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Resource Hub 

Part 1   Blood Contents and Functions 

Section 1: Why Blood Exists — The Diffusion Problem and the Logic of a Transport Fluid 

Instructor Narrative Structured Outline / Causal Chain 

The move: Before any component is listed, establish the reason 
blood exists at all: diffusion fails over distance, so a large body needs 
a pressurized fluid to carry entities rapidly to and from exchange 

Derivation Chain: Why a Large Body Requires a Circulating 
Fluid 
Body grows → volume rises faster than surface area → 
exchange surface per cell falls while the deepest cells sit farther 
from any surface → more cells isolated by distance → the time to 
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surfaces. Everything in this chapter, and the next, depends on this 
one tenet. 

Start from the physical limit, not anatomy 

Open with the physical limit, not the anatomy. Diffusion is fast over 
micrometers, but almost completely ineffectual over centimeters. A 
forty trillion cell body has most of its cells at least that far from the 
outside world. As any organism grows, volume outruns surface area, 
so the number of cells isolated by distance from the surface climbs. 
That single fact favored evolution of a circulating fluid and a pump to 
drive it. Blood is the solution to a highly relevant geometry problem. 

Blood is convection solving diffusion's failure 

Frame blood as convective, pressure driven flow that compensates 
for poor diffusion. A cargo train analogy applies directly here: one 
train carries fuel, waste, signals, even heat, each car with its own 
destination, running on vessel tracks between every tissue and the 
specialized exchange surfaces, the linings of the digestive, 
respiratory, and urinary tracts. The heart pressurizes the blood to start 
the trip into arteries, and skeletal muscle compression of veins plus 
breathing help complete the return. Note the categorization that 
usually surprises students: blood is a connective tissue, cells 
suspended in a protein rich matrix called plasma. Chapter 9 assumes 
that readers are already familiar with all of this, so the task here is to 
lay that groundwork. 

diffuse rises with the square of the distance → diffusion cannot 
serve them. Only pressure-driven bulk flow covers centimeters 
fast enough, and a circulating fluid plus a pump is the 
arrangement that provides it. 

Key Distinction: Diffusion vs. Convection 
Diffusion: fast over microns, governs the final step at exchange 
surfaces 
Convection: pressure driven bulk flow, covers the long distances 
diffusion cannot 

Functions Blood Serves 
Transport (O2, CO2, nutrients, wastes, hormones, heat) | immune 
protection | blood loss protection (hemostasis) | renal and 
capillary filtration | thermoregulation 

Common Errors 
Error: Thinking the heart pushes blood directly to tissues. It 
pressurizes blood; pressure gradients do the pushing, the same 
idea that reappears in the next chapter’s treatment of Poiseuille's 
law. 
Error: Thinking of blood as a simple liquid. It is a fluid connective 
tissue and simultaneously a solution, a colloid, and a suspension. 

Prediction Prompt 
Predict: An organism’s body doubles in radius. Qualitatively, 
what happens to the fraction of its cells that cannot be served by 
diffusion alone, and why does this force a circulatory system? 

 

Section 2: Plasma and the Plasma Proteins — Where the Fluid Comes From and Why Albumin Matters Most 

Instructor Narrative Structured Outline / Causal Chain 

The move: Establish that plasma's water is set by the balance of 
capillary exchange. Treat albumin as the central protein because its 
oncotic pull is what draws filtered water back in. 

Plasma's water content is set by exchange, not secretion 

Causal Chain: Why Plasma Volume Is Set by Exchange, Not 
Secretion 
Blood hydrostatic pressure pushes water and small solutes out, 
while trapped plasma proteins simultaneously pull water back 
(oncotic pressure) → the imbalance between the two generates 



Start by answering a question students rarely ask: where does 
plasma come from? Cells are added at the marrow and proteins at the 
liver, but the water content is determined by the back-and-forth 
exchange with interstitial fluid, with some recycling through lymph. 
Plasma and interstitial fluid are nearly identical except for presence of 
proteins in the plasma. Understand that proteins are the one solute 
trapped in the vessel. That trapping is what generates plasma's 
oncotic pressure. 

Group the plasma proteins by job, not name 

Build the four protein groups around function, not a list. Albumin is 
roughly two thirds of plasma protein and is the dominant source of 
blood colloid osmotic pressure, the oncotic pressure that opposes the 
outward push of blood hydrostatic pressure and drives reabsorption. 
Globulins are carrier proteins and antibodies. Fibrinogen is the clotting 
precursor that thrombin will polymerize later in this chapter. Protein 
hormones are under one percent of the mass but carry the signals. 
Close with mentioning buffering: because most plasma proteins are 
anionic, they bind free protons, contributing up to twenty percent of 
blood buffering, with hemoglobin inside red cells providing most of the 
rest. 

net filtration → the small filtered excess is returned by the 
lymphatics → plasma volume settles where filtration is matched 
by reabsorption plus lymph return. It is the result of exchange, not 
secretion. 

The Four Protein Groups (by Function) 
Albumin (~60%): blood colloid osmotic (oncotic) pressure; carrier 
for fatty acids and steroids 
Globulins (~35%): antibodies and carrier proteins for ions, lipids, 
hormones 
Fibrinogen (~4%): clotting precursor polymerized to fibrin by 
thrombin 
Hormones (<1%): signaling; tiny by mass, large by effect 

Buffering 
Anionic proteins bind free H+ (their ionizable side groups have 
pKa values near blood pH) → limit pH shifts; plasma proteins 
supply about 20% of blood buffering, hemoglobin most of the rest 

Common Errors 
Error: Thinking plasma is secreted as a fluid. Its water content is 
set by capillary exchange balance; cells and proteins are what is 
purposefully added. 
Error: Treating all plasma proteins as equally osmotic. Albumin 
dominates oncotic pressure because it is by far the most 
abundant. 

Prediction Prompt 
Predict: Kwashiorkor (protein deficiency) drives 
hypoalbuminemia. Trace the effect on the Starling balance and 
predict where fluid accumulates and why. 

 

Section 3: Erythrocytes — Bags of Hemoglobin Built by Subtraction 

Instructor Narrative Structured Outline / Causal Chain 

The move: Teach the red cell as being stripped down to one job. 
Every odd feature it has, no nucleus, no mitochondria, biconcave 

Derivation Chain: Why the Red Cell Is Built by Subtraction 
No mitochondria: anaerobic only → does not consume its O2 
cargo 



shape, is an adaptation to carry oxygen without consuming it. Derive 
the features from function rather than listing them. 

The red cell is adapted for one job 

During maturation the red cell expels its nucleus and mitochondria. 
The logic behind this is quite direct: losing mitochondria forces 
anaerobic glycolysis, which prevents the cell from consuming the 
oxygen it carries. Losing the nucleus and endoplasmic reticulum 
means no new protein synthesis, but hemoglobin is already packed 
and the cell only lives about a hundred and twenty days anyway, worn 
out by constant collision with vessel walls. The biconcave disc shape 
is the other adaptation: it raises surface area to volume for fast gas 
diffusion and lets the cell fold to squeeze through capillaries narrower 
than itself, aided by the elastic cytoskeletal protein spectrin. 

Hemoglobin carries a second gas too 

Each red cell holds two to three hundred million copies of hemoglobin, 
a four-subunit protein binding one oxygen per heme iron, so a single 
cell can carry about a billion oxygen molecules. Sequestering all that 
hemoglobin inside cells rather than just dissolving it in plasma is what 
keeps blood viscosity manageable. Red cells also provide a stable 
environment for hemoglobin to function effectively. Add the CO2 role: 
the enzyme carbonic anhydrase, expressed by red cells, converts 
CO2 and water to carbonic acid, which dissociates to bicarbonate, the 
main carry form of CO2. This will be developed thoroughly in Chapter 
10, The Respiratory System and Gas Transport and also in Chapter 
15, Acid-Base Regulation. 

