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Format: Left column = instructor narrative in the author’s voice. Right column = structured outline with causal chains, key distinctions, common errors, and
prediction prompts. The organizing spine of the chapter: solve Poiseuille’s law for the whole circuit and you get BP = CO x TPR; everything that regulates
pressure works by moving one of four interrelated levers: cardiac output, total peripheral resistance, blood volume, and central venous pressure. The
defense runs in a sequence by speed: fast neural reflexes first, slower vasoactive hormones next, and the kidney’s control of blood volume last and most
durably. This is the first integration chapter of the book, so the central lesson is that the cardiovascular, neural, endocrine, and renal systems defend a
single parameter together.
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Section 1: What Blood Pressure Is, and Why It Has to Be Defended

Open the whole chapter on the one relationship everything else hangs from: arterial pressure tracks arterial volume, and that pressure is what drives
blood flow. Establish the clinical stakes early so students treat regulation of this as life-and-death, not just bookkeeping.

Structured Outline / Causal Chain

Instructor Narrative

The move: Define blood pressure as the force that drives perfusion, not The Core Relationship
as just a number on a cuff. If students leave today believing pressure
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itself is the goal, they will misread every reflex later. Pressure is the
means; flow to tissue is the goal.

Pressure is set by arterial volume, like air in a balloon

When people say “blood pressure” they actually mean “systemic arterial
hydrostatic pressure”, the force with which blood presses outward against
arterial walls. At any instant that pressure is set by the volume of blood in
the arteries, exactly like the pressure in a balloon is set by the volume of
air inside it. Volume rises and falls because the arteries have an inflow
and an outflow at the same time. Inflow is cardiac output. Outflow is runoff
into the smaller downstream vessels. When the heart ejects the stroke
volume, input briefly exceeds runoff, arterial volume climbs, and systolic
pressure is generated. Between beats, runoff continues with no new
input, volume falls, and diastolic pressure occurs just before the next
ejection.

Systolic, diastolic, pulse pressure, and the mean

Clinically, we report systolic pressure (SP) over diastolic pressure (DP)
because arterial volume is always changing. Pulse pressure (PP) is the
gap between them, PP = SP — DP. But the number that actually matters
for perfusion is the mean arterial pressure (MAP) over time, estimated as
MAP = DP + 1/3 PP, because diastole lasts longer than systole at rest.
Do the math once for students so this is concrete: SP 134 mmHg and PP
46 mmHg give DP = 88 mmHg and MAP = 103 mmHg, which is already
borderline hypertensive.

Lower downstream pressure is not a leak, it is necessary
for blood flow to occur

Pressure falls downstream along any circuit because friction between
flowing blood and stationary walls dissipates energy. Students hear this
and worry flow is being lost. Flip it: just as air pressure gradients drive
wind, fluid pressure gradients drive blood flow. The downstream drop is
part of the gradient, and the gradient is what moves blood. No pressure
difference, no flow.

The competing-goals problem that drives the whole chapter

Blood pressure = systemic arterial hydrostatic
pressure (force exerted against arterial walls)

Arterial pressure « arterial volume at any instant (the
balloon)

Arterial volume = inflow (CO) vs. outflow (runoff into
downstream vessels)

Causal Chain: Why Pressure Pulses Each Beat
Ventricle ejects SV — input > runoff — arterial volume 1
— systolic pressure is achieved; then ejection ends,
runoff continues — arterial volume | — diastolic pressure
occurs

The Bedside Numbers

Pulse pressure: PP = SP - DP
Mean arterial pressure: MAP = DP + 1/3 PP (diastole
lasts longer at rest)

Worked example: SP 134 mmHg, PP 46 mmHg —
DP 88 mmHg, MAP = 103 mmHg (borderline
hypertensive)

Pressure Gradients Drive Flow

Downstream pressure drop = friction/energy
dissipation, and it is essential to flow

Fluid pressure gradients drive blood the way air-
pressure gradients drive wind

No gradient, no flow

Why It Matters Clinically

Hypotension — hypoxia — anaerobic glycolysis —
lactic acidosis — proteins denature — organ failure
(seconds matter)

Hypertension — vessel + heart damage,

microvascular rarefaction (1 TPR, vicious cycle), 1P¢
— Ny — edema

Common Errors



Here is the tension the rest of the chapter resolves. Adjusting cardiac and
vascular function to shift flow toward active tissues can, in itself, alter the
pressure that drives flow elsewhere. So the system is constantly
balancing two goals that sometimes conflict: distribute flow to where it is
needed, and keep the driving pressure high enough for flow to the rest of
the body. Note one subtlety students appreciate: blood pressure is not
itself a homeostatic variable. It is regulated in service of homeostasis,
because consistent perfusion is what keeps tissues alive.

Why the stakes are immediate, both directions

Make the danger vivid because it motivates every reflex to come.
Hypotension starves tissue of oxygen within seconds, forcing a switch
from efficient aerobic metabolism to anaerobic glycolysis. ATP output can
fall by up to ninety percent, lactic acid floods the tissue, pH drops,
proteins denature and lose function, and organs begin to fail, including
the kidney, which needs pressure to filter. Hypertension is the opposite
problem: flow is usually fine short-term, but the high pressure damages
vessels and overworks the heart, drives microvascular rarefaction (loss of
parallel vessels, which raises resistance and pressure further, a vicious
cycle), and pushes Starling forces toward filtration, raising Pc, raising Jv,
and producing edema.

Error: Treating BP as the regulated goal. The goal is
maintaining appropriate perfusion; pressure is the
means.

Error: Reading the downstream pressure drop as
wasteful loss. It is the gradient that moves blood.

Error: Confusing pulse pressure with mean pressure.
PP is the swing; MAP drives perfusion.

Prediction Prompt

Predict: A vessel network downstream loses many
parallel capillaries (rarefaction). Predict the direction
of TPR and of arterial pressure, and explain the
feedback that makes it a vicious cycle.

Predict: A patient’'s SP is 150 mmHg and DP is 70
mmHg. Compute PP and MAP, and state whether
this looks more like a volume/output problem or a
stiff-vessel problem.

Section 2: BP = CO x TPR — Poiseuille’s Law at the Scale of the Whole Bod

This is the equation the entire chapter is built on. Derive it from the single-vessel law students already know, then show why local control alone cannot run

the system.

Instructor Narrative

The move: Take Poiseuille’s law, which is typically applied for one
vessel, and then zoom out to the whole circuit. The same equation, read
at whole body scale, becomes the master equation of blood pressure. Do
the substitution explicitly so the revised version feels like just an
extrapolation of the usual model.

Structured Outline / Causal Chain

The Master Equation

Derivation
Single vessel: Q = AP/R — solve for AP — AP = QR;
whole circuit (substitute BP for AP and TPR for R): BP =
CO x TPR



Re-solve the familiar law for the whole circuit

Poiseuille’s law reads Q = AP/R for flow through a single vessel. Solve it
instead for AP and apply it to the entire systemic circuit. AP is inflow
pressure minus outflow pressure, and systemic venous outflow pressure
is essentially zero (about 2 mmHg), so AP is effectively just arterial
pressure. Now Q is the total flow for the circuit, which is cardiac output,
and R is the resistance of all the vessels in parallel and series, which is
called total peripheral resistance (TPR). Substitute and you get the
equation the rest of the chapter leans on: BP = CO x TPR.

Local resistance is regulated, but pressure overrides it

Individual tissues set their own perfusion by tuning local resistance in
response to accumulating metabolites (CO2, H*, lactate), dilating
arterioles to match flow to need. This adjustment is good for the tissue but
dangerous for the system, because dropping resistance drops the
pressure that drives flow to other areas. The classic case is exercise:
skeletal muscle arterioles dilate dramatically, which alone would sharply
reduce TPR, drop arterial volume, drop BP, and risk syncope. This does
not happen, however, because CO rises at the same time, driven by
sympathetic output to the heart, and because less active beds undergo
sympathetic vasoconstriction that limits the fall in TPR. The framing to
give students is this: the body cannot simply raise pressure to force more
flow into exercising muscle, because a pressure rise large enough to do
that would damage vessels throughout the entire circuit. Instead,
resistance is decreased locally, where the flow is needed, and systemic
pressure is kept relatively stable via elevating cardiac output.

The CO-to-BP curve bends, and the reason is mechanical

Increasing CO raises BP, but not linearly. As pressure climbs, it distends
the arteries, larger radius means lower resistance, and that distention
blunts each further increment of CO. Remind students that resistance is
dominated by vessel caliber, R « 1/r*, so even small radius changes
move resistance a lot. The plateau in the CO-to-BP curve is vessel
distention lowering TPR with increasing pressure.

