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Resource Hub 

 

Section 1: Water Structure and the Bound–Bulk Continuum — Not all of your water is free to 
move 

 

Opening move of the chapter. Break the default picture of water as inert tissue filler before any compartment talk begins. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Bring physiological water to the foreground. Establish that 
cellular water exists on a continuum of mobility, then close on the 

The Bound–Bulk Continuum 
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consequence that matters: bound (trapped) water makes a cell more 
vulnerable to dehydration, not less. 

Water is a dipole, so it sticks to charge and to itself 

Within water, oxygen pulls the shared electrons toward itself, leaving the 
oxygen end slightly negative and the two hydrogens slightly positive. That 
permanent charge separation is a dipole, and it is the whole reason water 
behaves the way it does. A water molecule is attracted to anything 
charged, including the next water molecule over, whose positive 
hydrogens line up against the negative oxygen of its neighbor. 

A useful image here is a barrel of monkeys toy. Each molecule links to 
the next, and the next, in a shifting web of attractions. That linkage is 
what you are seeing when a drop of water domes on a tabletop instead of 
flattening: surface tension is the dipole pulling water inward on itself. Hold 
onto that picture, because the same attraction is what structures water 
adjacent to proteins and membranes inside the cell. 

Cellular water sits on a continuum from bound to bulk 

Where water touches the charged surface of a protein or the polar heads 
of a membrane, it is held so tightly it essentially never leaves. That is 
bound water, and it behaves like a gel rather than a liquid. Move outward 
and you reach an intermediate layer, structured but less rigidly, that 
exchanges slowly. Move out further and you reach free or bulk water, 
unstructured and swapping partners every few picoseconds. Only this 
bulk water moves in response to an osmotic gradient across membranes. 

A key fact in many cells is that a substantial fraction of the water is bound 
or intermediate, not free. So when we later talk about water moving 
osmotically in and out of a cell, we are talking about a fraction of the total, 
not the whole pool. The rest hydrates macromolecules and remains 
trapped. 

Bound water makes cells more vulnerable to dehydration, 
not less 

It is tempting to read bound water as a protective reserve, water the cell 
cannot lose. The logic runs the other way. Because the bound fraction is 
fixed, any water the cell does lose comes out of the small free pool, and 

• Bound water: structured against charged surfaces, no 
exchange, behaves as a gel, not osmotically 
removable from the cell 

• Intermediate (vicinal) water: partly structured, slow and 
limited exchange (also part of the hydrogel) 

• Bulk (free) water: unstructured, picosecond exchange, 
the only water that moves osmotically 

Causal Chain: Why Dehydration Hits Metabolism Hard 

free (bulk) water lost → the remaining free water no 
longer spans the crowded cytoplasmic mesh → liquid 
continuum fragments into islands → pyruvate cannot 
readily diffuse from cytoplasm to mitochondria → 
oxidative ATP production impeded while cellular ATP 
demand continues → reliance shifts toward glycolysis 
(anaerobic) 

Key Distinction: Amount of Water vs. Available Water 

• Amount of water: total cellular water content, much of 
it structured within a hydrogel 

• Available water: the free fraction that can move 
osmotically and aid metabolism through enhanced 
diffusion (it has lower viscosity, which speeds 
diffusion, and provides pathways through a mesh of 
hydrated cytoplasmic proteins) 

Common Errors 

• Error: Treating all cellular water as one 
interchangeable pool. Much is bound and immobile. 

• Error: Reading bound water as protection against 
dehydration. It magnifies the impact of losing the free 
water.  

• Error: Equating how much water a cell holds with how 
much is free to move osmotically. 

Prediction Prompt 

• Predict: A cell packed with unusually high protein 
content: how does its bound-to-free ratio compare to a 



losing free water has an outsized effect. As the bulk water shrinks, the 
liquid continuum can fragment into isolated islands. 

Tie this to metabolism to emphasize the point. Glycolysis runs in the 
cytoplasm, the Krebs cycle in the mitochondria. Pyruvate has to diffuse 
from one to the other through bulk water. Strand that water in 
disconnected pockets and pyruvate cannot reach the mitochondria 
effectively, so a dehydrating cell relies more and more on anaerobic 
metabolism. The structure of water, not just its amount, determines what 
the cell can do. 

typical cell, and would you expect it to be more or less 
sensitive to a given water loss? 