No nucleus/ER: no protein turnover → more internal volume for 
hemoglobin, but damaged proteins cannot be replaced → the cell 
wears out at about 120 days 
Biconcave disc: high surface-to-volume ratio (no interior point 
sits far from the membrane) + deformability (spectrin) → fast 
diffusion, fits tiny capillaries 

Hemoglobin 
4 subunits, 1 O2 per heme iron → four oxygen molecules bound 
per hemoglobin; ~200-300 million Hb per cell → ~1 billion O2 
molecules carried per cell 
Why inside cells: free Hb in plasma would raise viscosity 
prohibitively; sequestration keeps blood flowable and provides a 
stable environment for hemoglobin function 

CO2 Transport (Preview) 
Carbonic anhydrase in RBC catalyzes: CO2 + H2O → H2CO3 → 
HCO3

- + H+ → dissolved CO2 stays low, sustaining the gradient 
for entry at the tissues → bicarbonate is the main CO2 carry form; 
reversed at the lungs 

Common Errors 
Error: Thinking red cells make ATP aerobically. They cannot; 
mitochondria are gone, which is the point. Red cells being 
anaerobic protects their O2 cargo. 
Error: Believing blood is blue when deoxygenated. Under these 
conditions, its color shifts from bright red to maroon; charts 
showing blue blood are inaccurate. 

Prediction Prompt 
Predict: Hereditary spherocytosis makes red cells spherical with 
lower surface-to-volume. Predict the consequences for capillary 
passage and for gas diffusion into and out of the cell. 

 

Section 4: Hematocrit, Viscosity, and Fractionation — Reading a Spun Tube and Why Thick Blood Is Costly 

Instructor Narrative Structured Outline / Causal Chain 

The move: This thin tube of centrifuged blood allows viewing of the 
separated layers and determination of hematocrit. There’s a tradeoff 

Hematocrit Defined 



in having a high Hct: more red cells carry more O2 but also make 
blood harder to push. Consequently, the body holds hematocrit just 
under one half (< 50%). 

Read the spun tube top to bottom 

Spinning whole blood drives the formed elements down, leaving 
plasma on top and a thin whitish buffy coat of leukocytes and platelets 
at the interface. Hematocrit is simply packed cell volume as a fraction 
of total, normally a little under fifty percent, around forty-two to forty-
seven percent. Consider this as the practical readout of oxygen 
carrying capacity, since red cells carry the hemoglobin. Note that one 
can have enough cells but too little hemoglobin in them, which is a 
form of anemia. 

Hematocrit drives viscosity, and viscosity matters 

Connect hematocrit to viscosity, a thread that pays off in Chapter 9. 
Hematocrit is the primary determinant of blood viscosity, and viscosity 
is internal friction that raises resistance to flow. Picture molasses: too 
viscous and the heart cannot push it. So there is a balancing act, 
enough red cells to stay aerobic but not so many that blood turns 
sluggish, which is why hematocrit is held below about fifty percent. 
Preview the sex difference: males carry higher systemic hematocrit, 
yet tissue oxygen delivery ends up roughly equal between the sexes. 
The reconciling mechanism is the Fahraeus Lindqvist effect. In the 
narrow arterioles and capillaries that feed tissue, red cells stream 
toward the vessel center and leave a cell-poor layer at the wall, so the 
hematocrit inside those small vessels runs below the systemic value. 
Estrogen-driven vasodilation in females widens these microvessels 
and blunts that drop, raising the local hematocrit their capillaries 
receive, while androgen-driven vasoconstriction in males deepens it. 
The two effects offset the difference in systemic hematocrit, so the 
oxygen actually delivered at the tissue is comparable between the 
sexes. 

Centrifuge whole blood → denser formed elements sediment 
fastest under the centrifugal field → cells pack at bottom, buffy 
coat (leukocytes + platelets) above, plasma on top → Hct is read 
off the packed column as packed cell volume / total volume x 100 
(normally 42-47%) 

Causal Chain: Why Hematocrit Is Held Below Half 
More RBCs → more O2 carried. Separately, more RBCs → 
higher viscosity → higher resistance to flow → more difficult for 
heart to pump → O2 delivery is carrying capacity multiplied by 
flow, so past a point the fall in flow outweighs the gain in capacity; 
the two opposing consequences set an optimum, and Hct is 
normally held below ~ 50% 
Anemia, two ways: too few red cells, or too little hemoglobin per 
cell; both reduce O2 carrying 

Bridge to Chapter 9 
Hct rises → blood viscosity rises → resistance to flow rises in 
proportion to viscosity → for a given driving pressure, flow falls 

Common Errors 
Error: Treating high hematocrit as always advantageous. Above 
normal it raises viscosity and cardiovascular workload 
(dehydration, doping, polycythemia). 
Error: Equating hematocrit with hemoglobin content. Cell number 
and hemoglobin per cell are separate variables. 

Prediction Prompt 
Predict: A patient is dehydrated. Plasma volume falls while red 
cell number is unchanged. Predict the change in hematocrit and 
in blood viscosity, and the consequence for cardiac workload. 

 



Section 5: Leukocytes and the Lymphatic Circuit — Commuter Cells and the Surveillance Loop That Catches Pathogens 

Instructor Narrative Structured Outline / Causal Chain 

The move: White cells are not confined to blood vessels. They can 
traverse capillary walls. Lymph serves both fluid balance and immune 
surveillance. The lymph node is where wandering pathogens are 
exposed to cells that can recognize them. 

Two cell populations use blood differently 

Contrast the two cell populations by how they use blood. Red cells 
live in the bloodstream; leukocytes use blood like a commuter train, 
entering and leaving regularly and spending most of their lives in 
tissues or lymph organs. There are five circulating types of 
leukocytes, and together they are a tiny fraction of blood cells, 
outnumbered by red cells more than seven hundred to one. They 
generally circulate inactive until drawn to injury or infection, crossing 
small vessel walls just past capillaries in a process called 
extravasation. 

The lymphatic loop closes the circuit 

Capillary filtration always slightly exceeds reabsorption, so interstitial 
fluid is continuously produced. Blind-ended lymphatic capillaries pick 
up that excess, now called lymph, and funnel it through progressively 
larger vessels back to large veins in the upper chest, with valves 
preventing backflow. The second function is immune: lymph passes 
through lymph nodes, secondary lymphoid organs packed with naive 
B and T cells. Phagocytic cells in the interstitium ingest foreign 
antigens introduced by a cut or splinter and carry them into the nodes, 
where they are shown to the waiting lymphocytes. This is how 
pathogens are routed to the few cells that can recognize them, 
dramatically improving the odds of a match. 

Two Ways to Use Blood 
Erythrocytes: resident in the bloodstream 
Leukocytes: commuters; mostly in tissues/lymph, enter blood 
transiently, leave via extravasation 

Causal Chain: How the Lymphatic Loop Serves Fluid 
Balance and Surveillance 
Filtration > reabsorption → excess interstitial fluid → blind-ended 
lymphatics absorb it → overlapping endothelial flaps open as 
interstitial pressure rises → muscle compression and breathing 
drive the lymph forward, with valves preventing backflow → 
returned (as lymph) to upper-chest veins → fluid balance 
maintained 
Pathogen enters interstitium → phagocyte ingests antigen → 
migrates into an afferent lymphatic → carried into lymph node → 
presented to naive B and T cells → specific immune response 
initiated 
Why nodes: any single naive lymphocyte is vanishingly rare, so 
a chance meeting in the tissues is improbable. Because of that, 
the body concentrates antigen and lymphocytes together → the 
chance of a receptor match rises 

Significant Leukocyte Facts 
Five circulating types | ~ 0.1% of blood cell number | 
outnumbered by RBCs >700:1 | still essential to survival 

Common Errors 
Error: Thinking white cells mainly exist and work in blood. Most 
function in tissues; blood is used for transit. 
Error: Treating lymphatics as a passive drain. They are essential 
to fluid homeostasis and are the immune surveillance highway. 

Prediction Prompt 
Predict: A limb's lymphatic drainage is blocked. Predict the two 
consequences, one for interstitial fluid volume and one for local 
immune surveillance. 