Systemic venous outflow = 0 mmHg, so AP across
the circuit = arterial pressure

Mean arterial pressure = 95 mmHg in the large
arteries

Local Control vs. System Pressure

Tissues tune local resistance with metabolites (COo,
H*, lactate) to match flow to need

Broad vasodilation alone would drop TPR — drop BP
— underperfuse all tissues

Pressure is defended by raising CO and constricting
inactive beds

Causal Chain: Exercise Without a Pressure Crash

Muscle arterioles dilate (|local R); in parallel, sympathetic
drive 1CO and constricts inactive beds — the fall in TPR
is limited — BP maintained, flow shifted to muscle

Why the Curve Bends

1CO raises BP, but non-linearly

Higher BP distends arteries — fradius — |resistance
— blunts further rise

Resistance dominated by caliber: R « 1/r*

Common Errors

Error: Thinking local metabolic control sets blood
pressure. Metabolites set local flow; pressure is a
system-wide override.

Error: Expecting CO and BP to be linearly related.
Vessel distention progressively flattens the curve.

Error: Forgetting that venous pressure = 0 mmHg is
what allows AP to stand in for arterial BP.

Prediction Prompt

Predict: During exercise TPR falls to 1/4 of normal
and CO rises 4.8-fold. If resting MAP is 100 mmHg,
predict exercising MAP.(Answer: (100 x 4.8)/4 = 120
mmHg.)



* Predict: A drug forces every arteriole in the body to
dilate at once with no change in CO. Predict the effect
on BP and on brain perfusion, and explain using BP =
CO x TPR.

Section 3: The Four Levers — CO, TPR, and Two That Work Through Them

Poiseuille gives only two direct levers. The chapter adds blood volume and central venous pressure because they affect BP indirectly, through CO. Spend
time on why these four variables are interlocked, because every regulatory section targets one of them.

Instructor Narrative

The move: Expand the lever set from two to four, but make the
relationship explicit: CO and TPR act directly, BV and CVP act through
CO. Then show students that these levers are not independent dials.
Move one and the others respond, often in opposition. This
interconnection is the central idea of the chapter.

Two direct levers, and two that route through cardiac output

From BP = CO x TPR, only CO and TPR touch pressure directly. But
blood volume and central venous pressure belong in the regulated set
because changing either changes CO. Here is the link, and it's best
thought of as a chain. Veins are high compliance, low elasticity vessels,
the region of give in the system, so when blood volume rises most of the
extra volume lands in the venous side and nudges CVP up. Right atrial
pressure sits near zero, so even a small rise in CVP increases the
pressure gradient for venous return. More return means more ventricular
filling, a larger end-diastolic volume, and through the Frank-Starling
mechanism a stronger contraction and a larger stroke volume. Larger SV
means larger CO, more arterial volume, higher BP.

Compliance is why volume hides in the veins

Define compliance as C = AV/AP (the volume change a vessel
experiences per unit pressure change). High venous compliance means a

Structured Outline / Causal Chain

The Four Regulated Factors

+ Direct (Poiseuille): cardiac output (CO), total
peripheral resistance (TPR)

+ Indirect (act through CO): blood volume (BV), central
venous pressure (CVP)
Causal Chain: The Volume Domino
1BV — 1CVP — 1AP for venous return — 1VR — 1EDV
— 18V (Frank-Starling) — 1CO — 1BP
Compliance Hides Volume in the Veins

» Compliance C = AV/AP (volume accepted per unit
pressure rise)

* Veins = high compliance, the “region of give”; added
volume goes here first
» Same volume in low-compliance arteries would spike
pressure dramatically
Two Circuits in Series
* At steady state CO = systemic flow = venous return

+ Backup shows on the pulmonary side: systemic holds
=~10x% the volume



big volume can be added with only a small pressure rise. This is the
functional consequence: a liter of ingested water can be added to the
venous side with only a small pressure rise, so the venous reservoir
absorbs it. The same volume forced into the low-compliance arteries
would raise pressure steeply, because a low-compliance vessel returns a
large AP for a given AV. This is why BV fluctuations show up first as
venous volume and CVP changes.

Two circuits in series, and where backup shows

The systemic and pulmonary circuits run in series, and the two sides of
the heart are matched beat for beat by Frank-Starling so blood does not
back up in either circuit. When backup does occur it almost always shows
on the pulmonary side, for two reasons worth stating. First, the systemic
circuit holds about ten times the volume of the pulmonary circuit at any
instant, so small shifts out of systemic make large fractional changes in
pulmonary flow. Second, mean pulmonary pressures are only about a fifth
of systemic, so the same absolute perturbation is proportionally far larger
there.

The levers oppose each other, and CVP is an intermediate
variable

Because the levers are linked, moving one often triggers compensation in
another. If CO transiently rises, arterial volume and BP climb, but the
volume shifted into the arteries comes out of the veins, so venous volume
and CVP fall, which opposes the original rise in CO. That self-limiting
behavior is inherent in the circuit. Leave students with the practical
hierarchy: CO, TPR, and BV are the primary tools of regulation. CVP is
mostly an intermediate variable, changing in response to BV or CO rather
than being driven directly, except during strong sympathetic
venoconstriction, which is comparatively rare.

Pulmonary pressures = 1/5 of systemic, so the same
perturbation is proportionally larger there

Key Distinction: Driver vs. Intermediate

Primary regulated tools: CO, TPR, BV
CVP usually responds to BV or CO rather than being
set directly

Direct venoconstriction (| venous compliance)
happens only with strong sympathetic drive

Common Errors

Error: Treating the four levers as independent
controls. Move one and the others compensate.
Error: Forgetting that BV and CVP reach BP only
through CO and the Frank-Starling mechanism.
Error: Expecting systemic backup first. Pulmonary
shows it quicker because of its small volume and low
pressure.

Prediction Prompt

Predict: CO transiently rises with no other change.
Predict what happens to venous volume and CVP,
and explain why this opposes the initial rise in CO.

Predict: TPR rises suddenly. Working backward from
the arterioles, predict the sequence of changes in BP,
left-heart CO, CVP, and right-heart output. (Hint:
afterload, then backup, then Frank-Starling.)

Section 4: Why Pressure Pulsates — Compliance, Pulse Pressure, and the A




Connect the mechanical property of compliance to a clinical pattern students will see for the rest of their careers: isolated systolic hypertension with aging.

The athlete-versus-aging contrast makes compliance memorable.

Instructor Narrative

The move: Pulse pressure is one wall property read at two moments.
During ejection, the aorta's give sets how high systolic pressure climbs for
a given stroke volume. During diastole, recoil returns the volume the wall
stored, and a stiff aorta stored less, so diastolic pressure ends lower.
Then run the same physics forward in time, athlete versus aging artery,
and the isolated systolic hypertension of aging becomes logical.

The pulse comes from an intermittent pump and elastic
recoil

Arterial pressure pulsates because the heart is an intermittent pump that
must refill between ejections. When the left ventricle ejects, the aorta and
its branches distend, storing part of stroke volume. Wall tension rises, and
pressure climbs to systolic. When ejection stops, elastic recoil of those
walls keeps driving flow downstream. Think this through using Poiseuille’s
equation solved for BP: if TPR is roughly constant in the moment, then as
CO falls toward zero in diastole, BP falls too, but because runoff into
smaller vessels takes time, it does not reach zero before the next beat.
That recoil damping is the Windkessel effect and it is what limits the size
of the pressure swing between systole and diastole (and remember,
pressure drives flow).

Pulse pressure depends on stroke volume and on
compliance

Pulse pressure is physically set by two things: the magnitude of aortic
filling, which is stroke volume, and how easily the aorta distends, which is
compliance. At low pressure the healthy aorta gives easily and accepts
volume with little pressure rise. At higher filling or pressure the elastic
walls reach their limit and turn rigid, so the same added volume now
spikes pressure fast, just like the last puffs into a nearly full balloon. So, a
stiff aorta produces a large pulse pressure for the same stroke volume.

Athletes versus aging: same physics, opposite directions

Structured Outline / Causal Chain

Why the Pulse Exists
* Heart is an intermittent pump; pressure rises with
ejection, falls between beats
» Elastic recoil drives diastolic flow; Windkessel effect
damps the swing
* Runoff takes time, so DP does not fall to zero before
the next beat
What Sets Pulse Pressure
* PP « stroke volume (how hard the aorta is filled)
+ PP « 1/compliance (how easily the aorta gives)
* Low pressure: walls give easily; high pressure: walls
rigid, pressure spikes (the full balloon)
Causal Chain: A Stiffer Artery Widens Pulse Pressure

Elastin replaced by collagen — |compliance. By AP =
AV/C the same SV then produces a larger pressure rise
(rigid walls give less): 1systolic with normal or | diastolic,
which is a wide pulse pressure (isolated systolic HTN).