 

Section 2: The Interstitial Hydrogel — Water held in a gel, not in a liquid pool 

 

Carries the bound–bulk idea outside the cell. The point is understanding why your feet do not swell every time you stand. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Show that the same structuring that orders water inside the 
cell also orders the interstitial fluid, and that this gel has a mechanical 
role: it holds water against gravity while still allowing fluid and solute shifts 
between cells and plasma. 

The interstitial fluid is a gel, even more so than cytoplasm 

Cells secrete an extracellular matrix of hydrated proteins, glycoproteins, 
and polysaccharides, and the membrane-bound glycoproteins form the 
highly hydrated glycocalyx coating nearly every cell. All of that charged 
surface structures the surrounding water. So the interstitial fluid is not a 
liquid the cells sit in. It is a partial hydrogel, water held in a 
macromolecular mesh. 

The useful image is a saturated sponge. Add water to one end and water 
oozes out the other, but the sponge itself stays put and the water travels 
along channels of free water threading through the stationary gel. That is 
exactly how fluid moves from the capillaries, through the interstitium, and 
into the lymph: flow through a gel, not flow through an open space. 

What Structures the ISF 

• Secreted extracellular matrix: hydrated proteins, 
glycoproteins, polysaccharides 

• Glycocalyx: membrane-bound glycoprotein coat 
surrounding most cells 

• Result: a partial hydrogel with free-water channels 
running through it 

Key Distinction: Gel Water vs. Free-Water Channels 

• Gel water: structured, stationary, resists gravity 

• Free-water channels: irregular mobile flow paths 
through the gel that carry bulk fluid toward lymph 

Common Errors 

• Error: Picturing the ISF as an open pool the cells float 
in. It is a gel with aqueous channels permeating it. 

• Error: Assuming interstitial water moves freely under 
gravity. The matrix opposes that drainage. 



The gel opposes gravity, which is why standing does not 
pool fluid in your feet 

Free water responds to gravity. If interstitial water were all free, every 
time you stood up it would trickle downward and your feet and hands 
would swell quickly. The glycocalyx and extracellular matrix hold the 
water in a gel and resist that gravitational drainage. Significant pools of 
free, gravity-mobile water only appear in the interstitium under abnormal 
conditions such as injury or disease, which is what edema is. 

The same water-attracting quality sets a minimum as well as resisting 
flow. Because the glycocalyx is hygroscopic, it holds water so tenaciously 
that the structured fraction will not easily leave the surface of cells, which 
puts a lower limit on how dry the interstitial space can become. In practice 
that floor is rarely approached, since fluid is constantly moving through 
the interstitium, but the ISF is better pictured as a very large number of 
incompletely connected networks threading through a gelatinous sponge 
than as one continuous, freely drainable pool. 

• Error: Treating edema as merely extra fluid rather 
than free water exceeding the ability of the 
extracellular matrix to structure it within a hydrogel. 

Prediction Prompt 

• Predict: If the glycocalyx of a tissue were degraded, 
predict the effect on the resistance to interstitial fluid 
flow and gravity-dependent swelling. 

 

Section 3: Water Balance and the Steady State — Intake and output must match over time 

 

Short orienting section. The concept that matters is steady state, not the specific numbers. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Introduce steady state as a general physiological idea, then 
split losses into the ones the body controls and the ones it cannot, 
because that distinction returns in several regulatory chapters. 

Over time, water gained must equal water lost: this is 
steady state 

On any given day intake and output rarely match minute to minute, but 
across time they have to balance or compartment volumes drift. We call 
that long-term balance a steady state, and it is one of the recurring ideas 
of the course, the same idea you will meet again for sodium, for glucose, 

Two Categories of Water Loss 

• Insensible: skin evaporation and respiratory vapor, 
uncontrolled, removes pure water 

• Sensible: urine (regulated), sweat, fecal, detectable, 
removes water and solute together 

Key Distinction: Insensible Loss vs. Sensible Loss 

• Insensible loss concentrates body fluid (water only) 

• Sensible loss can change concentration in either 
direction (water plus solute) 



for nearly every regulated quantity. The bookkeeping for a resting, 
average person comes out around 2.4 liters in and 2.4 liters out per day, 
and the value here is not the specific numbers but the principle that the 
two sides are tied together by regulation. 