 



Section 6: Hematopoiesis and Erythropoiesis — One Stem Cell, Many Lineages, and a Logical Oxygen Thermostat 

Instructor Narrative Structured Outline / Causal Chain 

The move: Build the blood corpuscle lineage tree from a single stem 
cell, then make erythropoiesis the case study in negative feedback 
control: low oxygen drives EPO, EPO drives red cell production, more 
red cells correct the oxygen deficit. 

Lay out the lineage tree from one stem cell 

Lay out the tree from the top. Hematopoiesis is the production of all 
blood cells from hematopoietic stem cells in red bone marrow. Those 
stem cells give rise to two committed progenitors. The common 
lymphoid progenitor makes the lymphocytes, B cells, T cells, and NK 
cells. The common myeloid progenitor makes everything else, the 
other white cells, the platelets, and the red cells. Emphasize the 
scale: about 99.9% of stem cell output is aimed at erythrocytes, which 
doesn’t necessarily make them most important; it means they must 
exist in enormous numbers, replaced at roughly two to three million 
per second even at rest. 

Erythropoiesis is a thermostat for oxygen 

Then teach erythropoiesis as a hematological “thermostat”. Ask first 
what controls red cell number, and apply reason: enough O2 carrying 
is essential, but too many cells make blood too viscous. The regulator 
is erythropoietin, EPO, a hormone the kidney secretes in response to 
a logical stimulus, low oxygenation. List the stimuli as variations on 
one theme of hypoxia: low renal blood flow, anemia, pulmonary 
disease, high altitude, cardiac failure. EPO accelerates the myeloid 
path toward erythrocytes, and under maximal hypoxic drive 
production can rise roughly tenfold, to twenty million per second or 
more. The kidney is a sensible oxygen sensor because its tissue is 
metabolically demanding and sensitive to hypoxia. 

Lineage Tree 
Hematopoietic stem cell (red marrow) → common lymphoid 
progenitor → B, T, NK lymphocytes 
Hematopoietic stem cell → common myeloid progenitor → 
erythrocytes, other leukocytes, platelets 
Scale: ~ 99.9% of output is erythrocytes; ~ 2-3 million/sec at rest; 
not most important, just most numerous 

Causal Chain: Why Low Oxygen Raises Red Cell Number 
Tissue hypoxia → kidney secretes EPO → myeloid progenitors 
driven toward erythrocytes → maturation takes about five days, 
so the correction lags the stimulus → Hct and O2 carrying rise → 
hypoxia corrected → EPO falls 
Hypoxic Triggers of EPO Secretion: low renal flow, anemia, 
pulmonary disease, high altitude, cardiac failure 
Max drive: ~ 10-fold rise, up to ~ 20 million RBC/sec 

Cofactors 
Vitamin B12 and B9 (folate) supply the one-carbon units for 
thymidine synthesis → deficiency stalls DNA replication in 
erythroid precursors → the precursor keeps growing but cannot 
divide → too few erythrocytes are released, and those released 
are abnormally large → anemia 

Common Errors 
Error: Thinking erythrocyte abundance means these cells are 
invariably of greatest importance. High RBC numbers reflect 
requirements for O2 delivery, not priority over other lineages. 
Error: Forgetting the kidney is the EPO source. Bilateral 
nephrectomy collapses erythropoiesis unless synthetic EPO is 
given. 

Prediction Prompt 
Predict: Both kidneys are removed. Trace the effect on EPO, red 
cell production, blood O2 carrying capacity, and viscosity over the 
following weeks. 

 



Section 7: Leukopoiesis and Thrombopoiesis — Tolerance Testing for Lymphocytes and a Self-Limiting Platelet Supply 

Instructor Narrative Structured Outline / Causal Chain 

The move: Cover white cell and platelet production at the gist level, 
but spend the time on the two ideas that matter most: central 
tolerance, where self-reactive lymphocytes are weeded out, and the 
self-limiting negative feedback that stabilizes platelet number. 

Sort the white-cell lineages fast 

Sort the white cell lineages. Myeloid precursors give the granular 
leukocytes, neutrophils, eosinophils, and basophils, plus the agranular 
monocyte, which leaves blood within a couple of days to become a 
long-lived tissue macrophage that samples its environment for 
pathogen-derived molecules. Lymphoid precursors give the B and T 
lymphocytes. Then discuss central tolerance because defects in that 
process explain autoimmunity. B cells complete tolerance in the bone 
marrow; T cells must travel to the thymus to mature, and that’s where 
T cells that would attack our own cells are eliminated. This weeding 
out is what minimizes autoimmune disease, and naming a few, 
multiple sclerosis, type one diabetes, lupus, makes the stakes 
concrete. 

Platelet production is a feedback loop 

A myeloid descendant becomes a giant megakaryocyte that copies its 
DNA without dividing, grows huge, then extends footlike pseudopodia 
into marrow capillaries and buds off thousands of platelets before it 
expires. The hormone thrombopoietin, made by liver and kidney, 
stimulates this, but the control mechanism is elegant: thrombopoietin 
also binds platelets and is degraded by them. So the more platelets 
present, the faster the stimulating hormone disappears, a negative 
feedback set by the product itself, keeping platelet number stable. 

White Cell Lineages 
Myeloid: neutrophils, eosinophils, basophils (granular) + 
monocyte (agranular); the monocyte leaves the blood → tissue 
macrophage 
Lymphoid: B and T lymphocytes 

Central Tolerance 
Random receptors generated → some bind self antigens → 
strong self-binding during development triggers apoptosis or 
receptor editing → self-reactive cells eliminated (B in marrow, T 
in thymus) → helps suppress autoimmune responses 
When it fails: autoimmune disease (MS, type 1 diabetes, lupus) 

Causal Chain: Why Platelet Number Is Self-Limiting 
Megakaryocyte copies DNA without dividing → gene copy 
number rises, supplying the template for an enormous cytoplasm 
→ the cell grows very large → pseudopodia into capillaries → 
buds thousands of platelets 
Thrombopoietin (liver/kidney) is secreted at a steady rate and 
stimulates production → more platelets; platelets also bind and 
degrade TPO → more platelets means faster TPO removal → 
less stimulation of production → stable platelet number 

Common Errors 
Error: Thinking B cells mature in the thymus. B = bone-matured; 
only T cells require the thymus. 
Error: Assuming TPO is regulated by changing its secretion. 
Secretion is fairly steady; control is on its degradation by the 
platelets themselves. 

Prediction Prompt 
Predict: Liver failure reduces TPO production. Predict the effect 
on platelet number and on clotting, and name the resulting 
condition. 

 

Section 8: Hemostasis I — Vascular Spasm, the Platelet Plug, and a Positive Feedback Loop with a Brake 



Instructor Narrative Structured Outline / Causal Chain 

The move: Teach the first two phases as a sequence: vasospasm 
slows blood loss, then a platelet plug builds a temporary patch. The 
central concept is a positive feedback loop limited by anticoagulants 
released from healthy endothelium, which confines the plug to the 
damaged site. 

One injury, three phases in order 

When a vessel is damaged, hemostasis occurs in three sequential 
phases: vascular, platelet, coagulation. When the wall of a blood 
vessel tears, blood leaks and three things happen in rapid 
succession. First the vascular phase: damaged smooth muscle 
suffers a rapid rise in intracellular calcium and constricts in a 
myogenic vasospasm that sharply raises resistance and slows blood 
loss. Activated platelets release thromboxane and damaged 
endothelium releases endothelin, both vasoactive, reinforcing the 
spasm. 

Exposed collagen triggers platelet plug formation 

Then the platelet phase is initiated and exposed collagen of the 
basement membrane is the trigger. Normally platelets and collagen 
never meet because the endothelium covers the collagen. Once the 
wall is breached, however, von Willebrand factor links platelets to the 
exposed collagen initiating a rise in intracellular Ca2+ and platelet 
activation, starting the platelet plug. Activated platelets release ADP, 
which activates more platelets, which release more ADP. This is a 
positive feedback loop, but one might wonder why it doesn’t engulf 
the whole circulation. The answer is the brake: as the plug reaches 
healthy endothelium, that healthy tissue releases prostacyclin, PGI2, 
and nitric oxide, which shut down platelet activation and keep the plug 
localized to the damaged site. Note the plug also begins trapping 
fibrinogen, setting up coagulation in the next section. 