Key Distinction: Athlete vs. Aging Artery
+ Athlete: tcompliance, large SV but PP not much
higher than sedentary

» Aging/arteriosclerosis: |[compliance, PP rises, systolic
climbs, diastolic flat or low

Common Errors

» Error: Assuming a big stroke volume always means a
big pulse pressure. Compliance can absorb it.
* Error: Reading high systolic pressure with low

diastolic pressure as a pumping problem. It is usually
stiff vessels.



Run it forward. Regular exercise lowers the rigidity of large arteries and
ventricular walls, so they accommodate the big end-diastolic volumes and
stroke volumes that trained, low-resting-heart-rate individuals generate.
That is why athletes can nearly double stroke volume without a
dramatically larger pulse pressure. Aging does the reverse: elastin in
large artery walls is gradually replaced by collagen, strong but inelastic,
lowering compliance and making pressure far more sensitive to stroke
volume. Arteriosclerosis exacerbates this. The clinical signature is exactly
what the physics predicts, a rising incidence of hypertension (HTN) in
older people marked by elevated systolic pressure with normal or low
diastolic pressure, the isolated systolic HTN of stiff arteries.

Error: Confusing the Windkessel effect with active
control. This is passive elastic recoil.

Prediction Prompt

Predict: Two people have identical stroke volumes;
one is a trained athlete, one has arteriosclerosis.
Predict who has the larger pulse pressure and why.

Predict: An older patient presents with SP 165
mmHg, DP 72 mmHg. Name the likely vessel change
and predict the direction of arterial compliance.

Section 5: The Medullary Hub — How Reflexes Read Pressure and Volume

Open the neural block. The key conceptual moves: the medulla runs on tonic balance, not on-off switches; and the body has two sensor types reading two
different parameters: wall tension (pressure) high in the circuit, wall distention (volume) low in the circuit.

Instructor Narrative Structured Outline / Causal Chain

The move: Build the neural controller as a balance, not a switch. Both
autonomic divisions fire continuously; requlation is a matter of shifting the
balance between them. Then give students the two sensor families and
be precise about what each one actually measures: baroreceptors
transduce wall tension (pressure), while volume receptors transduce wall
distention (filling).

Why Neural Regulation Comes First

» Local control can swing TPR fast (e.g., exercise
onset)

*  Only neural regulation is quick enough to readjust CO
and TPR to match

The Controller: Tonic Balance

Why pressure even needs a fast controller * Medulla = autonomic hub; solitary nucleus (SN)
Local control can change overall resistance dramatically in an instant; integrates sensory input
consider the onset of exercise. To keep that from disturbing perfusion +  Both sympathetic and parasympathetic neurons fire

everywhere, CO and TPR must be readjusted just as rapidly. Only neural
regulation is quick enough to coordinate receptors and effectors on that
timescale, which is why the neural block comes before the hormonal one.

continuously (tone)
+ Regulation = shifting the balance, not flipping a switch

Two Sensors, Two Measurements
The medulla runs on tonic balance



The medulla is the autonomic hub. It contains both sympathetic and
parasympathetic neurons, and it houses the solitary nucleus, which
receives sensory input from baroreceptors, volume receptors, and
chemoreceptors. The crucial idea is that medullary sympathetic and
parasympathetic neurons are spontaneously active, generating
continuous tone at their targets at all times. Regulation is therefore not
switching a system on; it is shifting the balance between two systems that
are already running. The solitary nucleus sets that balance based on the
input it is receiving moment to moment.

Two sensors, two different measurements

Be precise here, because students may confuse the sensors. High-
pressure baroreceptors sit in the carotid sinus and aortic arch and
transduce vessel wall tension. Carotid sinus input is the most significant
for cardiovascular regulation, and its location is functionally important: the
carotid arteries supply the brain, so this receptor set reports the pressure
that perfuses the central nervous system most directly. Low-pressure
receptors lie at the venoatrial junctions and in the walls of the atria and
ventricles. Because pressure there is near zero (0 to 5 mmHg), these are
actually volume sensors: they read wall distention, not tension. During
diastolic filling the great veins, atria, and ventricles form one continuous
low-pressure space with no closed valves between them, so distention
there is a faithful report of filling volume.

How the loop closes

Both sensor types are mechanosensory neurons that convert tension or
distention into graded potentials. More stretch means more frequent firing
along afferents. The solitary nucleus reads rising baroreceptor or volume-
receptor firing as rising pressure or volume and responds by increasing
parasympathetic drive and decreasing sympathetic drive, shifting toward
lower heart stimulation and vasodilation, both of which lower arterial
volume and pressure. Hypotension or hypovolemia unloads the receptors,
drops their firing, and produces the mirror-image response. One nuance
worth naming: a rise in venous return that distends the volume receptors
can drive a reflex increase in heart rate, the Bainbridge reflex, which
works alongside Frank-Starling to keep CO matched to venous return so
blood does not back up.

+ High-pressure baroreceptors: carotid sinus + aortic
arch; sense wall tension (pressure)

» Carotid sinus input dominates (reports pressure
perfusing the brain)

+ Low-pressure volume receptors: venoatrial junctions,
atria, ventricles; sense distention (volume), pressure
only 0—5 mmHg

Causal Chain: Rising Pressure Triggers Reflex Damping
tWall tension/distention — tafferent firing — SN
Tparasympathetic, |sympathetic — |HR + vasodilation —
decrease arterial input + increase arterial output —
larterial volume — |BP

Key Distinction: Tension vs. Distention
» Baroreceptors report pressure (tension) high in the
circuit
*  Volume receptors report filling (distention) low in the
circuit
+ Bainbridge reflex: 1VR distends volume receptors —
THR (matches CO to VR with Frank-Starling)
Common Errors

+ Error: Thinking the autonomic system is “off” until
needed. It is always firing; both divisions. Balance
shifts.

* Error: Referring to low-pressure receptors as
baroreceptors. These receptors sense
volume/distention, not tension.

* Error: Assuming tfiring raises BP. 1firing signals high
pressure and triggers BP-lowering output.

Prediction Prompt
* Predict: A drug selectively raises carotid sinus firing

without changing actual pressure. Predict the reflex
change in HR and vascular tone.



* Predict: At exercise onset the muscle pump raises
venous return sharply. Predict how HR changes via
the volume receptors, and name the reflex.

Section 6: The Baroreflex vs. Gravity — Standing Up Without Fainting

Use the single best everyday challenge to pressure regulation. Walk the falling dominoes of suddenly rising to a standing position, then the baroreflex
correction, and use the sigmoidal response curve to explain why the reflex is so sensitive when BP is close to normal.

Instructor Narrative Structured Outline / Causal Chain

The move: Make orthostasis a worked example of this entire neural The Gravity Challenge
control block. Imagine a person suddenly rising to a standing position,
follow gravity reducing venous return step-by-step, then introduce the

baroreflex as the correction. The sigmoidal curve explains why this reflex Stand — blood pools below heart — |thoracic blood
almost always works effectively. volume — |CVP — |pressure gradient for venous return

— VR — |EDV — |SV (Frank-Starling) — |CO — |BP

Causal Chain: Standing Up (uncorrected)

Gravity reduces venous return on standing (uncorrected: orthostatic hypotension)

Lying down, venous return runs roughly parallel to the ground and gravity = Causal Chain: The Baroreflex Correction

has essentially no influence; venous pressures are low and that is typical. |Wall stress and |cardiac distention — |baroreceptor and
Stand up and venous blood from below the heart must climb against volume-receptor firing — SN shifts toward sympathetic
gravity. Blood pools in the lower body, distal venous pressure rises dominance — effector changes:

sharply, especially in the feet, and venous return falls (worse still if the

person is inactive so the skeletal muscle pump is not effectively + tHR - 1CO

assisting). Then run the dominoes: as blood pools peripherally, thoracic » fcontractility — 1SV — 1CO

venous volume and pressure fall, diastolic filling drops, EDV falls, the I .

