Error: Seeing FSH suppression as counterproductive.
This is the single-follicle selection mechanism.

« Error: Forgetting the cycle is a loop: end-of-luteal
hormone withdrawal starts the next follicular phase.

Prediction Prompt

» Predict: Estrogen is clamped at a moderate level all
cycle (never reaching the high sustained threshold).
Predict whether an LH surge and ovulation occur.

* Predict: The corpus luteum is removed just after
ovulation (no pregnancy). Predict progesterone, the
uterine lining, and FSH over the next days.



Section 17: The Uterine Cycle — Building and Shedding the Lining

Instructor Narrative

The move: Overlay the uterus on the ovarian cycle and make the uterus
the downstream responder. The endometrium does not have its own
clock; it is driven entirely by ovarian hormones, so its phases line up with
the ovary's by cause, not coincidence.

The uterus responds to ovarian hormones; it has no clock
of its own

Establish causality before naming phases. The uterine wall has three
layers, the inner endometrium (which proliferates and sheds), the
muscular myometrium, and the outer covering. The endometrium's
behavior is controlled by ovarian estrogen and progesterone, so the
uterine cycle is simply the downstream consequence of the ovarian cycle.
The two line up because one drives the other. The ovary secretes the
hormones; the endometrium responds to them.

Estrogen rebuilds, progesterone makes it secrete

Tie each uterine phase to the ovarian hormone responsible. At the start of
the cycle, low ovarian hormones mean the lining cannot be maintained,
so it breaks down (the first several days of menses). Then, as the
developing follicle increases estrogen secretion through the follicular
phase, the endometrium regrows, the proliferative phase, thickening the
lining and growing blood vessels. After ovulation, progesterone from the
corpus luteum dominates the luteal phase, switching the uterus into the
secretory phase, where the glands secrete nutrient-rich mucus to receive
a possible embryo. Estrogen builds the house; progesterone stocks the

pantry.
The aim is to have the lining ready when the egg arrives

State the timing problem this solves, because it explains why the phases
are offset the way they are. The egg is ovulated mid-cycle and takes

Structured Outline / Causal Chain

Uterine Wall Layers

Endometrium: inner lining (proliferates + sheds)
Myometrium: smooth muscle (contracts)
Outer covering

Endometrium is driven by ovarian hormones (no
independent clock)

Phases (driven by the ovary)

Menses: low hormones — lining cannot be maintained
— sheds (days 1 - ~5)

Proliferative: rising estrogen (follicular) —
endometrium + vessels regrow

Secretory: progesterone (luteal) — glands secrete
nutritive mucus

Causal Chain: Why Uterine Phases Track the Ovary

Follicle makes estrogen — endometrium proliferates;
then ovulation — corpus luteum makes progesterone —
glands coil and secrete glycogen-rich fluid, and the lining
becomes receptive to implantation (secretory phase) —
corpus luteum dies — estrogen + progesterone
withdrawn — lining loses support — menses

Key Distinction: Build vs. Secrete

Estrogen (proliferative): rebuild thickness + blood
supply

Progesterone (secretory): glandular, nutritive mucus
for implantation



about a week to travel down to the uterus, with implantation around a
week after fertilization. The uterine cycle is arranged so that by the time
an embryo could arrive, the lining has already been rebuilt (late follicular
estrogen) and switched into nutritive secretion (luteal progesterone). If no
pregnancy occurs, the corpus luteum dies, progesterone and estrogen
are withdrawn, the lining loses its support and sheds, and menses begins
the next cycle. The uterine cycle is a scheduling problem solved by
hormones.

+ Timed so the lining is ready when the embryo arrives
(~1 week post-ovulation)

Common Errors

» Error: Thinking the uterus has its own cycle clock. The
uterine phases are driven entirely by ovarian
hormones.

» Error: Attributing menses to a 'signal' to shed. It
results from hormone withdrawal (loss of support).

« Error: Swapping the roles: estrogen builds the lining;
progesterone makes it secretory.