Intake is dominated by water drunk and water in food, roughly two liters, 
and it flexes with need, since losing more to sweat raises thirst and pulls 
more in. A smaller and constant contribution is metabolic water, water 
built in the mitochondria when molecular oxygen is reduced and then 
protonated during aerobic ATP production, about a quarter to a half liter a 
day. That source is worth noting, because some of your body water is 
literally assembled from the hydrogen in the food you eat and the oxygen 
in the air you breathe, and unlike drinking it is not regulated to balance, it 
simply tracks how much ATP you are making. 

Some losses are regulated, some are not, and only the 
regulated ones carry solute control 

Losses split into two camps that behave differently. Insensible loss, 
evaporation from the skin and the water vapor you exhale, runs 
continuously and is essentially uncontrolled, which is why you cannot 
usually perceive it unless cold air lets you see your breath condense. The 
key feature is that insensible loss removes pure water and no solute, so 
on its own it slowly concentrates the body fluid left behind. Even at rest, 
every exhalation concentrates the extracellular fluid slightly. 

Sensible loss, urine, sweat, and fecal water, is consciously detectable 
and, in the case of urine, finely regulated by the kidney. Because sensible 
losses carry solute out along with water, they change both the volume 
and the concentration of body fluid, and the direction of that change 
depends on how concentrated the lost fluid is relative to the body. When 
any of this pushes the system off balance, a response is triggered to 
restore the steady state, and the rest of the chapter is really about the 
membranes and transporters that make those corrections possible. 

Common Errors 

• Error: Calling steady state the same as a fixed 
instantaneous balance. It is balance over time. 

• Error: Forgetting metabolic water as a genuine, if 
small, source of water gain. 

• Error: Assuming all water loss removes solute. 
Insensible loss is pure water. 

Prediction Prompt 

• Predict: During a long run on a hot day, which loss 
routes increase, and what happens to body fluid 
concentration if drinking does not keep pace? 

 

Section 4: The Fluid Compartments — Total body water and the 60-40-20 rule 

 



The organizing map for the whole chapter. Everything after this is about the barriers between these boxes. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Lay out the compartments and the clinical 60-40-20 
shorthand, then immediately frame the rest of the chapter as the study of 
the membranes separating them. 

Most of your mass is water, divided into intracellular and 
extracellular pools 

About 60 percent of body mass is water, and the largest single share of 
you is water rather than anything else. The other 40 percent is protein, 
lipid, and mineral, including the mineral matrix of bone. Deviations from 
60 percent come mostly from body fat, because adipose cells are packed 
with lipid droplets and lipids do not mix with water, so fat tissue holds little 
cytoplasmic water. A body with more fat therefore has a lower water 
percentage by mass, and a leaner body a higher one. 

That total body water divides first into two pools. Intracellular fluid is the 
cytoplasm summed across all your cells, and extracellular fluid is 
everything outside them. For a 70 kilogram person the numbers come out 
to roughly 28 liters inside the cells and 14 liters outside, and keeping a 
rough sense of those magnitudes helps later when we push fluid from one 
compartment to another and ask how far a given disturbance actually 
moves things. 

The 60-40-20 rule fixes the proportions worth memorizing 

The clinical shorthand is clean and worth committing to memory. Total 
body water is 60 percent of body mass; of that mass, intracellular fluid is 
40 percent and extracellular fluid is 20 percent. Said as fractions of the 
water rather than the body, the ICF is about two-thirds of total body water 
and the ECF about one-third, the same relationship expressed against a 
different reference. That doubled way of stating it is a common source of 
confusion, so it is worth heading off explicitly. 