Frank-Starling mechanism delivers a smaller stroke volume, CO falls, ’ vencv:Ronstrlcl:EtB{} (lveg(\)/us cogwgllance) — 1CVP
arterial filling drops, and BP falls. Uncorrected, this is orthostatic —IVR—=1 — 1SV -1

hypotension, and if severe, orthostatic syncope (fainting) occurs from » arteriolar vasoconstriction — t1TPR

STEEHn (TR Converging: 1CO and 1TPR — BP restored

The baroreflex corrects the pressure drop Net: 1HR and 1TPR carry the load. Contractility and

venoconstriction raise SV from where it would otherwise
sit, but EDV remains below baseline, so SV stays lower
than supine.

Normally the fast aortic arch and carotid sinus baroreceptors prevent
orthostatic hypotension and syncope. Standing reduces arterial and vena



cava wall stress and reduces atrial and ventricular distention, so receptor
firing drops, the solitary nucleus shifts toward sympathetic dominance,
and the corrections fire within a beat or two: increased heart rate,
increased contractility, systemic vasoconstriction to raise TPR, and
venoconstriction to lower venous compliance and squeeze the pooled
blood back toward the heart. Be upfront about the limit: despite the
positive inotropy, stroke volume stays lower while upright because filling
(EDV) is still reduced by gravity. The reflex compensates by raising HR
and TPR, not by restoring SV, because EDV remains reduced.

Why the reflex is so sensitive near normal

The baroreceptor firing-rate curve is steeply sigmoidal and is most
sensitive at around normal mean pressure, near 95 mmHg. A tiny
deviation from normal produces a large change in firing, so the system
corrects aggressively for small perturbations and is essentially poised at
its most responsive point during ordinary life. That sensitivity is how most
people can stand up thousands of times without a moment of
lightheadedness.

The Sigmoidal Curve

Steep, most sensitive at around normal MAP (= 95
mmHg)

Small pressure change — large firing change —
aggressive correction

Common Errors

Error: Thinking the baroreflex restores stroke volume
on standing. It cannot fully; EDV is still low, so
increased contractility works against a smaller filling
volume.

Error: Assuming the muscle pump defends BP during
quiet standing. Quiet standing recruits little rhythmic
skeletal muscle contraction, so venous return stays
low and pooling continues.

Error: Treating baroreceptors as equally sensitive

across a wide range of arterial pressures. They are
most responsive at pressures near normal BP.

Prediction Prompt

Predict: A person with varicose veins (incompetent
valves, dilated leg veins) stands up. Predict the effect
on pooling, VR, and the likelihood of orthostatic
hypotension.

Predict: A drug blocks sympathetic vasoconstriction
but leaves HR control intact. Predict how well the
baroreflex defends BP on standing.

Section 7: The Chemoreflex Backup — and Two Named Reflexes (CNS Ischemic, Cushing

Position the chemoreflex as support for the baroreflex, then show the logic that links blood chemistry to pressure. Cushing and the CNS ischemic

response are high-yield named reflexes that fall right out of the framework.

Instructor Narrative Structured Outline / Causal Chain



The move: Frame chemoreceptors as a backup to the baroreflex. They
drive increased ventilation, but they also raise BP, and the two named
reflexes here are not extra memorization; they are the same framework
applied to two specific scenarios.

What chemoreceptors sense, and what they do

Chemoreceptors in the carotid and aortic bodies, and near the medullary
control centers, fire in response to hypoxia (low PO>), hypercapnia (high
PCO3), and acidemia (low pH). They primarily drive ventilation and
correct alveolar gas exchange, but they also activate medullary
sympathetic output to the heart and vessels. So alongside promoting
increased ventilation, they raise BP and flow, which speeds oxygenated
blood to the brain and heart.

Why a chemoreflex backs up a baroreflex

The link is logical in two directions. First, if BP is low, is gas exchange
normal? Not likely, because pressure drives perfusion, exactly what
orthostatic syncope showed and because the same low pressure
underperfuses the lung, gas exchange itself falls off, so PO, and PCO;
drift as well. Low perfusion pressure produces the very chemical stimuli,
low PO>, high PCO., low pH, that activate chemoreceptors, so the
chemoreflex naturally backs up the baroreflex when pressure falls.
Second, even if BP is normal but blood chemistry is disturbed, nudging
BP to slightly hypertensive levels improves blood movement and
pulmonary exchange and helps resolve the disturbance. These stimuli are
normal at exercise onset, when muscle O2 consumption and CO,
production jump, and chronic in lung disease or heart failure.

The CNS ischemic response and the Cushing reflex

When the trigger is severe brain ischemia resulting in medullary
chemoreceptor activation, the reflex is called the CNS ischemic response.
This is a powerful sympathetic surge to defend brain perfusion. The
Cushing reflex is a specific case worth walking through because it
invokes two antagonistic reflexes in series. Rising intracranial pressure,
from a bleed, clot, or swelling, compresses cerebral vessels and causes
brain ischemia. The medullary response drives intense peripheral
vasoconstriction and a hypertensive spike. That spike now strongly loads

Chemoreceptors: Sensors and Output
» Sites: carotid + aortic bodies, and medulla
»  Stimuli: |PO> (hypoxia), 1PCO2 (hypercapnia), |pH
(acidemia)
* Primary effect: Tventilation

+ Secondary effect: 1sympathetic drive to heart (1CO)
and vessels (1TPR)

Causal Chain: Why the Chemoreflex Backs Up the Baroreflex
|BP — |perfusion — tissue hypoxia, hypercapnia, and
acidosis; low pulmonary perfusion also degrades gas
exchange — the changes reach arterial blood —
chemoreceptors fire — 1sympathetic output — 1BP +
tventilation

Two Named Reflexes

* CNS ischemic response: severe brain ischemia —
medullary chemoreceptors — massive sympathetic
BP surge

* Cushing reflex: fintracranial pressure — ischemia —
vasoconstriction — hypertension — baroreflex —
reflex bradycardia

+ Cushing = a specific case of the CNS ischemic
response (HTN + bradycardia)

Common Errors

* Error: Thinking chemoreceptors mainly regulate BP.
Their main effect is on ventilation; the BP effect is
secondary and supporting.

* Error: Expecting tachycardia in Cushing reflex. The
hypertensive spike drives reflex bradycardia.

* Error: Treating the chemoreflex as the first responder
to hypotension. It backs up the faster baroreflex.

Prediction Prompt

» Predict: Brain ischemia triggers strong peripheral
vasoconstriction. Predict the change in carotid



the carotid baroreceptors, which fire strongly, shifting toward
parasympathetic dominance and producing a striking reflex bradycardia.
Hypertension with bradycardia is the Cushing signature, and it is the CNS
ischemic response colliding with an intact baroreflex.

baroreceptor firing and the resulting change in heart
rate. Name the reflex.

» Predict: A patient hypoventilates, raising PCO» and
lowering pH at a normal BP. Predict the chemoreflex
effect on ventilation and on arterial pressure.

Section 8: Why Hormones Are Needed — Neural Adaptation and the Turn to the Kidne

Bridge from neural to endocrine control. The single most important idea: neural sensors ultimately adapt and stop reporting a sustained problem, so a
non-adapting, blood-borne system is required for more protracted challenges. This is also where the kidney enters as the long-term master of volume.

Instructor Narrative

Structured Outline / Causal Chain

The move: Answer the obvious student rebuttal head-on: if the baroreflex
is so fast and effective, why do we need hormones at all? Because the
baroreceptors and chemoreceptors adapt. Make adaptation the hinge that
turns the chapter from neural to endocrine, and responsiveness lasting
from minutes to days.

The reflexes disengage because the receptors adapt

Neural BP control is fast but short-lived. Baroreceptors and
chemoreceptors are phasic; they adapt quickly to a new steady condition.
After a short period, they effectively ignore a sustained high or low
pressure, because neural systems report changes far more than they
report absolute levels. So, if a perturbation is not resolved within a very
narrow window of time, the reflexes stop defending against it, and a long-
acting, non-adapting system has to take over. That system is humoral,
blood-borne, regulation.

Two kinds of hormonal control: redundant and renal

Hormonal control of BP comes in two forms. Some hormone actions
simply duplicate the neurotransmitter effects on heart and vessels, useful
redundancy that outlasts the adapting neural reflexes. The more powerful,
but slower to activate kind targets the kidney to regulate blood volume,

The Hinge: Adaptation
+ Baro- and chemoreceptors are phasic, so they adapt
to a sustained perturbation
* Neural systems report mainly change, not absolute
pressure
* Unresolved perturbations need a non-adapting,
blood-borne system
Two Kinds of Hormonal Control

* Redundant: hormones mimic neurotransmitter effects
on heart + vessels (outlast the reflexes), and they do
it rather quickly

* Renal: hormones target the kidney to set blood
volume — BP via CVP and CO on a more chronic
basis

* Pressure natriuresis/diuresis: pressure + humoral
signals drive Na* and water out

Causal Chain: Why the Kidney Prevails Long-Term

Sustained ABP — the baroreflex resets and disengages.
Nothing neural then opposes the kidney.



that the kidney is the durable lever: elevated pressure itself drives tubular Na+ reabsorption — altered Na+ and water
natriuresis and diuresis, the pressure-driven excretion of sodium and excretion — altered BV — altered CVP — altered VR and
water. Pressure alone is sufficient; a rise in renal perfusion pressure CO — BP moves toward normal

reduces tubular Nat reabsorption directly, with no hormone required.