Prediction Prompt

» Predict: Progesterone is supplemented continuously
after ovulation (no pregnancy). Predict whether
menses occurs on schedule and why.

* Predict: A follicle fails to make adequate estrogen
during the follicular phase. Predict the proliferative-
phase endometrium and the chance of successful
implantation.

Section 18: Fertilization, Implantation, and hCG — Rescuing the Corpus Luteum

Instructor Narrative

Structured Outline / Causal Chain

The move: Show how pregnancy keeps the cycle from resetting.
Everything so far ended with the corpus luteum dying and menses
beginning. The first requirement of a pregnancy is to prevent exactly that,
using a hormone that acts as an LH analog.

Fertilization takes several sperm but one nucleus

Set up fertilization with the detail students find surprising. The ovulated
egg arrives wrapped in the corona radiata, and several sperm are needed
to digest through that layer, but only one sperm should fuse with the egg.

Fertilization

+ Several sperm needed to digest the corona radiata;
only one should fuse

* Polyspermy — too much DNA — usually spontaneous
abortion (egg blocks extra sperm)
* Pronuclei fuse — zygote — cleavage — blastocyst (~
day 7) — implantation
Causal Chain: Why Pregnancy Doesn't Reset the Cycle



If more than one fuses (polyspermy), the result has too much DNA and
typically aborts spontaneously. To prevent this, fusion of the first sperm
triggers a rise in intracellular Ca?* in the egg, which drives the cortical
reaction: cortical granules release their contents and harden the zona
pellucida so that no further sperm can bind or penetrate. Fusion combines
the maternal and paternal pronuclei, and the zygote immediately begins
cleavage, dividing as it travels down the tube and becoming a blastocyst
by about day seven, when it implants in the endometrium.

Implantation cells secrete hCG, which mimics LH

Introduce hCG as the pregnancy-saving signal and explain what it
imitates. The outer cells of the implanting blastocyst, the
syncytiotrophoblasts, secrete human chorionic gonadotropin (hCG)
almost immediately. hCG looks like LH and acts on the LH receptors of
the corpus luteum, so it 'rescues' the corpus luteum instead of letting it
degenerate. With the corpus luteum maintained, progesterone and
estrogen stay high, the endometrium is not withdrawn, and menses does
not occur. This is also why hCG is the hormone home pregnancy tests
detect; it appears almost immediately at implantation.

At around ten weeks, the placenta takes over (luteal-
placental shift)

Close with the handoff and the role of progesterone. The corpus luteum is
maintained by hCG for roughly ten weeks. Meanwhile the placenta grows
and begins producing the same hormones, progesterone and estrogen,
so control shifts from corpus luteum to placenta: the luteal-placental shift.
Progesterone is the key maintenance hormone of pregnancy because it is
anti-contractile, keeping the myometrium quiet, while estrogen supports
placental blood flow and gradually builds the myometrium for later. The
throughline: pregnancy works by keeping progesterone high and the
uterus calm, first by rescuing the corpus luteum, then by replacing it with
the placental hormones.

Blastocyst implants — syncytiotrophoblasts secrete hCG
(an LH analog) — hCG acts on corpus luteum's LH
receptors — rescues it — progesterone/estrogen stay
high — endometrium maintained — no menses;
pregnancy continues

The Luteal-Placental Shift (~10 weeks)

Corpus luteum maintained by hCG for ~10 weeks
Placenta grows and takes over progesterone +
estrogen production

hCG no longer needed once placenta sustains the
hormones

Key Distinction: Progesterone vs. Estrogen in Pregnancy

Progesterone: anti-contractile, keeps myometrium
quiet, maintains pregnancy

Estrogen: placental blood flow + gradual myometrial
growth (matters later)

hCG: detected by pregnancy tests; rescues the corpus
luteum

Common Errors

Error: Thinking one sperm does everything at the
ovum alone. Several are needed to breach the corona
radiata; one fuses.

Error: Assuming hCG is an entirely new kind of signal.
It mimics LH to rescue the corpus luteum.