Phase 1, Vascular Spasm 
Wall damaged → mechanical injury and local mediators 
depolarize the smooth muscle → smooth muscle intracellular 
Ca2+ rises → myogenic constriction → resistance up → flow 
through the torn segment falls → blood loss slows 
Platelets release TXA2 + endothelium releases endothelin → 
reinforce and prolong spasm 

Phase 2, Platelet Plug 
Endothelium torn → subendothelial collagen exposed → vWF 
tethers platelets to collagen (adhesion) → collagen contact 

triggers a rise in intracellular Ca2+ → platelet activation → ADP 
and TXA2 released → recruit and activate more platelets → more 
ADP/TXA2 (positive feedback) → activated platelets expose 
integrin sites that fibrinogen bridges, linking them to one another 
→ plug grows 

Causal Chain: Why the Platelet Plug Stays Local 
Plug reaches healthy endothelium → platelets meet the PGI2 and 
NO it releases continuously → cyclic nucleotides rise inside the 
platelet → intracellular Ca2+ is driven back down → platelet 
activation inhibited → plug confined to the damaged site 
Setup for coagulation: fibrinogen is trapped in the growing plug, 
ready to be polymerized next 

Common Errors 
Error: Thinking platelets stick to collagen at all times. Only after 
endothelial damage exposes collagen does vWF tether them. 
Error: Missing why the plug stays local. Healthy endothelium's 
PGI2/NO is the off switch on the positive feedback loop. 

Prediction Prompt 
Predict: A gain-of-function mutation makes endothelial ecto-
ADPase degrade ADP much faster. Predict the effect on platelet 
plug formation and bleeding. 

 

Section 9: Hemostasis II — Coagulation, Fibrinolysis, and the Thrombus to Embolus Pathway 



Instructor Narrative Structured Outline / Causal Chain 

The move: There are some detailed steps in the clotting cascade, but 
the gist is its signal-amplifying enzyme chain that converges on one 
step, prothrombin to thrombin, which builds and cross-links a fibrin 
mesh. Show students that the same machinery becomes dangerous 
when a clot forms or breaks loose where it should not. 

Coagulation is amplification toward one step 

Present coagulation as amplification toward one essential step. More 
than a dozen plasma zymogens activate in a cascade, each turning 
on the next, which amplifies the signal so clotting is fast. Two 
pathways feed in, the intrinsic (contact) pathway from exposed 
collagen and the faster extrinsic (tissue factor) pathway from cellular 
damage, and both converge on a common pathway that cleaves 
prothrombin to thrombin. Formation of thrombin is the central step: 
this is the enzyme that polymerizes the trapped fibrinogen into fibrin 
and then cross-links those strands into a mesh that stabilizes the plug 
into a finished clot. Note vitamin K as the cofactor for activating 
several clotting factors, which is why warfarin and vitamin K deficiency 
impair clotting. 

Teach clot removal and pathology together 

Teach clot removal and pathology together. As tissue heals, the clot 
must go, by fibrinolysis: endothelium slowly releases tissue 
plasminogen activator, t-PA, which converts trapped plasminogen to 
plasmin, the enzyme that digests fibrin. Note that plasminogen was 
incorporated into the clot as it formed, a built-in self-removal system. 
Finish with the danger sequence students must know: a clot forming 
abnormally on a vessel wall is a thrombus; if it breaks free it is an 
embolus; when the embolus lodges in a vessel too small to pass, it 
blocks flow, and the starved downstream tissue undergoes infarction. 
As one example: a leg vein thrombus can break free and be carried 
by the circulation to the heart, and then the lungs, to become a 
pulmonary embolism. Thrombi having cardiac or carotid origins can 
become emboli lodged in the brain (brain embolism), leading to an 

Causal Chain: How the Clotting Cascade Converges on 
Thrombin 
Dozen+ plasma zymogens activate in sequence; two entry 
routes, intrinsic (collagen) and extrinsic (tissue factor) → both 
converge on the common pathway 
Common pathway → prothrombin → thrombin → cleaves 
fibrinopeptides from fibrinogen → the exposed sites let 
monomers self-assemble into fibrin; thrombin also activates factor 
XIII → cross-linked fibrin mesh → stable clot 
Vitamin K: required during hepatic synthesis of factors II, VII, IX, 
and X so they can bind calcium and membrane surfaces; warfarin 
and K deficiency impair clotting 

Why a Cascade 
Each activated protease turns on many copies of the next → 
signal amplified at every step → rapid clotting; the many steps 
also supply control points for feedback and inhibition 

Fibrinolysis (Removal) 
As tissue heals → endothelium slowly releases t-PA → t-PA 
converts plasminogen (trapped in the clot as it formed) to plasmin 
→ t-PA works far faster once bound to fibrin, so plasmin is 
generated only inside the clot → plasmin digests fibrin → clot 
dissolved 

Thrombus → embolus → infarction 
Abnormal wall clot (thrombus) → breaks free (embolus) → lodges 
in a small vessel (embolism) → downstream flow blocked → 
oxygen and substrate delivery stops → ATP production fails → 
infarction 
Routes: leg vein → pulmonary embolism. Cardiac or carotid → 
ischemic stroke. t-PA is the emergency clot-buster. 

Common Errors 
Error: Trying to memorize every clotting factor. Track the 
convergence on thrombin and the fibrin mesh; the Roman 
numerals reflect discovery order, not sequence. 
Error: Confusing thrombus and embolus. A thrombus is fixed to 
the wall; an embolus is the free-floating clot that travels and 
lodges. 



ischemic stroke. t-PA can be administered as the emergency 
treatment for thrombi and emboli. 

Prediction Prompt 
Predict: A coronary artery thrombus blocks flow to a region of 
heart muscle. Name the result and explain why prompt t-PA 
administration can be lifesaving. 

 

Part 2   Immune Function 

Section 10: The Logic of Immune Defense — Self versus Non-Self and Three Layers, Fast to Slow 

Instructor Narrative Structured Outline / Causal Chain 

The move: Open Part 2 by setting the single organizing problem, 
distinguishing self from non-self, and the three-layer architecture 
arranged by speed. Present this as a summary; the goal is 
components, actions, and logic, not the molecular detail. 

Immunity begins with discriminating self from non-self 

Start with this foundation: immunity is the ability to tell self from non-
self molecular markers, called antigens. Cancerous cells count as 
non-self because their mutated DNA yields irregular proteins. The 
problem is challenging because there are enormous numbers of both 
self and foreign markers, and microbes evolve fast, so defenses must 
be both broad and adaptable. Think of immune system components 
as like instruments in an orchestra: many instruments, each with a 
part, all relying on the others to make the concert happen. Because 
immunity is so complex and advances in its study are made so 
rapidly, physiology courses by necessity focus on major concepts. 

Three defensive layers, sorted by speed 

Lay out three layers of immunity by speed. The first two are innate, 
present at birth and ready immediately. Layer one is the barrier 
membranes, skin and the linings of hollow organs. Layer two is a 
team of cells and proteins that respond rapidly to any invader once a 
barrier is breached, recognizing general microbial patterns rather than 
any single specific target. The third layer is adaptive, or acquired, 

The Core Problem 
The problem: distinguish self from non-self antigens. Vast variety 
of markers + fast-evolving microbes → defenses must be broad 
and adaptable 
Cancer counts as non-self: mutated DNA → irregular proteins 
→ fragments displayed on MHC I → appear foreign 

Three Immune Layers, by Speed 
1. Barriers (innate): skin and linings of hollow organs; physical 
separation 
2. Cells + proteins (innate): fast, pattern-based response to any 
invader after a breach 
3. Adaptive (acquired): slow, highly specific, has memory for 
faster secondary responses 

Causal Chain: Why Innate and Adaptive Immunity Are Not 
Separate Systems 
Innate acts first and fast → stimulates and co-stimulates 
adaptive. The two systems are intertwined, not separate. 