Hormonal signals converging on the same transport steps can amplify or Renal control does not adapt, so this correction persists.

oppose that response, and the next three sections take them up in turn. Common Errors

Renal adjustments are exceptionally potent and adapt slowly, if at all, - Error: Believing the baroreflex defends a chronically
which is why they dominate the long term corrections, and why patients high BP. The reflex soon resets/adapts and stops
with chronic renal disease so often have hypertension that resists control. opposing it.

* Error: Thinking hormones act only on heart and
vessels. The decisive blood-borne modulators act
mainly on renal volume handling.

» Error: Forgetting that renal control is slow but the
most powerful long-term lever.

Prediction Prompt
» Predict: A patient’s BP is held elevated for several
days. Predict whether the baroreflex continues to
oppose it, and explain using receptor adaptation.
* Predict: Chronic kidney disease impairs pressure
natriuresis. Predict the long-term effect on blood
volume and arterial pressure.

Section 9: The RAAS — One Cascade, Two Outputs (1TPR and 1BV

The flagship endocrine system. Keep the through-line: the RAAS raises BP by raising TPR directly (ANG Il) and blood volume indirectly (aldosterone +
ADH). Anchor renin’s three stimuli, because they reappear in essential hypertension.

Instructor Narrative Structured Outline / Causal Chain

The move: Teach the RAAS as a single cascade with a split output, nota The Cascade

list of molecules to memorize. ANG Il raises TPR directly; ANG Il then . .
Renin — Active Hormone



recruits aldosterone and ADH to raise blood volume. Get the three renin
triggers solid, because they return as causes of hypertension.

Where renin comes from, and the three things that release it

The cascade starts with renin, an enzyme (not a hormone) made by
juxtaglomerular cells in the walls of the glomerular afferent arterioles.
Three stimuli trigger its release, and all three signal that pressure may be
low. Sympathetic innervation acts through NE at B-adrenoceptors on the
JG cells. Low afferent arteriole perfusion pressure is sensed directly,
because the afferent arteriole itself acts as a baroreceptor and the JG
cells fire more when wall stress is low. Low distal nephron solute content
signals low tubular flow, sensed at the macula densa. A conveyor-belt
analogy clarifies the last one: slow the belt and the tubular cells reabsorb
nearly all the solute passing them, so low tubular flow is registered as low
solute at the macula densa.

Renin to angiotensin Il, with ACE in the lung

Renin cleaves the circulating liver protein angiotensinogen into
angiotensin |, a ten-amino-acid peptide that is largely inactive.
Angiotensin converting enzyme (ACE) sitting on vascular endothelium
and especially abundant in the lung, clips two amino acids off ANG | to
make the active octapeptide angiotensin Il. Because all the blood passes
the lungs roughly every minute, this is a fast, efficient conversion. Name
ACE inhibitors here as antihypertensives, which makes immediate sense
given that the whole pathway elevates BP.

Angiotensin II’s split output: TPR now, volume later

Circulating ANG Il raises BP several ways. The fast, direct one is potent
vasoconstriction across many vascular beds, raising TPR. The slower,
more lasting ones, work through increasing blood volume: ANG Il
stimulates the adrenal cortex to release aldosterone and the
hypothalamus to release antidiuretic hormone (ADH, vasopressin), and
those, with ANG Il itself, drive distal nephron and collecting duct water
reabsorption, raising BV and venous return. Put the scale in front of
students, total distal tubular flow exceeds 25 liters a day while blood
volume is only 4 to 5 liters, so small changes in renal fluid handling are an
enormous lever on BV. ANG Il also reaches the brain at the subfornical

JG cells release renin (enzyme) — renin cleaves
angiotensinogen — ANG | (inactive) — ACE (lung
endothelium) cleaves ANG | — ANG Il (active
octapeptide)
Three Renin Stimuli (all = “pressure may be low”)
+ Sympathetic NE at B-adrenoceptors on JG cells
+ Low afferent arteriole pressure (afferent arteriole =
baroreceptor)
* Low distal solute = low tubular flow due to reduced
GFR (macula densa; the conveyor belt analogy)
ANG II’'s Split Output
» Direct + fast: vasoconstriction — 1TPR
* Indirect + lasting: ANG Il — aldosterone (adrenal

cortex) and ADH (hypothalamus) — tsolute and
water reabsorption — 1BV

» Subfornical organ (no blood-brain barrier): fthirst +
salt appetite — 1fluid + salt intake — 1BV
Causal Chain: Volume Arm to BP
ANG Il — taldosterone + tADH — tdistal Na*/water
reabsorption — 1BV — 1CVP — 1VR — 1CO — 1BP
Common Errors
« Error: Calling renin a hormone. Renin is an enzyme
acting on a substrate.

* Error: Thinking ANG Il raises BP only via
vasoconstriction. Its volume arm (aldosterone/ADH) is
the lasting effect.

* Error: Forgetting where ACE is located. Lung
endothelium makes conversion fast because all blood
passes the lungs each minute.

Prediction Prompt

* Predict: A renal artery is partially clamped, lowering
downstream afferent pressure. Predict RAAS activity



organ, where there is no blood-brain barrier, to stimulate thirst and salt and systemic BP. (Note: this is the Goldblatt kidney /
appetite, adding volume from the intake side. renovascular hypertension.)
» Predict: An ACE inhibitor is given. Predict the effect
on TPR and on blood volume, and explain the two
arms separately.

Section 10: ADH — Defending Volume and Osmolarity at the Same Time

ADH belongs with the RAAS group. The distinctive teaching point here: ADH controls volume and osmolarity together, with two receptors doing two jobs,
and the vascular effect is significant only in dire circumstances.

Instructor Narrative Structured Outline / Causal Chain

The move: Slot ADH into the RAAS family, then make its dual identity the = Three Stimuli for ADH
lesson: one hormone, two receptors, two jobs, water retention for volume . . ]
and osmolarity (V), vasoconstriction for emergencies (V1). Stress that ANG I (ties ADH into the RAAS group)

osmolarity and volume are physically inseparable. *  Tplasma osmolarity (strongest; prominent in

dehydration)
Three stimuli, including one that works backward |atrial volume-receptor firing (hypovolemia releases

ADH is released from posterior pituitary neurons. ANG Il is one stimulus, the brake; normal filling inhibits ADH)

tying it into the RAAS, which is why this hypophyseal peptide is grouped Volume and Osmolarity Are Inseparable

with them. The strongest stimulus for its secretion is a rise in plasma «  Osmolarity (mosm/L) depends on both solute and
osmolarity, most prominent during dehydration, which points to ADH’s volume

deeper role in regulating extracellular fluid volume and its concentration.

The third stimulus runs in a direction students find counterintuitive: atrial v b s EL velime gue 16 eeneen e

volume-receptor firing diminishes during hypovolemia, when CVP and VR together. .

are low, and the hypothalamus reads that reduced input as a signal to * Osmolarity control protects electrolyte gradients +
secrete ADH. Normal atrial filling, with normal CVP and VR, inhibits ADH protein stability (marginal stability)

secretion; losing that filling releases the brake. Two Receptors, Two Jobs

» V; (distal nephron): insert AQP-2 — osmotic water
reabsorption — 1BV (the dominant action)

« Vj (vascular smooth muscle): vasoconstriction —
1TPR (negligible normally; matters in severe
hypovolemia)

Why volume and osmolarity cannot be separated

Osmolarity is solute amount divided by water volume, so at a fixed solute
load the two move together: change the volume and you change the
concentration. ADH acts on exactly that volume term, reabsorbing water,
so it cannot adjust one without the other following. Its effect on blood



volume serves pressure control, while the accompanying change in solute  causal Chain: ADH Raises Blood Pressure

concentration protects normal membrane electrolyte gradients and 10smolarity or |atrial filling or ANG Il — ADH release —
protein stability (the marginal stability theme from earlier chapters). ADH ADH binds V> receptors — AQP-2 inserted — water

is the body's water-balance hormone, and its volume effect is a powerful reabsorption increases — |blood osmolarity + 1BV —
SRR 1CVP — VR — 1CO — 1BP

Two receptors, two jobs Common Errors

ADH acts through a pair of receptors. The dominant action is at the V> * Error: Thinking ADH’s main BP effect is

receptor in the distal nephron, where ADH inserts aquaporins (AQP-2), vasoconstriction. That is the V1 emergency role; V>
opening a full transepithelial pathway for osmotic water reabsorption back water retention dominates.

to the blood. The V4 receptor sits on vascular smooth muscle and « Error: Assuming high atrial firing stimulates ADH.
mediates vasoconstriction, raising TPR. At normal circulating levels the Normal filling inhibits it; low filling releases it.
vascular effect is negligible. It becomes important only during severe «  Error: Separating volume from osmolarity. ADH must
hypovolemia, where ADH-mediated vasoconstriction can help prevent move both.

lethal hypotension. So, the name vasopressin describes this hormone’s

emergency action; its everyday responsibility is water retention. Hizelelen e

* Predict: A person is dehydrated (1plasma osmolarity,
falling volume). Predict ADH release and its effects
via V and V.