The extracellular share then splits again. Plasma is only about a quarter 
of the ECF, with interstitial fluid and lymph making up the other three-
quarters. For the 14 liter ECF that is roughly 3 liters of plasma against 11 
liters of interstitial fluid, a ratio that matters later, because when we infuse 

The 60-40-20 Rule 

• Total body water: about 60% of body mass 

• ICF: about 40% of body mass, roughly 2/3 of total 
body water 

• ECF: about 20% of body mass, roughly 1/3 of total 
body water 

• Within ECF: plasma about 1/4, interstitial fluid and 
lymph about 3/4 

The Two Barriers 

• Cell membrane: separates ICF from interstitial fluid 

• Capillary wall: separates interstitial fluid from plasma 

Exchange 

• All exchange with the environment occurs via the ECF 

• All exchange between blood and cells occurs across 
the ISF (excluding blood cells and those lining blood 
vessels) 

• All cellular exchange occurs across cell membranes  

Common Errors 

• Error: Treating body water percentage as fixed. Body 
fat lowers water as a percent of mass. 

• Error: Confusing the ICF/ECF split (2/3 vs 1/3 of 
water) with the 40/20 of body mass. Same ratio, 
different reference. 

• Error: Forgetting plasma is only about a quarter of the 
ECF, not half. 

Prediction Prompt 

• Predict: Would an elite endurance athlete have a 
higher or lower percent of body mass as water than 
average, and why? 



a salt solution into the blood only a fraction stays in the vessels and the 
rest distributes through the much larger interstitial space. 

These are the boxes; the barriers between them are the 
chapter 

Drawing the fluid compartment boxes is the easy part, and on its own it 
teaches very little. The reason to draw them is to set up the two barriers 
that separate them. The cell membrane stands between the ICF and the 
interstitial fluid, and the capillary wall stands between the interstitial fluid 
and the plasma. All exchange of water with the outside world passes 
through the ECF first and then redistributes inward, which is why the ECF 
is where every disturbance begins. 

The entire aim of the chapter is to show how those two barriers, with their 
very different permeabilities, account for why each compartment holds 
what it holds and why fluid shifts the way it does. Fluxes cross both 
barriers continuously, not just during disturbances, so the compartments 
are best understood as steady states maintained by constant exchange 
rather than as sealed containers that occasionally trade. 

 

Section 5: ICF, ECF, and Plasma as Distinct Pools — Forty trillion compartments we treat as 
one 

 

Clarifies why lumping all cytoplasm together is legitimate, and what distinguishes plasma. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Justify the lumping of the ICF, name the minor transcellular 
fluids so they are not a surprise later, and set plasma apart as the one 
continuous, protein-rich, externally exchanged pool. 

We treat all cytoplasm as one compartment because the 
cells are nearly alike inside 

Why Lump the ICF 

• About 40 trillion cells, yet cytoplasmic composition 
varies little between cell types 

• Consistent membrane permeabilities to water, ions, 
and proteins hold the profile similar 

• Red blood cells and endothelial cells count as ICF 



There are roughly forty trillion cells in the body, so the intracellular fluid is 
really forty trillion separate compartments, each wrapped in its own 
membrane. We can still lump them into a single column because their 
internal compositions are remarkably similar from one cell type to the 
next. A fat cell, a muscle cell, and a neuron maintain nearly the same 
cytoplasmic solute profile, high potassium, low sodium, abundant protein, 
because the permeabilities of their membranes to water, ions, and 
proteins are consistent across cell types. 

Two clarifications prevent common misreadings here. A red blood cell 
and the endothelial cells forming the capillary wall are cells too, so their 
interiors count as ICF even though they sit within the bloodstream. And 
the cytoplasm is not just a bag of solution, it is a partially gelatinous 
medium in which organelles are suspended and through which vesicles, 
messenger RNA, nutrients, wastes, and ATP must all diffuse. The cell 
behaves like a factory, taking in materials and turning out products, with 
the cytoplasm as the medium every internal process has to move 
through. 

The ECF is mostly interstitial fluid and plasma, plus a few 
minor transcellular pools 

Extracellular fluid is dominated by the interstitial fluid between the cells 
and the plasma of blood. There are also several small transcellular fluids 
that are easy to forget until they surface in a later chapter: the fluid in 
synovial joints, the fluids around the heart, lungs, and abdominal organs, 
the cerebrospinal fluid of the central nervous system, and the intraocular 
fluid of the eyes. Together these total under two liters, about five percent 
of body water, but naming them now keeps them from seeming to appear 
out of nowhere later on. 