Common Errors 
Error: Treating innate and adaptive as independent systems. The 
innate response routinely triggers and shapes the adaptive one. 
Error: Thinking adaptive immunity is simply better. It is slower to 
start but can be powerful; the need for speed is exactly why the 
innate layers exist and act first. 

Prediction Prompt 



immunity, slow to start because it must ramp up cells and antibodies 
specific to one invader, but it has memory, responding faster and 
stronger on a second exposure months or years later. Stress that 
innate and adaptive immunity are intertwined, with the fast innate 
system stimulating the slower adaptive one. 

Predict: A novel pathogen breaches the skin. Order the three 
defense layers by when each contributes, and state what each is 
recognizing. 

 

Section 11: Physical Barriers — The Surface-Area Argument and Chemical Defense at the Border 

Instructor Narrative Structured Outline / Causal Chain 

The move: Since skin is relatively small in area and the internal 
linings huge, most defense investment sits beneath the wet interior 
surfaces (epithelia). A chemical border also attacks microbes before 
they ever breach it. 

The body's barriers are mostly internal 

Lead with the surface-area comparison. Skin is an obvious barrier, but 
it is only about two square meters, the size of a small dining table. 
The respiratory, digestive, and urogenital linings together expose well 
over a hundred square meters, the size of a room. That is where the 
greater number of defenses are needed, and where much of the 
immune system sits waiting just beneath the membrane. The barrier 
itself is the wall a microbe must breach to cause real damage in 
deeper tissue. 

Barriers defend by chemistry, not just partitions 

Consider the chemistry at the border. We do not only fight microbes 
after they cross; we attack them on the surface. Many epithelial cells 
secrete antimicrobial peptides that limit microbial proliferation. 
Secretions that serve other purposes pull double duty: stomach acid 
that aids digestion also kills many ingested microbes, and tears and 
saliva carry enzymes that degrade bacterial cell walls. The logic to 
leave students with is that the barrier is both a physical wall and a 

Causal Chain: Why Most Defense Sits Beneath the Internal 
Linings 
Skin ~ 2 m2 (small) vs respiratory + digestive + urogenital linings 
>100 m2, so most exposure is internal; and those linings must 
stay thin enough to exchange, which makes them the easier 
barrier to cross. Most defense therefore sits beneath wet 
membranes. 
The barrier's role: the wall a microbe must breach to reach and 
damage deeper tissue 

Chemical Defense at the Border 
Antimicrobial peptides: secreted by epithelia → cationic 
peptides insert into the anionic microbial membrane and disrupt it 
→ limit microbe proliferation on the surface 
Secretions pull double duty: stomach HCl kills ingested 
microbes; tears and saliva carry wall-degrading enzymes 

Common Errors 
Error: Thinking of skin as the main barrier. By area, the internal 
mucosal linings vastly exceed it in exposed area and need more 
defense. 
Error: Assuming barriers are purely physical. They are also 
chemically hostile, attacking microbes before any breach. 

Prediction Prompt 
Predict: A biosynthetic membrane is used to cover a third-degree 
burn. State the key attribute it must provide and why, in barrier 
terms. 



chemically hostile zone, and that defense is concentrated where 
exposure is greatest. 

 

Section 12: Complement — A Protein Cascade That Labels, Recruits, and Punches Holes 

Instructor Narrative Structured Outline / Causal Chain 

The move: Present complement as the protein counterpart to 
antibodies, a zymogen cascade that, like the clotting cascade, 
converges on one step, C3 cleavage. Then organize its outputs into 
these steps: label, recruit, kill, and protect self with control proteins. 

Complement is the innate amplifier 

Frame complement first. It is a grouping of more than twenty liver-
made plasma proteins, mostly zymogens, poised to activate. It is 
named complement because its actions complement those of 
antibodies. Like clotting, activation is a domino cascade where each 
protease cleaves and activates the next. The crucial step is cleavage 
of complement component three, C3, into C3a and C3b. C3b binds 
covalently to the microbe surface, the step called complement 
fixation. 

Sort complement's outputs by what they do 

Sort the outputs by what they accomplish. C3b on the surface is 
opsonization, a label that says “destroy me” to phagocytes, like 
adding relish to make a microbe tastier to eat. Other fragments recruit 
and activate more leukocytes, recruiting additional cells to the 
response. And complement proteins assemble into the membrane 
attack complex, a pore that dissipates the microbe's transmembrane 
gradients and kills it outright, in contrast to opsonization, which labels 
a cell for someone else to kill. Add the safety system: tagging our own 
cells would be catastrophic, so complement control proteins are 
recruited to self-cells by host-specific markers, disrupting the cascade 
on healthy cells. Finally, three triggers feed the same C3 step, fast to 
slow: the alternative pathway (spontaneous, accelerated by 

Causal Chain: How the Complement Cascade Converges on 
C3 Fixation 
20+ liver-made plasma zymogens → cascade, each protease 
activates the next → converges on cleavage of C3 → C3a + C3b 
→ cleavage exposes a short-lived reactive site on C3b, so it can 
bond covalently only to a surface right beside it → C3b binds 
microbe (fixation) 

Three Outputs (Label, Recruit, Kill) 
Opsonization: C3b label → complement receptors on 
phagocytes bind the label → phagocytes destroy the tagged 
microbe 
Recruitment: fragments attract and activate more leukocytes 
MAC: pore in microbe membrane → gradients dissipate → water 
follows ions inward and membrane potential collapses → direct 
kill 

Self-Protection 
Complement control proteins sit on host membranes (decay-
accelerating factor among them) and are recruited from plasma 
by host surface sugars → disrupt the cascade → fixation and 
MAC confined to microbes 

Three Triggers (Fast to Slow) 
Alternative: spontaneous C3 tickover runs everywhere; host 
regulators shut it down, so it proceeds only on surfaces that lack 
them 
Lectin: mannose-binding lectin binds microbe-specific sugars 
Classical: antibody labeling (links to adaptive immunity) 

Common Errors 



microbes), the lectin pathway (binds microbe-specific mannose), and 
the classical pathway (antibody labeling). 

Error: Thinking complement is a cell type. It is a set of soluble 
plasma proteins. 
Error: Conflating opsonization with the MAC. Opsonization labels 
for others to kill; the MAC kills directly by forming a pore. 

Prediction Prompt 
Predict: Myeloid progenitors acquire a mutation that lowers 
decay-accelerating factor on red cells. Predict the effect on those 
cells and how the plasma would change. 

 

Section 13: Professional Phagocytes — Macrophages and Neutrophils, Recognition, Digestion, and the APC Handoff 

Instructor Narrative Structured Outline / Causal Chain 

The move: Present the two professional phagocytes by contrasting 
their deployment, resident macrophages versus circulating 
neutrophils, then unify their recognition logic and end on the single 
most important link to adaptive immunity, antigen presentation by the 
macrophage. 

Deployment timing separates the phagocytes 

Contrast deployment first, because it explains timing. Macrophages 
are monocyte-derived residents of the tissue interstitium, a fast first 
line right where infection starts, and they also do housekeeping by 
clearing dead and dying cells. Neutrophils mostly circulate and must 
be drawn out of blood by extravasation in response to infection, so 
they arrive a little later, but they outnumber macrophages roughly ten 
to one, making them the more powerful system overall. 