* Predict: A drug blocks only the V> receptor. Predict
the effect on urine volume, plasma osmolarity, and
blood volume.

Section 11: Natriuretic Peptides — The RAAS’s Built-ln Opponent

ANP and BNP are this chapter’s clearest example of physiological checks and balances. The central point: the very signals that drive the RAAS (ANG I,
sympathetic NE) also stimulate the natriuretic peptides that oppose it. Heart failure is the high-yield clinical anchor.

Instructor Narrative Structured Outline / Causal Chain

The move: Introduce ANP and BNP as functional opposites of the RAAS,  Name, Source, Trigger
then state the point students remember: the system that raises BP also
switches on the system that lowers it. Build the function from the name:
natrium (sodium) plus uretic (urine).

* Natrium (sodium) + uretic (urine): they increase
urinary Na*
* ANP from atria; BNP from ventricles (similar actions)



Name first, then source and trigger

The etymology gives the function directly: natrium is Latin for sodium and
uretic means pertaining to urine, so natriuretic hormones increase the
sodium excreted in the urine. Atrial cells secrete atrial natriuretic peptide
(ANP); the ventricles release brain-type natriuretic peptide (BNP), first
found in pig brain. Both have similar actions and the same trigger: cardiac
chamber distention from increased filling. The logic follows directly: filling
rises when blood volume is expanded, so this response reduces that
volume. The strongest stimulus for release of these hormones clinically is
heart failure, where blood backs up into the venous circuit and distends
the chambers even without a true volume excess.

How they dump volume

The renal actions all push toward losing fluid. ANP and BNP dilate the
glomerular afferent arteriole to raise GFR. They reduce distal nephron
Na* reabsorption both directly and also by inhibiting renin, which lowers
aldosterone release. More solute left in the tubule raises tubular osmotic
pressure and limits water reabsorption at the collecting duct. Together
these mean a larger volume of less-concentrated filtrate, a strong diuresis
on top of the natriuresis.

They also relax vessels, and they apply a brake to the RAAS

Beyond the kidney, the natriuretic peptides are vaso- and venodilatory,
directly through receptor binding and indirectly by reducing sympathetic
tone, a sympatholytic effect. Venodilation raises venous compliance so
the veins expand their volume, dropping CVP and VR and damping the
Frank-Starling effect; arterial dilation drops TPR. State the checks-and-
balances point: ANG Il and sympathetic NE, the very drivers of the
pressure-raising system, also stimulate ANP and BNP secretion, so the
pressure-raising system continuously switches on its own damper. This is
a source of confusion among students, but a clear example of
physiological “push-pull” balance.

« Trigger: cardiac chamber distention (= expanded
volume); strongest in heart failure
Renal Actions: Dump Volume
+ Dilate afferent arteriole — 1GFR

+ ldistal Na* reabsorption directly; and |renin —
laldosterone

* ftubular solute — |water reabsorption — turine
(diuresis + natriuresis)
Vascular + Feedback Actions
* Vaso- and venodilation (direct + sympatholytic)

* Venodilation tvenous compliance — |CVP, |VR.
Arterial dilation — |TPR.

* Negative feedback on the RAAS

Causal Chain: The Self-Limiting Loop
1BV — cardiac chamber distention — ANP/BNP release
— two routes:

Direct: afferent dilation — 1GFR, and |tubular Na*
reabsorption; both raise Na* and water in the tubule —
turine — |BV

Indirect: [renin — |ANG Il — |aldosterone and ADH —
lwater retention — turine — |BV
converging: |BV — |CVP — |[VR — |CO, with [TPR —
|BP
Key Distinction: RAAS vs. Natriuretic Peptides
+ RAAS:1TPR + 1BV — 1BP
+  ANP/BNP: |BV + |TPR + |[CVP — |BP
* ANG Il and sympathetic NE stimulate both, so the
system carries its own brake
Common Errors

» Error: Thinking natriuretic peptides need a true
volume excess. Heart failure distends chambers and
triggers them without hypervolemia.



Error: Missing the feedback twist: the pressure-
raising signals also switch on the opposing peptides.
Error: Treating ANP and BNP as having purely renal
effects. They are also vaso-/venodilatory and
sympatholytic.

Prediction Prompt

Predict: A patient in heart failure has very high BNP.
Explain the trigger and predict BNP’s actions on GFR,
renin, and TPR.

Predict: ANG Il rises sharply. Beyond raising BP,
predict its effect on ANP/BNP secretion and why that
is adaptive.

Section 12: Circulating Catecholamines — Same Hormone, Different Job at Rest vs. Stress

The catecholamine story is really a receptor-affinity story. The key is that epinephrine’s net effect on BP flips between rest and stress because high levels
recruit the lower-affinity vascular a-receptors. The receptor, not the hormone, sets the response.

Instructor Narrative

Structured Outline / Causal Chain

The move: Make this a receptor-affinity puzzle, not memorized content.
The same epinephrine lowers or holds BP at rest and raises it under
stress, and the only item that changed is how many receptors of which
type become recruited. This is the receptor lesson in action.

Two catecholamines, two sources

The adrenal medulla releases mostly epinephrine, exceeding secretion of
its precursor norepinephrine roughly four to one. Circulating NE is
supplemented heavily by spillover from sympathetic nerve endings on
blood vessels when sympathetic drive is high. Both rise with bodily stress,
more often physical challenges such as exercise, blood loss, or pain than
emotional triggers.

Sources and Ratio

Adrenal medulla: epinephrine > norepinephrine (=
4:1)

Circulating NE supplemented by spillover from
sympathetic nerve endings

Both rise with stress (usually physical: exercise, blood
loss, pain)

At Rest (low levels): B-dominant

Epi — B at heart: THR, 1SV — 1CO
Epi — B at vessels: vasodilation — |TPR

Net: no change or slight |[BP (1CO x | |TPR); TPR
effect slightly predominates



At rest, epinephrine’s B effects roughly cancel on pressure

At low circulating levels, epinephrine preferentially binds 3-adrenoceptors
in the heart and vascular smooth muscle. At the heart that means more
HR, more SV, more CO. At the vessels it means vasodilation and lower
TPR. Those two pull BP in opposite directions, and the TPR effect slightly
predominates, so the net result is no change or even a small fall in BP.
Norepinephrine mimics epinephrine’s cardiac {3 effect but favors a-
adrenoceptors on vessels, causing vasoconstriction, although at rest its
low levels keep this from dominating. The situation changes dramatically
during times of severe stress when sympathetic drive and adrenal
catecholamine release skyrocket.

Under stress, the outcome depends on the type of stress

Under stress the result depends on what kind of stress it is, because
cardiac output and total peripheral resistance are not free to rise at the
same time. In exercise, catecholamines and sympathetic drive push
cardiac output up sharply, but the working muscle is metabolically
vasodilated, so total peripheral resistance falls even as sympathetic a-
tone constricts the inactive beds. That constriction redistributes flow
toward muscle rather than raising net resistance, so the large rise in
cardiac output is met by a falling resistance, and mean pressure climbs
only modestly. In non-metabolic stress, such as fear, pain, or
hemorrhage, there is no exercising bed to vasodilate, so the a-tone is not
spent locally and total peripheral resistance rises. Here the pressure rise
comes mainly from the climb in resistance. Cardiac output rises too, but
only through heart rate, because filling is flat or falling and stroke volume
does not increase, so there is no several-fold rise in output the way
exercise produces. This is why stress does not send pressure to extreme
levels in either case: the term that rises is checked by the term that does
not.