Plasma stands apart: one continuous, protein-rich pool, 
exchanged with the outside 

Unlike the fragmented interstitial gel, plasma is a single continuous 
collection of fluid. It carries the usual electrolytes, glucose, amino acids, 
and small lipids, and crucially it carries the large protein colloids, the 
albumins, globulins, and the clotting protein fibrinogen. By mass, plasma 
is about 92 percent water, 7 percent colloids, and 1 percent small solutes, 

ECF Subcompartments 

• Major: interstitial fluid and plasma 

• Minor (transcellular): synovial, body-cavity, 
cerebrospinal, intraocular fluids; under 2 L total 

Key Distinction: Plasma vs. Interstitial Fluid 

• Plasma: single continuous pool, high protein colloid 
content 

• Interstitial fluid: fragmented gel, low protein content 

Common Errors 

• Error: Calling the ICF a single literal compartment. It 
is trillions, lumped because they match. 

• Error: Forgetting that blood cell cytoplasm and 
endothelial cytoplasm are ICF. 

• Error: Assuming plasma and interstitial fluid differ in 
everything. They differ mainly in protein. 



and it is that tiny colloid fraction that will turn out to do nearly all of the 
osmotic work at the capillary wall. 

Keep plasma in mind as the pool that gets modified first and then shares 
the result with everyone else. Solute and water are taken up or excreted 
at the gut and the kidney, and it is the plasma being adjusted at those 
epithelia, after which exchange across the capillaries and the cell 
membranes passes the change along to the interstitial fluid and then the 
cells. It is something like a bucket brigade running between the 
environment and the depths of your tissues, with plasma as the bucket 
that gets filled or emptied at the target exchange organs or those serving 
as depots for essential components (e.g., adipose and liver for nutrients 
or bone for calcium). 

 

Section 6: Why the Fluid Compartment Components Differ — The barriers determine the 
contents 

 

The reflection coefficient is introduced here. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Component content similarity means a leaky barrier, 
difference means a tight one. Let the reflection coefficient fall out of that 
reading rather than arriving as a definition. 

Plasma and interstitial fluid look almost identical because 
their barrier leaks 

The interstitial fluid contents nearly match those in the plasma. Sodium is 
about the same on both sides, so is chloride, so is bicarbonate. The 
barrier between them is the capillary wall, and it is highly permeable to 
almost every small solute, so those solutes equilibrate freely between the 
compartments. The one real difference is protein: plasma holds far more, 
because proteins cannot readily cross and are reflected at the wall. 

Reading Composition Back to the Barrier 

• capillary wall is highly permeable to small solutes → 
small solutes equilibrate across it → plasma and 
interstitial fluid nearly match in composition 

• cell membrane has low resting permeability → most 
solutes cannot equilibrate across it → ICF composition 
stays very different from ISF 

• Only consistent difference between plasma and ISF: 
protein 

Derivation Chain: Why Plasma Protein Stays Higher 

plasma proteins exceed the size the capillary wall will 
pass, so the wall reflects them (σ ≈ 1) → protein escape 



ICF and interstitial fluid look nothing alike because their 
barrier holds 

Now compare the intracellular contents to those in the interstitium. They 
are dramatically different. Potassium is high inside and low outside, 
sodium the reverse, and the whole profile is rearranged. The barrier here 
is the cell membrane, and its resting permeability to most solutes is very 
low. Channels can open and let ions through, but they do not erase the 
standing gradients, because the membrane reflects most solutes most of 
the time. Similarity points to a leaky barrier; difference points to a tight 
one. 

The reflection coefficient names how completely a barrier 
bounces a solute back 

Capture this with one term. The reflection coefficient, sigma, runs from 
zero to one and gives the fraction of a solute the barrier reflects. Use the 
mirror image: at sigma equal to one the barrier is a perfect mirror and the 
solute is fully reflected and trapped, as plasma proteins are at most 
capillaries. At sigma equal to zero the solute passes straight through as if 
the mirror were not there, which is what happens at the leaky sinusoid 
capillaries. The same number will return when we build osmotic pressure, 
because only reflected solutes can hold a gradient. 

into the interstitium is negligible → plasma protein 
concentration stays well above interstitial fluid 

Reflection Coefficient (σ): the mirror 

• σ = 1: fully reflected, trapped (proteins at most 
capillaries) 

• σ = 0: not reflected, passes through (sinusoids) 

• 0 to 1 scale, no units 

Common Errors 

• Error: Reading composition differences as a property 
of the compartment. They are set by the barrier. 