Recognition and digestion are one process 

Then unify recognition and digestion. Both phagocytes bind their 
targets four ways: damage-associated molecular patterns (DAMPs) 
on dying cells, complement labels (C3b), pattern recognition receptors 
binding microbe-associated patterns directly, and antibody labels. 
Whatever the route, the engulfed material lands in a phagosome that 
fuses with an enzyme-laden lysosome to form a phagolysosome, 

Deployment Contrast 
Macrophages: tissue-resident (monocyte-derived), first 
responders, also clear dead cells 
Neutrophils: mostly circulating, recruited by extravasation, ~ 
10:1 more numerous 

Four Recognition Routes 
DAMPs (dying cells) | complement C3b label | PRRs bind 
microbe patterns directly | antibody label → phagocytosis 

Digestion 
Phagosome → fuses with lysosome → phagolysosome → acid, 
digestive enzymes, and a burst of reactive oxygen kill the 
microbe → contents digested to fragments 

Causal Chain: How a Phagocyte Becomes an Antigen-
Presenting Cell 
Macrophage digests microbe → loads fragments on MHC II → 
displays at surface → only a T cell whose receptor matches that 
fragment can bind → activates T cells (flagpole and flag) 
Critical distinction: both phagocytose; only macrophages (and 
dendritic cells, B cells) present antigen as APCs 

Common Errors 



where the contents are digested. End on the handoff that bridges to 
adaptive immunity: the macrophage loads fragments of the digested 
microbe onto MHC class two proteins and displays them at the 
surface for T cells. Using a flagpole and flag analogy, MHC is the 
pole, the foreign antigen is the flag run up to start the war. This is 
what makes the macrophage an antigen-presenting cell (APC): both 
phagocytes ingest microbes, but only the macrophage loads the 
fragments onto MHC II, which is why only it presents antigen. 

Error: Assuming neutrophils are slower because they are 
weaker. They arrive later only because they must leave the 
blood; their numbers make them dominant. 
Error: Thinking all phagocytes present antigen. Neutrophils kill 
but do not act as APCs. 

Prediction Prompt 
Predict: A neutrophil and a macrophage both ingest the same 
opsonized bacterium. Predict which one can subsequently 
activate a helper T cell, and why. 

 

Section 14: MHC I versus MHC II — Two Display Systems for Two Threats, Inside vs Outside 

Instructor Narrative Structured Outline / Causal Chain 

The move: Make the two MHC classes a clean dichotomy: MHC I lets 
every nucleated cell show what it is making inside, MHC II lets 
professional cells show what they ate outside. The class tells you 
which threat is being reported and which T cell will respond. 

Every cell displays its contents 

Start with the universal display system. Every nucleated cell, which 
excludes red cells, expresses MHC class I and uses it to show small 
samples of the proteins it is making internally. Normally these are self-
peptides and the immune system ignores them. But when a cell is 
infected by a virus or turns cancerous, the proteins it makes are no 
longer self, so MHC I becomes the way a sick cell announces it 
should be removed. The cytotoxic T cell responds to MHC I-bound 
foreign antigen by killing the cell. 

Professional presenters display what they eat 

Then contrast with the professional system. MHC class II is 
expressed by antigen-presenting cells, which display fragments of 
material they phagocytosed from outside. A different T lymphocyte, 
the helper, responds to MHC II and aids antibody production rather 
than killing directly. State the dichotomy: MHC I reports intracellular 

MHC I, the Universal Reporter 
All nucleated cells (not RBCs) → sample internally made proteins 
→ proteasomes continuously chop cytosolic proteins into 
peptides that are loaded in the ER → display on MHC I → 
normally self (ignored) 
Virus infection or cancer → abnormal proteins displayed on MHC 
I → recognized as foreign → cytotoxic (CD8) T cell kills the cell 

MHC II, the Professional Reporter 
APCs phagocytose external material → display fragments on 
MHC II → helper (CD4) T cell responds → co-stimulates B cells 
that bound the same antigen → drives antibody production 

Causal Chain: Why the MHC Class Determines Which T Cell 
Responds 
MHC I: intracellular errors → direct cell-mediated removal (CD8) 
MHC II: extracellular antigens → antibody-mediated removal 
(CD4) 

Common Errors 
Error: Thinking only immune cells display antigen. All nucleated 
cells present via MHC I; only APCs add MHC II. 
Error: Assuming cells sample only old proteins. New proteins are 
sampled too, so viral proteins are caught quickly. 



errors and leads to direct cell-mediated removal, while MHC II reports 
extracellular antigens and leads to antibody-mediated removal. Add 
this helpful sampling insight: cells display newly made proteins, not 
just old ones, because waiting only to sample old proteins would let a 
virus run rampant for days before being noticed. 

Prediction Prompt 
Predict: A virus evolves to degrade MHC proteins. Predict which 
class it is more likely to target and why that helps it hide. 

 

Section 15: Antiviral Innate Defense — Interferon Shuts Down Protein Factories; NK Cells Hunt the Missing Self 

Instructor Narrative Structured Outline / Causal Chain 

The move: Frame the antiviral problem precisely: a replicating virus is 
invisible to complement and phagocytes while it hides inside a cell. 
Then teach the two innate immune defenses, interferon that 
sabotages protein production, and NK cells that kill cells which stop 
displaying self. 

State the viral problem first 

State the problem first. Viruses are not free-living; they are protein-
coated genetic packets that use a host cell's machinery to replicate. 
While a virus replicates inside a cell, it is invisible to the complement 
and phagocytes that handle extracellular threats, which risks rampant 
replication before a response. Evolution supplied two innate 
countermeasures. 

Interferon is sabotage, not attack 

Teach interferon as sabotage. When pattern recognition receptors 
(PRRs) detect viral infection, certain cells, especially plasmacytoid 
dendritic cells, which are the largest source, secrete interferons. 
Interferons interfere with protein production in infected cells, which 
stops viral protein synthesis along with the cell's own, shutting the cell 
down so it can no longer churn out virus. Interferon also drives 
infected cells into apoptosis, programmed cell death, so the cell is 
destroyed before it can propagate the virus. Then introduce NK cells 
as missing-self detectors. Natural killer cells are called natural 
because they do not require antigen presentation to act. NK cells form 

Causal Chain: Why an Intracellular Virus Escapes 
Complement and Phagocytes 
Virus enters a host cell and uses its synthetic machinery → 
replicates intracellularly → invisible to complement and 
phagocytes → risk of rampant spread 

Interferon (Protein Sabotage) 
PRRs detect virus → infected cell secretes interferons 
(plasmacytoid dendritic cells are the largest source) → interferon 
binds receptors on that cell and its neighbors → antiviral proteins 
are induced that block translation → viral (and host) protein 
production halts → neighboring cells are primed before the virus 
arrives, so spread is contained 
Interferon also drives infected cells into apoptosis → the cell is 
destroyed before it can release progeny virus 

NK Cells (Missing-Self) 
NK cells need no antigen presentation; their inhibitory receptors 
read MHC I on healthy cells → that binding normally holds the NK 
cell in check → a virus that suppresses MHC display, which 
shields it from cytotoxic T cells, also removes the inhibition 
(missing self-recognition) → with activating receptors still 
engaged by stress ligands, the balance tips toward killing → NK 
cell attacks 
NK kill mechanism: perforin → membrane pore → granzymes 
enter through it → caspases activated → apoptosis 

Common Errors 



synapses with tissue cells that are normally inhibitory, held in check 
by binding MHC. When a virus suppresses MHC display, which 
shields it from T cells, that very loss removes the inhibition, missing-
self recognition, and the NK cell attacks, releasing perforin to form a 
membrane pore and granzymes to trigger apoptosis. The logic is that 
the same change that shields a virus from T cells is exactly what 
marks the cell for NK killing. 

Error: Thinking interferon attacks the virus directly. It shuts down 
the infected cell's protein production and pushes it toward 
apoptosis. 
Error: Assuming a cell hiding by dropping MHC is safe. Losing 
MHC is exactly what NK cells detect as missing self. 

Prediction Prompt 
Predict: A virus blocks MHC I display to evade cytotoxic T cells. 
Predict how NK cells respond and explain the logic of missing-
self recognition. 

 

Section 16: Inflammation — Four Signs from Two Vascular Changes, Dilation and Permeability 

Instructor Narrative Structured Outline / Causal Chain 

The move: Inflammation is an immune defense mechanism: local 
mediators cause vasodilation and increased permeability, and from 
those two changes the four classic signs and leukocyte recruitment all 
follow. These include heat, redness, swelling, and pain. Urge students 
to consider the cause and adaptive value of these signs rather than 
try to memorize them. 