The receptor story sits underneath both cases. Epinephrine's vascular a

and [ effects largely offset, so epinephrine changes net resistance little

on its own; norepinephrine was a-preferring at rest, so its rising spillover
adds vasoconstriction with nothing to cancel it, and net resistance tracks
the norepinephrine contribution. In the non-metabolic case a reflex brake
then limits the rise: the climbing pressure loads the baroreceptors, which
trigger compensatory vagal output that lowers heart rate, so the pressure

Under Stress (high levels): outcome flips

* NE climbs sharply, from both tadrenal secretion
and nerve-ending spillover

« Epi now recruits lower-affinity vascular a alongside
B — epi's own vascular effects offset

* NE is a-preferring, so its rising level adds
vasoconstriction — 1TPR

*  1CO (viarate) and 1TPR — 1BP

« Baroreflex vagal brake trims HR so the rise is not
extreme

Causal Chain: Why Exercise Raises BP Only Modestly

Exercise — high catecholamines and sympathetic drive
— two opposing vascular actions:

+ working muscle: metabolic vasodilation — | |local
resistance

* inactive beds: a-vasoconstriction — redistributes
flow

Net: | TPR (dilation dominates) and at the heart: tHR and
1SV — 11CO

Converging: 11CO and | TPR — modest 1BP (wide pulse
pressure), flow shifted to muscle

Causal Chain: Why Non-Metabolic Stress Raises BP
High catecholamines — two vascular actors:

* epinephrine: at vascular smooth muscle its a-
constriction and B.-dilation roughly cancel, so E
contributes little net change in TPR

* norepinephrine: a-vasoconstriction — 1TPR
and at the heart: cardiac p — tHR — 1CO

converging: 1CO and 1TPR — 1BP — baroreflex trims
HR

Common Errors



rise is smaller than the raw catecholamine levels would suggest. When * Error: Memorizing “epinephrine raises BP.” It

that brake is outrun, as in an overwhelming sympathetic surge, depends on level and which receptors are recruited.
catecholamines can drive dangerous hypertension or act directly on the «  Error: Ignoring receptor affinity. a effects emerge
heart. This is the cleanest place to restate the principle that the response only when blood catecholamine levels are high.

depends on which receptors are occupied, not on the hormone's name. Error: Forgetting the baroreflex brake that keeps

stress hypertension in check.

Prediction Prompt

* Predict: A low-dose (-agonist is infused at rest.
Predict the effect on CO, TPR, and net BP.

* Predict: Massive catecholamine release occurs
during severe stress. Accounting for both epinephrine
and norepinephrine, predict TPR, CO, BP, and the
reflex change in HR.

Section 13: Hypotension and Circulatory Shock — When Compensation Runs Out

First applied section. Show local metabolic vasodilation as the first, often sufficient, defense, then the reflex stage, then the vicious cycle when defenses
are overwhelmed. The Starling reabsorption ‘intrinsic infusion’ is a further compensation worth making explicit.

Instructor Narrative Structured Outline / Causal Chain

The move: Walk students through the sequence of compensation in The Compensation Defense Staircase
order: local metabolic vasodilation first, then the autonomic reflexes, then o [Tt o el e el vEsee R
the failure mode once both are exhausted. The point is that each defense lactate/H*/CO; dilate vessels (Jlocal TI5R holds Q)

has a ceiling, and shock results when the last one is exceeded. . i .
Ceiling: vessels fully dilate, then further |AP is

What hypotension does, and the first line of defense uncompensated

Hypotension from low CO and/or low TPR weakens the driving force for * Second line - Chemo-/baroreflexes: 1sympathetic —
flow, so capillary exchange of gases, nutrients, and wastes can fall short 1CO + constrict the expendable beds (heart/brain

of need. This produces ischemia, whose most urgent component is tissue spared) — shunt to heart/brain

hypoxia. Heart and brain fail within seconds; some tissues like fast-twitch *  When they fail: vicious cycle of acidosis —

muscle can tolerate this longer through anaerobic pathways. Hypoxic chemoreceptor-driven vasoconstriction — deeper
tissue makes lactic acid that accumulates and acidifies. The first defense ischemia — more acidosis



against hypotension is local and automatic: tissues respond to anaerobic
products with immediate local vasodilation. The sensing is not of flow
itself; arterioles respond to local metabolites, rising CO», H*, and lactate
and falling Oz, that accumulate whenever flow falls behind metabolic
demand, so metabolite level is the proxy for the mismatch. Taken one
bed at a time this preserves flow well, since if AP falls 20 percent and
local resistance falls about 20 percent, Q is held roughly constant. There
are two limits, though. The mechanical one is that vessels can only dilate
so far; at full dilation any further pressure drop is uncompensated. The
systemic effect is troubling here, and it is why a second stage is required:
local resistance summed across beds is TPR, so if most beds dilate at
once to defend their own flow, TPR falls, and through BP = CO x TPR
arterial pressure drops further, lowering flow again and calling for still
more dilation. Local control alone is therefore self-undermining at the
level of pressure, defending each tissue’s flow by eroding the pressure
every tissue shares. This is the chapter’s opening conflict, local perfusion
versus systemic pressure, and it is why a controller that senses arterial
pressure has to be able to override the local regulators, which read only
conditions inside their own bed and are blind to the need for maintaining
overall systemic arterial driving force.

The reflex stage resolves the conflict

The baroreflex, backed by the chemoreflex, is best read as the resolution
of that phase-one conflict, not as a separate escalation. The
baroreceptors sense the fall in pressure and act on the whole system,
and two things happen together. Increased sympathetic output raises CO,
and the same output re-imposes constriction on the expendable beds,
skeletal muscle, gut, skin, and kidney, overriding the local vasodilation
there and rebuilding TPR. Heart and brain are largely spared, because
their vasculatures carry weak sympathetic constrictor tone and are
governed by local metabolic control, so their dilation stands. The reflex
thus does not simply cancel local dilation across-the-board, it determines
where local control prevails: flow is defended locally where it is essential
and resistance is forced back up where it is not. In this way, pressure
recovers and the limited CO is redirected toward heart and brain. The
cost is real: holding the expendable beds constricted deepens their
ischemia and acidosis, and if hypotension is not corrected that spillover

While pressure is restorable, this vasoconstriction
raises perfusion pressure and helps clear the
acidosis. Once it is not, the same constriction only
deepens ischemia, and the loop feeds itself.

Causal Chain: Hypotension Causes Ischemia
1CO and/or |[TPR — |perfusion (ischemia) — |O2 and
substrate delivery — |capillary exchange — hypoxia +
lactic acidosis

The Intrinsic Infusion (Starling shift)

|BP — |P¢ — oncotic pressure dominates —
reabsorption

Up to ~1 L pulled from interstitium — 1BV — 1CVP —
VR — 1CO — 1BP

Causes and Treatment Logic

Causes: hypovolemia (dehydration/hemorrhage),
cardiac failure, vasodilation (infection, lost tone)
Treat by lever: 1BV (IV fluids/colloids, Na*, drink);
1TPR (a-agonist vasopressors); 1CO (B-agonists);
TVR (compression, lie down)

Common Errors

Error: Thinking the reflexes are the first line of
defense. Local metabolic vasodilation acts first and
often suffices.

Error: Treating local metabolic vasodilation as a full
fix; summed across beds it lowers TPR and can
worsen hypotension, and the reflex stage is what
makes it viable.

Error: Missing the cost of shunting: it deepens
ischemia in the constricted beds.

Error: Overlooking the Starling reabsorption that
auto-transfuses plasma in hypotension.

Prediction Prompt



becomes its own vicious cycle, rising acidosis driving more * Predict: Anaphylaxis releases massive histamine (a

chemoreceptor-mediated vasoconstriction, which through more anaerobic vasodilator). Starting at TPR and moving both

metabolism accelerates the acidosis. directions in the circuit, predict TPR, BP, CVP, VR,
. . . . and CO (before neural/hormonal compensation).

A built-in transfusion from the interstitium - Predict: A patient in early shock is given an a-

One further compensation deserves attention. The fall in BP shifts the agonist. Predict the effect on TPR and BP, and name

capillary Starling balance, lowering capillary hydrostatic pressure so that one lever it does not address.

blood oncotic pressure dominates and favors reabsorption of interstitial
fluid into the plasma. This intrinsic infusion can add up to a liter of fluid,
boosting BV and in turn CVP, VR, CO, and BP. Close with the practical
inventory: menu of shock causes (hypovolemia, cardiac failure,
vasodilation from infection or lost neurogenic tone) and the treatment
logic, which is simply to push on each appropriate lever (IV fluids and
colloids and dietary sodium for BV, vasopressors (a-agonists) for TPR,
cardiostimulatory B-agonists for CO, and compression or lying down to
aid VR).