Error: Believing the corpus luteum runs the whole
pregnancy. It is replaced by the placenta (~10 weeks).

Prediction Prompt

Predict: A woman's corpus luteum is removed at
week 6 of pregnancy with no hormone support. Predict
the effect on the endometrium and the pregnancy;
predict the outcome if removed at week 20.



* Predict: An assay detects hCG in urine. Explain what
the embryo is doing chemically and why progesterone
is staying high.

Section 19: Maintaining Pregnancy vs. Ending It — The Progesterone/Estrogen Tug

Instructor Narrative Structured Outline / Causal Chain
The move: Frame the entire pregnancy as the opposing actions of two The Central Conflict
placental steroids on the uterus. Which one predominates determines .

Placenta makes both progesterone and estrogen
* Progesterone: anti-contractile (maintain pregnancy)

» Estrogen: pro-contractile (builds contractile capacity)
Two placental steroids pull the uterus in opposite directions « Birth timing = when estrogen overtakes progesterone

State the antagonism cleanly, because it organizes both this section and Progesterone Dominance Maintains Pregnancy
the next. The placenta makes both progesterone and estrogen, and they
have opposing effects on the myometrium. Progesterone is anti-
contractile: it keeps the uterine smooth muscle relaxed and quiet, which is ) o ) )
exactly what's needed for most of pregnancy. Estrogen is pro-contractile: * Thickens + acidifies cervical mucus — seals cervix
it builds the machinery of contraction. For pregnancy to continue, (blocks sperm + bacteria)

progesterone must dominate; for labor to begin, estrogen must take over. * Net: quiet, closed, protected uterus

The timing of birth is therefore largely a question of when that ratio shifts. Estrogen Builds the Contraction Machinery

whether the uterus stays quiet or begins to contract, which makes the
timing of birth a hormone-ratio question.

+ Keeps myometrium relaxed (no premature
contractions)

+ Stimulates placental blood flow (feto-placental unit)

Progesterone keeps everything pregnancy needs in place
+ Grows myometrial smooth muscle (stronger wall over

List what progesterone dominance provides, because it shows why this

< ! time)

ormone must be in control for so long. Progesterone, produced by the _ ] _ _

placenta from maternal cholesterol, keeps the myometrium relaxed so the * Late: increases gap junctions + oxytocin receptors
uterus does not contract prematurely. It thickens and acidifies cervical (coordinated contraction)

mucus, sealing the cervix, which blocks sperm and impedes bacteria from  causal Chain: Why Progesterone Must Lead

reaching the developing fetus. In short, progesterone maintains a quiet, Progesterone high — myometrium quiet + cervix sealed:
closed, protected uterus. Every one of those functions must be preserved meanwhile, estrogen rising in background — builds '
throughout gestation, which is why progesterone has to prevail for the muscle + réceptors; then at term, fetal cortisol flips the

great majority of the pregnancy.



Estrogen prepares the uterus to eventually contract

Then show what estrogen is building in the background. Even while
progesterone still dominates, placental estrogen (produced in lower
amounts by a feto-placental unit, the fetus and placenta cooperating) is
stimulating placental blood flow and growing the myometrial smooth
muscle, making the uterine wall progressively stronger. Late in pregnancy
estrogen also increases gap junctions between muscle cells and the
number of oxytocin receptors, wiring the myometrium to contract in a
coordinated way. So, through most of pregnancy estrogen builds the
contraction apparatus that progesterone prevents from activating. When
the ratio flips, that apparatus is ready, which sets up parturition.

ratio (estrogen up, progesterone down) — contraction
machinery now active — parturition (Section 20)

Common Errors
» Error: Thinking progesterone and estrogen do the
same thing. They are antagonists at the myometrium.

» Error: Assuming estrogen is irrelevant until labor. It
builds the contraction apparatus throughout
pregnancy.

» Error: Forgetting cervical mucus. Progesterone seals
the cervix; losing progesterone opens that protection.