• Error: Thinking channels opening abolishes the 
gradients. They do not; the membrane still reflects 
most solutes. 

• Error: Assuming every capillary reflects proteins. 
Sinusoids (σ ≈ 0) do not. 

Prediction Prompt 

• Predict: If a tissue's capillaries shifted from σ ≈ 1 to σ 
≈ 0 for protein, predict what happens to the plasma-
versus-interstitial protein difference. 

 

Section 7: Compartment Separations Determine Contents — Two barriers, two very different 
rules 

 

Names the structural basis of the permeability difference, including the modern two-layer capillary wall model. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Make the structural comparison explicit. The cell membrane is 
selective because of its lipid bilayer; the capillary wall is leaky because of 
the clefts between its cells. Same distinction, different structural basis. 

Cell Membrane 

• Lipid bilayer blocks hydrophilic solutes; passes 
hydrophobic gases (O2, CO2) 



The cell membrane is selectively permeable, and water 
moves far more easily than solute 

The cell membrane separates the ICF from the interstitial fluid, and its 
lipid bilayer is the reason it is selective rather than simply leaky or simply 
sealed. The bilayer blocks hydrophilic solutes, including ions, amino 
acids, sugars, and proteins, while letting hydrophobic molecules such as 
oxygen and carbon dioxide pass straight through. Hydrophilic solutes 
cross only where a channel, pump, or carrier provides a path, so their 
movement is held under tight control. 

Water is the striking exception to that control. Aquaporins give the 
membrane a high water permeability, its hydraulic conductivity, even 
while small solutes stay relatively impermeant. So the same membrane 
that carefully gates its solutes lets water through freely, and the key point 
to leave students with is that across the cell membrane water moves 
much more readily than solute. That single asymmetry is what makes 
osmosis, rather than solute movement, the way cells rebalance 
osmotically after a disturbance. 

Water and small hydrophilic solutes leak between the cells 
of the capillary wall, not through them 

The capillary wall separates the interstitial fluid from the plasma, and 
although it is made of cells, those cell membranes are not the main 
barrier, a point students often get wrong. The modern picture is a two-
layer membrane: an inner semipermeable glycocalyx lying over a porous 
endothelial sheet riddled with paracellular clefts, the gaps between 
adjacent cells. Water and small solutes pour through that dual barrier, 
which is exactly why plasma and interstitial fluid match each other so 
closely in composition. 

Only the large solutes, the colloid proteins, and the cells are reliably 
trapped. Among the small solutes, the cell membrane and the capillary 
endothelial cells screen the same way at the bilayer: lipid-soluble 
molecules dissolve straight through, the smaller ones readily and the 
larger ones far less so, while water-soluble ones are reflected (excluded). 
The two structures differ only in the detour they offer that water-soluble 
traffic. At the capillary it slips through the paracellular clefts, open gaps 
that take any small solute and sort by size alone, so the wall passes a 

• Ions and nutrients cross only via channels, pumps, 
carriers 

• Aquaporins give high water permeability (hydraulic 
conductivity) 

• Net rule: water crosses far more easily than solute 

Capillary Wall (two-layer model) 

• Inner semipermeable glycocalyx over porous 
endothelial sheet 

• Paracellular clefts allow high permeability to water and 
small solutes 

• Holds back only colloids and cells 

Key Distinction: Cell Membrane vs. Capillary Wall 

• Cell membrane: selective, the lipid bilayer is the 
barrier 

• Capillary wall: leaky, the gaps between cells are the 
pathway (for water and small hydrophilic solutes) 

o Small lipophilic solutes → dissolve through 
the lipid bilayer across the full wall surface 

o Hydrophilic solutes → confined to the 
paracellular clefts; in continuous capillaries the 
cleft area is roughly 1/1000 of the wall surface 

o Consequence → the size cutoff at the cleft 
only constrains solutes that have no other way 
across; a lipophilic solute is barely affected 
because the bilayer, not the cleft, carries 
essentially all of its flux. 