Inflammation is the generalized innate response 

Define inflammation as the generalized innate response to infection or 
irritation, marked by heat, redness, pain, and swelling, and explain 
that infection and inflammation are not synonyms. Start in healthy 
tissue: blood flows from capillaries into a venule, inactive tissue 
macrophages do housekeeping, and lymphatics carry off excess fluid. 
Then breach the epithelium so surface microbes enter, and the 
macrophages, recognizing microbe-associated patterns, and mast 
cells release mediators, histamine, serotonin, and prostaglandin E2. 

Two vascular changes explain every sign 

Now derive all facets of the inflammation response from two vascular 
changes. The mediators dilate vessels, which increases blood flow, 
and that increased flow accounts for the redness and heat. The faster 

Two Vascular Changes Drive Everything 
Macrophage/mast cell PRRs bind microbe patterns → release 
histamine, serotonin, PGE2 → (1) vasodilation and (2) increased 
permeability 

Causal Chain: How Two Vascular Changes Produce Four 
Signs 
Redness + heat: vasodilation → increased blood flow → more 
warm blood in the dilated superficial vessels → redness and heat 
Swelling: permeability up → plasma proteins leak into the 
interstitium → the oncotic gradient across the wall collapses, 
mostly because interstitial protein rises → net filtration rises → 
fluid accumulates in the tissue 
Pain: PGE2 stimulates peripheral sensory neurons by lowering 
their firing threshold → pain is perceived → the region is guarded 
from further use 

Leukocyte Recruitment 
Faster flow → RBCs to axis, leukocytes to margins (margination) 
→ selectins on activated endothelium catch them into a slow roll 
→ integrins clamp them down → neutrophils extravasate → 
chemotaxis to infection 
Increased permeability → complement and antibodies reach 
tissue + more lymph flow → more antigen shown to lymph nodes 



flow drives red cells to the vessel axis and pushes white cells, largely 
neutrophils, to the margins, leukocyte margination, which positions 
them to extravasate and be drawn chemotactically to the infection. 
The second change is permeability: histamine disrupts the 
endothelium so the wall leaks. That raises permeability to 
complement and antibody proteins entering the interstitium and, 
crucially, lets plasma proteins cross, which lowers the oncotic gradient 
that normally pulls fluid back into the capillary, so net filtration rises 
and fluid accumulates in the tissue, the swelling. PGE2 also stimulates 
pain neurons, the fourth sign, which adaptively reminds us to protect 
the area. More leak also means more lymph flow, exposing more 
antigen to the lymph nodes. Tie this discussion off by noting NSAIDs 
like aspirin and ibuprofen block prostaglandin production, dampening 
inflammation and pain. 

Common Errors 
Error: Treating infection and inflammation as the same thing. 
Inflammation also follows injury and irritants with no infection. 
Error: Attributing swelling to increased blood flow. Flow causes 
redness and heat; permeability (plasma protein leak) causes 
swelling. 

Prediction Prompt 
Predict: Aspirin and ibuprofen limit eicosanoid production. 
Predict their effect on the signs of inflammation and explain the 
mechanistic link through PGE2. 

 

Section 17: B Cell Activation — A Library, Clonal Selection, and the Helper T Cell Double-Check 

Instructor Narrative Structured Outline / Causal Chain 

The move: Teach B cells as a vast pre-built library searched by 
antigen, then clonally expanded. The conceptual centerpiece is linked 
recognition, a two-key safety check where the B cell and a helper T 
cell must both recognize the same antigen before antibody production 
ramps up. 

The adaptive system is a prebuilt library 

Open with the library metaphor. The marrow builds a naive B cell 
library, many millions of groups, each with a different membrane-
bound receptor, so that some receptor matches almost any possible 
foreign antigen. Central tolerance has already removed the self-
reactive ones. When an antigen matches a particular B cell's receptor 
(BCR), that cell is selected and clonally expanded, dividing again and 
again to produce a large population, mostly antibody-secreting 
plasma cells plus a smaller set of memory B cells held in reserve for a 

Library and Selection 
Marrow builds naive B cell library (millions of receptors) → self-
reactive ones removed (tolerance) → antigen matches one 
receptor → receptor cross-linking signals that cell to divide → 
clonal selection and expansion 
Expansion → mostly plasma cells (secrete antibody) + smaller 
pool of memory B cells (reserve for secondary infection) 
BCR identity: the B cell receptor is a membrane-bound version 
of the antibody it will secrete 

Causal Chain: Why Antibody Production Requires Two Keys 
B cell binds antigen → phagocytoses and digests it → displays 
fragments on MHC II → helper T cell (activated by same antigen) 
recognizes it → CD40 ligand on the T cell engages CD40 on the 
B cell and cytokines cross the contact → co-stimulates B cell → 
full activation 



future infection. Note that the B cell receptor is just a membrane-
bound version of the antibody it will secrete. 

Linked recognition is the safety check 

Then point out the critical role of linked recognition. In most cases the 
B cell cannot act on receptor binding alone. It phagocytoses the 
bound antigen, digests it, and displays fragments on MHC II, acting as 
an antigen-presenting cell to a helper T cell that was independently 
activated by the same antigen. If the helper T cell also recognizes that 
antigen, it co-stimulates the B cell, the double-check, and only then 
does full division and differentiation proceed to plasma and memory 
cells. Frame this as two keys turning the same lock, a guard against 
mistakenly mounting a response, with the helper T cell secreting 
cytokines that amplify antibody output. 

Why this matters: two independent recognitions of the same 
antigen guard against an inappropriate response; helper 
cytokines amplify antibody output 

Common Errors 
Error: Thinking the body makes a new B cell to match each 
antigen. The library is pre-built; antigen selects and expands an 
existing clone. 
Error: Assuming receptor binding alone triggers antibody 
production. Most responses also require helper T cell co-
stimulation via linked recognition. 

Prediction Prompt 
Predict: Agammaglobulinemia prevents immunoglobulin 
production. Predict the effect of an attenuated-virus vaccine in 
such a patient and explain why. 

 

Section 18: Antibody Structure, Classes, and Actions — One Y-Shaped Tool, Five Tips Swapped, Three Ways to Clear a 
Pathogen 

Instructor Narrative Structured Outline / Causal Chain 

The move: Build the antibody from its well-adapted functional shape: 
variable arms that bind antigen, a constant stem that engages 
immune cells. Then explain how immense diversity is generated 
easily, how class switching swaps the stem, and reduce antibody 
action to three actions: opsonize, neutralize, agglutinate. 

Start with the antibody molecule 

Start with the molecule. An antibody is a Y-shaped glycoprotein with 
two regions. The arm tips, the Fab regions, are highly variable and 
form the antigen-binding sites. The stem, the Fc region, is more 
constant and is the part that interacts with other immune cells through 
their receptors, and that also anchors the antibody as the receptor on 
a naive B cell. Then explain diversity, because students routinely 
assume we need a gene per antibody. That is not the case: a lottery-
style shuffling of immunoglobulin gene segments, somatic 

Structure 
Fab (variable arms): two antigen-binding sites; matched to a 
specific antigen 
Fc (constant stem): engages immune-cell receptors; anchors the 
BCR on naive B cells 

Derivation Chain: How a Small Gene Library Covers Almost 

Any Antigen 
Limited gene segments, recombined lottery-style + random 
nucleotide additions → >1 billion possible receptors → the library 
covers nearly any antigen; each mature B cell still makes only one 

Classes and Switching 
Fc differences → five classes; isotype switching swaps only Fc → 
same antigen specificity, different immune partners 
Headlines: IgG (dominant, crosses placenta), IgA (mucosal), IgM 
(early, complement), IgD/IgM (BCRs), IgE (parasites, allergy) 



recombination, plus the imperfect cut-and-paste that adds random 
nucleotides, generates upwards of a billion versions from a limited set 
of segments. Each mature B cell still makes only one. 