Section 14: Hypertension — The Silent Killer and the Kidney’s Central Role

Second applied section. Two big ideas: most hypertension has no identifiable cause (essential hypertension), and the kidney’s impaired pressure
natriuresis is the common thread. The redistribution point (hypertension can occur despite reduced total blood volume) is a high-yield counterintuitive
result.

Instructor Narrative Structured Outline / Causal Chain

The move: Frame hypertension as common, silent, and mostly idiopathic, The Clinical Picture
then push past the label to the mechanism that keeps showing up: the «  >1 billion affected: = 1 in 3 US adults: usuall
kidney fails to dump sodium and water when pressure is high. End on the sympl)tloml ess (“sil (,ant kiIII e?”) Hllis SR
counterintuitive truth that it can be about where that volume sits, not how ) )

+ Consequences: heart failure, stroke, renal disease

much there is in absolute terms.

+ Allforms: 1CO, 1TPR, and/or 1CVP (often several at
Common, silent, and mostly without a known cause once)
Hypertension affects over a billion people, roughly one in three American Essential vs. Secondary

adults, and usually causes no symptoms until something breaks, hence
the silent killer. Consequences include heart failure, stroke, and renal



disease. Every form is associated with elevation of CO, TPR, and/or CVP,
and patients often have two or all three elevated. In about 95 percent of
cases there is no identifiable cause; this is essential or primary
hypertension, thought to arise from a mix of genetic and environmental
factors, with diabetes, obesity, smoking, sedentary living, and high-salt
diets all raising risk. The remaining 5 percent, secondary hypertension,
traces to a known kidney or hormone abnormality and is easier to treat
because the target is identifiable.

Impaired renal sodium excretion is the recurring
mechanism

Although the full story is unsettled, evidence points consistently to the
kidney. An impaired ability to excrete sodium and water in response to
elevated BP, blunted pressure natriuresis and diuresis, appears to be a
main driver of chronic hypertension regardless of what set it off, often
traceable to dysregulation of key Na* transport proteins in the nephron
wall. Excess body sodium then drives the familiar domino, 1BV, 1CVP,
1CO, 1BP. A frequent companion is increased renal sympathetic output,
which raises renin (1TPR), lowers GFR (| urine volume, 1BV), and
enhances Na* reabsorption (1BV), all pushing pressure up.

Redistribution, not just total volume; and a self-feeding
cycle

Here is the counterintuitive point students should grasp. Enhanced
sympathetic output can cause venoconstriction that shifts blood out of the
venous reservoir, raising CVP, VR, and CO, so hypertension can occur
even with reduced total blood volume. It is often more about redistribution
of volume into the arterial circuit than about total volume. Finally, chronic
high pressure becomes self-exacerbating: it drives microvascular
rarefaction and wall thickening, losing parallel vessels and narrowing
lumens, which raises TPR (and through R o 1/r*, even modest narrowing
raises resistance steeply), raising BP further and causing more damage.
High pressure also suppresses endothelial nitric oxide, removing a
vasodilator and narrowing vessels more, especially in the endothelial
dysfunction of diabetes. Treatments again map to the levers: sympathetic

+ Essential (primary), ~ 95%: no identifiable cause;
genetic + environmental (diabetes, obesity, smoking,
sedentary, high salt)

» Secondary, ~ 5%: known kidney/hormone
abnormality; easier to treat

The Kidney Thread
* Impaired pressure natriuresis/diuresis (Na* transport
dysregulation) — |urine volume — 1BV — 1BP
» trenal sympathetic output: 1renin (1TPR), |GFR
(1BV), tNa* reabsorption (1BV)
Causal Chain: Redistribution Hypertension
tsympathetic drive — venoconstriction — 1CVP — 1VR
— 1CO — 1BP (even with | total BV)
The Self-Feeding Cycle
* High BP — wall thickening (narrowed lumen) — 1R
per vessel (R « 1/r*)

* High BP — rarefaction (loss of microvessels) — 1R
(lost parallel paths). Both routes — 1 TPR — higher
BP

+ High BP — |endothelial NO — narrower vessels
(worse in diabetes)
Common Errors

* Error: Assuming hypertension always means high
total blood volume. Redistribution can cause this
even with low BV.

+ Error: Treating essential hypertension as having a
single fixable cause. ~ 95% is idiopathic.
» Error: Forgetting the kidney. Impaired pressure
natriuresis is the common long-term thread.
Prediction Prompt

» Predict: Aldosterone secretion is abnormally high
(primary aldosteronism). Predict the effect on Na*
retention, BV, and BP.



blockers, RAAS/ANG Il inhibitors, CaZ* channel blockers, K* channel * Predict: A patient has hypertension with a measured
openers, diuretics, and exercise to regrow microvessels. low-normal total blood volume. Explain how this is
possible using venoconstriction and redistribution.

Section 15: The Whole Defense as One System — Why This Is an Integration Chapter

Closing synthesis. Pull the four systems involved in regulating blood pressure into one timeline and name explicitly what makes this integration material:
many organ systems defending a single number, with redundancy and an ordering by speed.

Instructor Narrative Structured Outline / Causal Chain

The move: Step back and state the chapter's real subject directly: it was One Parameter, Layered by Speed
never about one system. In blood pressure regulation, the cardiovascular,

neural, endocrine, and renal systems defend this single parameter Timeline: The Defenses After a Drop in BP

together, each on its own clock. Give students the timeline as the unifying Seconds: baroreceptors — ~ 1 min: peripheral

picture and the working method for every integration chapter to come. chemoreceptors — minutes: hormonal vasoconstriction
(ANG Il) — tens of min: capillary fluid shift — hours—days:

One number, four systems, four clocks renal BV control

Every mechanism discussed in this chapter defends mean arterial + Fast + adapting: neural reflexes

pressure, and it does so with layered responses that come online at * Intermediate: vasoactive hormones (take over as

different speeds. In the first seconds, baroreceptors fire and the neural sensors adapt)

Within roughly a minute, peripheral chemoreceptors reinforce the blood volume

baroreflex. Over minutes, hormonal vasoconstriction, principally ANG I,

sustains TPR after the neural sensors begin to adapt. Over tens of The Four Systems Involved

minutes, the capillary fluid shift moves volume between plasma and + Cardiovascular: the pump and pipes (CO, TPR, the
interstitium. And over hours to days, the kidney sets blood volume, the levers themselves)

slowest but most durable and powerful control of all. Taken in order, this * Neural: medullary reflexes reading pressure and
sequence is the entire chapter compressed into one timeline. volume

. * Endocrine: RAAS, ADH, natriuretic peptides,
Four independent routes defend the same number catecholamines

Notice the redundancy. Presgure is dgfended by neural tone, by «  Renal: the durable master of blood volume
vasoactive hormones, by capillary fluid exchange, and by renal volume )

control, four largely independent routes to the same end. If one of these is Why Redundancy is Important



impaired, others can carry more of the load. That is why a single lesion or
dysfunction rarely abolishes pressure regulation outright, and why chronic
hypertension, once the durable renal layer is involved, is so stubborn to
reverse.

The method that transfers to every integration chapter

Leave students with the working method, because it is the move the
integration chapters ahead will ask of them. When a new challenge to
pressure appears, do not memorize a response, reconstruct it. Identify
which lever is targeted first, CO, TPR, BV, or CVP. Ask which sensors
detect this and how fast they adapt. Ask which effectors respond on
which timescale, neural now, hormonal soon, renal last. The same four-
lever, multi-system, speed-ordered reasoning that explained orthostasis,
shock, and hypertension will explain the next integrated problem too,
whether it is acid-base balance or exercise. That transferable logic, more
than any single pathway, is what this first integration chapter teaches.

Four largely independent routes (physiological
backup) defend one number

Impair one and others compensate, so single lesions
rarely abolish regulation

Once the renal layer is locked in, chronic
hypertension resists reversal

The Transferable Method

Which lever is hit first? (CO, TPR, BV, CVP)
Which sensors detect it, and how fast do they adapt?
Which effector arm responds, on which clock?

Prediction Prompt

Predict: A slow hemorrhage drops BP over an hour.
Predict, in order, which defenses engage and which
dominate as time passes, using the speed-ordered
timeline above.

Predict: A patient has an intact baroreflex but absent
renal volume control. Predict how well BP is defended
over seconds versus over days.