Prediction Prompt
» Predict: A progesterone-receptor blocker is given mid-
pregnancy. Predict the effects on the myometrium and
cervix.
» Predict: Estrogen rises abnormally early relative to
progesterone. Predict the risk to the timing of labor.

Section 20: Parturition — Why Stretch Isn't the Trigger

The ‘baby gets big — cervical stretch — oxytocin' story taught in intro courses is a fallacy about initiating parturition. Stretch/oxytocin is the positive-

feedback amplifier, not the trigger. Correcting this is the heart of the section.

Instructor Narrative

The move: Correct the most stubborn misconception in the chapter head-
on. Labor is not initiated by the uterus being stretched. It is initiated by the
fetus, through cortisol release. Stretch and oxytocin secretion are
amplifiers, not the trigger.

The fetus signals its own readiness with cortisol

Place initiation with the fetus, because that is the corrected mechanism.
Late in pregnancy, the placenta secretes corticotropin-releasing hormone
(CRH), normally a hypothalamic hormone, which drives ACTH and then

Structured Outline / Causal Chain

Initiation: The Fetal Signal (cortisol)

» Placental CRH — ACTH — cortisol (in fetus and
mother)

+ Fetal cortisol matures lungs + Gl (readiness for
independent life)

» Same cortisol used to start labor: a readiness signal,
not a size signal

Causal Chain: How Labor Actually Starts



cortisol release in both the fetus and the mother. In the fetus, cortisol
matures the last organ systems needed for independent life, the lungs
especially, and the Gl tract. So, the same cortisol that signals 'the fetus is
ready to breathe' is used to initiate labor and the coupling is functional:
birth is triggered by a readiness signal, not a size signal.

Cortisol flips the steroid ratio and sensitizes the uterus

Connect cortisol to the tug-of-war from Section 19. Fetal cortisol promotes
the transition from progesterone to estrogen, so estrogen finally overtakes
progesterone, the ratio flip that ends pregnancy's quiet phase. Cortisol
also drives the placenta to make oxytocin and contractile prostaglandins.
Rising estrogen increases gap junctions and oxytocin receptors, so the
myometrium becomes both more excitable and more responsive. The
uterus is now sensitized and starting to contract, all set in motion by the
fetus, none of it requiring stretch yet.

Only now does stretch/oxytocin take over as positive
feedback

Place the familiar mechanism where it actually belongs, as amplification.
Once those fetal-driven contractions begin, they push the fetus against
the cervix, and cervical stretch stimulates maternal oxytocin, which
strengthens contractions, which causes more stretch, which releases
more oxytocin, a positive-feedback loop that builds to delivery. This is the
mechanism intro courses teach, and it is real, but it is the amplifier, not
the initiator. Amplification only engages after the fetal cortisol cascade
has already initiated the contractions. The three converging factors are
fetal maturity (cortisol), rising estrogen, and cervical stretch. As a brief
coda, note that after birth the same oxytocin drives milk letdown from the
mammary glands while prolactin drives milk production, so suckling-
induced oxytocin ejects milk rather than the baby literally pulling it out.

Placental CRH rises progressively through late gestation
— fetal ACTH rises — fetal adrenal cortisol rises —
cortisol stimulates further placental CRH output (positive
feedback, so the rise accelerates rather than plateauing)
— cortisol reaches a level sufficient to drive two effects:
(1) progesterone converted to estrogen (ratio flips) —
rising estrogen — more gap junctions + oxytocin
receptors — myometrium sensitized, and (2) placental
oxytocin + prostaglandins act on that sensitized
myometrium — contractions begin

Amplification: Stretch + Oxytocin (positive feedback)

» Contractions push fetus against cervix — cervical
stretch

« Stretch — maternal oxytocin — stronger contractions
— more stretch

* Loop builds to delivery
+ This is the amplifier, not the initiator

Three Converging Factors
» Fetal maturity (cortisol)
+ Rising placental estrogen
» Cervical stretch (positive feedback)

Coda: Lactation
* Prolactin — milk production
+  Oxytocin — milk letdown/ejection (suckling ejects milk;
baby doesn't 'pull' it)
Common Errors

» Error: Believing labor starts because the uterus gets
stretched. Stretch/oxytocin amplifies; fetal cortisol
initiates.