Class determines what the antibody does 

Then discuss antibody classes and actions. Differences in the 
constant Fc stem generate five classes, each suited to different 
partners, and isotype switching swaps only the Fc, so antigen 
specificity is kept while the cell changes which immune elements it 
engages. Cite the headline roles: IgG dominates blood and lymph 
and gives most protection and is the only class crossing the placenta; 
IgA defends mucosal surfaces; IgM is the large early responder and 
complement activator; IgD and IgM serve as B cell receptors; IgE 
drives parasite defense and allergic responses. Finally reduce 
antibody action to three actions. Opsonize, label a microbe for 
phagocytes or complement. Neutralize, coat a virus or toxin so it 
cannot dock or damage. Agglutinate, use the two binding sites to 
cross-link many microbes into a clump. Emphasize that antibodies 
are not directly toxic; they recruit other elements or block function. 

Three Actions 
Opsonize: label for phagocytes/complement → Fc receptors on 
phagocytes grip the coated microbe 
Neutralize: block viral docking or toxin damage → the surface the 
virus uses to attach is physically covered 
Agglutinate: cross-link microbes into clumps → the clump is 
immobilized and cleared in one engulfment 

Common Errors 
Error: Thinking each antibody needs its own gene. 
Recombination generates great diversity from a small segment 
library. 
Error: Believing antibodies kill directly. They label, block, or 
clump; other elements do the killing. 

Prediction Prompt 
Predict: Class switching from IgM to IgG is blocked. Predict the 
effect on circulating antibody protection and name a likely clinical 
consequence. 

 

Section 19: Memory and the Secondary Response — Why the Second Hit Is Faster, Larger, and Sharper, and How 
Vaccines Exploit It 

Instructor Narrative Structured Outline / Causal Chain 

The move: Trace the time course of antibody titer as the central 
result of adaptive immunity. The primary response is slow and weak; 
the secondary is fast, large, and higher affinity. Credit memory cells 
and affinity maturation for the strong secondary response, and how 
vaccination capitalizes on the entire process. 

Trace the response over time, exposure by exposure 

Walk students through antibody concentration over time. Before the 
first exposure there is no antigen-specific antibody. The primary 
infection shows a long lag while B cells bind antigen, get helper T co-

Primary Response (Slow, Weak) 
First exposure → long lag (bind, helper co-stim, divide, gear up) 
→ IgM can be made at once, but switching to IgG needs further 
helper signals and days → IgM first (complement, neutralize) then 
IgG (opsonize) → titers fall after ~ 1 year but not to zero (long-
lived plasma cells) 

Secondary Response, Three Wins 
Faster: memory B cells are already class switched and need less 
co-stimulation → short lag 



stimulation, divide into plasma cells, and gear up production. IgM 
appears first, good at complement activation and neutralization; IgG 
follows, better at opsonization. After about a year titers fall sharply but 
not to zero, because long-lived plasma cells keep producing small 
amounts for years. 

Memory makes the second response extremely potent 

Then contrast the secondary response and explain why it’s powerful 
on three counts. The low residual antibodies help a little, but the real 
engine is the memory B cells made during the primary response, 
sitting ready. On re-exposure the lag is much shorter, the IgG 
response is enormous and fast, and the antibodies bind better 
because of affinity maturation, each subsequent exposure yielding 
antibodies with greater specificity and affinity. Faster, larger, sharper. 
Close with the application that ties the section together: vaccination is 
an intentional primary exposure to a safe (dead or attenuated) 
antigen, generating memory so that a real infection later meets a 
robust, rapid response and is wiped out before it causes significant 
disease. 

Larger: the clone selected in the primary response is already 
expanded, so far more cells respond → big IgG surge 
Sharper: affinity maturation (somatic hypermutation with 
selection of the best binders) → higher binding affinity 

Causal Chain: Why Vaccination Produces Protection 
Safe antigen = intentional primary exposure → memory cells 
formed → genuine infection later meets fast, robust response → 
cleared before significant disease 

Common Errors 
Error: Crediting the secondary response mainly to leftover 
antibodies. The dominant effect is rapid memory B cell activation. 
Error: Assuming repeat responses are just bigger. They are also 
higher affinity via affinity maturation. 

Prediction Prompt 
Predict: Using the primary and secondary time courses, explain 
why a booster vaccine produces a faster, higher, and higher-
affinity antibody response than did the first dose. 

 

Section 20: T Cells — CD4 Helpers Orchestrate, CD8 Killers Execute, and Both Leave a Memory 

Instructor Narrative Structured Outline / Causal Chain 

The move: Close the chapter by separating the two T cell jobs by 
their MHC partner and consequence. CD4 helpers read MHC II and 
coordinate; CD8 killers read MHC I and destroy. Stress the heavier 
safety check on the killers and the memory and shutoff that end the 
response. 

T cells handle what antibodies cannot reach 

Frame why T cells exist alongside B cells: antibodies are superb at 
tagging free antigen but cannot detect a virus hidden inside a cell. T 
cells fill that gap, but they do not respond to free antigen; antigen 
must be presented on MHC by an APC, typically a dendritic cell that 

Why T Cells (the Gap Antibodies Leave) 
Antibodies tag free antigen but cannot see intracellular virus → T 
cells require MHC-presented antigen → dendritic cell carries 
antigen to lymph node and searches the naive T pool 

CD4 Helpers (Orchestrate) 
The T cell receptor reads the displayed peptide while CD4 binds 
MHC II (external antigens) → activation → IL-2 autocrine → 
clonal expansion (effector + memory) 
Jobs: co-stimulate B cells (linked recognition); activate 
macrophages, neutrophils, NK cells; do not kill directly 



phagocytoses antigen at a mucosal surface and migrates into the 
lymph node to search the naive T cell pool for a match. Helper T cells 
carry the CD4 co-receptor, which is specific to MHC II, so they 
respond to phagocytosed external antigens. On activation a CD4 cell 
secretes interleukin-2 that acts back on itself in autocrine fashion to 
drive clonal expansion into effector and memory cells. Their jobs are 
coordination, not killing: helping activate B cells through linked 
recognition, and migrating to tissue to activate macrophages, 
neutrophils, and NK cells. 

Killing infected cells needs a safety check 

Conclude the unit by focusing on the killers, with the safety logic up 
front. Cytotoxic T cells carry CD8, specific to MHC I, which all 
nucleated cells express, so CD8 cells can inspect any cell for viral or 
cancerous antigen. Because they actually kill, their activation is tightly 
controlled: in many cases a dendritic cell must engage both a CD4 
helper and the naive CD8 cell at once, the helper supplying IL-2 as a 
second confirmation before the killer is activated. This is why dendritic 
cells display both MHC I and MHC II. Once activated, CD8 cells 
clonally expand into effectors and memory cells, leave the node, and 
are drawn to infection sites, where on contact with an infected or 
cancerous cell they release perforin to form a pore and granzymes to 
trigger apoptosis, the same tools as NK cells. End with resolution: 
after the threat is cleared, most activated T cells undergo apoptosis to 
avoid dangerous accumulation, while small memory T cell pools 
survive to speed the next response. 

CD8 Killers (Execute, With a Safety Check) 
The T cell receptor reads the displayed peptide while CD8 binds 
MHC I (all nucleated cells) → can inspect any cell → because 
they kill, often require dual stimulation (dendritic cell + CD4 helper 
supplying IL-2) 
Activated CD8 → clonal expansion → migrate to infection → 
perforin (pore) + granzymes (apoptosis) → kill infected/cancerous 
cell 

Causal Chain: Why the Response Shuts Down but Leaves 
Memory 
Threat cleared → antigen and the IL-2 that sustained the clone 
disappear → most activated T cells undergo apoptosis → small 
memory T pools persist → faster secondary response 

Common Errors 
Error: Thinking CD4 helpers kill pathogens. They coordinate; 
CD8 cells do the killing. 
Error: Assuming a dendritic cell activates CD8 cells alone in all 
cases. Killing-cell activation is often gated by a CD4 helper as a 
second check. 

Prediction Prompt 
Predict: HIV preferentially infects and depletes CD4+ T cells. 
Trace the source of their falling numbers and the downstream 
effect on B cell antibody production and overall immunity. 

 