« Error: Thinking maternal oxytocin initiates parturition.
Oxytocin engages only after fetal-driven contractions
begin.



Error: Forgetting cortisol's dual role: it both readies
fetal organs and shifts the steroid ratio toward
estrogen.

Prediction Prompt

Predict: A fetus cannot mount a cortisol response.
Predict the effect on the progesterone/estrogen ratio
and on the timing of labor.

Predict: Oxytocin is blocked once labor is already
underway. Predict the effect on the positive-feedback
amplification of contractions.

Section 21: A Teaching Note — Read the Whole Chapter as One Toolkit, Used Three Ways

Instructor Narrative

The move: End by restating the spine explicitly. If students leave with
one organizing idea, it should be this one, because it converts a sprawling
chapter into a single reusable control loop.

There is one control system, not a male one and a female
one

Send students off with the unification. The hypothalamic-pituitary-gonadal
axis is a single three-tier loop: GnRH, then LH and FSH, then a gonad,
with long-loop feedback. It is identical in both sexes. LH always drives the
secretory cell; FSH always drives the nurse cell. The only fundamental
difference between male and female control is rhythm, steady in males,
cyclic in females, and that single difference generates almost everything
that looks distinct about the two systems. When a student is lost in the
detail of one system, send them back to this loop.

There is one pair of supporting cells, with two names each

Reinforce the homology table as the chapter's most reusable object.
Every gonad has a germ cell, a nurse cell, and a secretory cell. Sertoli

Structured Outline / Causal Chain

One Control System

HPG axis: GnRH — LH/FSH — gonad — feedback
(identical in both sexes)

LH — secretory cell. FSH — nurse cell (always).

Only real sex difference: steady (male) vs. cyclic
(female) rhythm

One Pair of Support Cells

Nurse cell: Sertoli = granulosa (FSH-driven)
Secretory cell: Leydig = theca (LH-driven)

Two-cell estrogen model = Leydig/Sertoli diagram
relabeled

One Toolkit, Three Uses

Built in development (hormones sculpt the tract;
default = female)

Switched on at puberty (pulsatile GhnRH)



equals granulosa (the FSH-driven nurse cell); Leydig equals theca (the
LH-driven secretory cell). The two-cell estrogen model in the ovary is the
same diagram as the Leydig-Sertoli partnership in the testis, separated by
one handoff and the location of aromatase. A student who truly holds this
pairing can predict the female endocrinology from the male, and vice
versa, which is the efficiency this chapter is built to deliver.

The same machinery is reused a third time to run
pregnancy

Finally, show that pregnancy is not a new system but a reuse of the
existing one. hCG works as an LH analog, binding the corpus luteum's LH
receptors to rescue it. The progesterone and estrogen that ran the uterine
cycle now maintain and then end the pregnancy, the same two steroids,
the same antagonism at the myometrium, just deployed on a nine-month
timescale. Even parturition runs on cortisol and feedback loops. So, the
arc of Chapter 13 is: build the toolkit during development, switch it on at
puberty, run it continuously in males and cyclically in females, and reuse
it one more time for pregnancy. Teach that arc first, and every figure
becomes an instance of it rather than a separate thing to memorize.

* Run continuously (male) and cyclically (female)
* Reused for pregnancy (hCG mimics LH; same steroids
maintain then end it)
Causal Chain: The Whole Chapter in One Line
Build the toolkit (development) — switch it on (puberty) —
run it two ways (male continuous / female cyclic) — reuse
it (pregnancy + parturition)
Why Teach the Spine First
+ Converts the chapter's many separate schemes into
instances of one control loop
* This lets students predict one sex's endocrinology
from the other

+ Makes pregnancy recognizable as a reuse, not a new
system