Common Errors 

• Error: Thinking the capillary's cell membranes are the 
main barrier. The clefts and glycocalyx dominate. 

• Error: Assuming low solute permeability means low 
water permeability at the cell membrane. Aquaporins 
decouple them. 

• Error: Treating both barriers as the same kind of 
membrane. They are structured differently: one of a 



small lipophilic solute far more readily than a like-sized hydrophilic one 
held to the small fraction of surface that is cleft. At the cell membrane the 
same water-soluble traffic must move through specific proteins that admit 
one solute and exclude another of equal size. Same lipid bilayer in both 
structures, handling the lipophilic solutes identically and parting ways only 
over the hydrophilic ones it excludes: the capillary offers a size-limited 
gap, the cell membrane a protein that selects by identity. 

lipid bilayer, the other of lipid bilayers and the aqueous 
gaps between those cell membranes. 

Prediction Prompt 

Predict: If a drug were re-engineered from hydrophilic to 
lipophilic with no change in size, what happens to its 
capillary permeability, and why does the cleft width (pore 
size) largely stop mattering? 

 

Section 8: The Semipermeable Membrane — A fluid mosaic that passes some molecules and 
blocks others 

 

The fluid mosaic model and what the bilayer alone will and will not pass. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Establish the bilayer as the default barrier and the embedded 
proteins as the controlled exceptions. Everything about transport later 
depends on this contrast. 

The bilayer self-assembles and then blocks almost 
everything hydrophilic 

The fluid mosaic model, proposed by Singer and Nicolson in the early 
1970s and refined since, describes the membrane as a two-dimensional 
sheet of phospholipid bilayer studded with proteins that can generally 
move within the plane of the sheet. The phospholipids are amphipathic, a 
polar head with two nonpolar tails, and they assemble on their own into a 
bilayer because water excludes the nonpolar tails, so the tails pack 
inward while the polar heads face the aqueous environment on both 
sides. 

That arrangement is what makes the bilayer largely impermeable to ions, 
amino acids, nucleotides, carbohydrates, and proteins. The packed fatty 
interior is a region those hydrophilic, often charged, solutes cannot enter 
without a large energy cost, so left to itself the bilayer is a strong barrier to 

Fluid Mosaic Model 

• Phospholipid bilayer, self-assembled, tails in, polar 
heads out 

• Embedded proteins move within the sheet 

• Bilayer blocks ions, amino acids, nucleotides, sugars, 
proteins 

What Crosses the Bilayer Alone 

• Hydrophobic: O2, CO2, urea, many lipids pass freely 

• Hydrophilic: require channels, pumps, or carriers 

Key Distinction: Semipermeable vs. Regulated Access 

• Semipermeable: the bilayer is the default barrier 

• Regulated access: proteins are the controlled 
exceptions 

Common Errors 



exactly the molecules a cell most needs to manage. Even the ordered 
water of the cell is held at the polar heads at the surface and does not 
penetrate the core. 

Hydrophobic molecules slip through; hydrophilic ones need 
a protein 

The bilayer is not a perfect seal. It passes hydrophobic molecules freely, 
including oxygen, carbon dioxide, urea, and many lipids, because those 
dissolve into the fatty core and cross with little resistance. This is the 
same lipid solubility that will reappear shortly as the partition coefficient 
when we put numbers on diffusion, so it is worth naming the principle 
now: if a molecule is lipid-soluble, the bilayer is barely an obstacle. 

What the bilayer will not pass on its own are the hydrophilic solutes, and 
that exclusion is the basis for calling the membrane semipermeable. 
Because those solutes are blocked from crossing freely, they cross only 
through embedded protein complexes, channels, pumps, and carriers, 
whose access can be opened, closed, and directed. The membrane is 
selective precisely because the bilayer is impermeable to these solutes 
by default and the embedded proteins determine when they may cross. 

• Error: Calling the membrane impermeable. It is 
selectively permeable. 

• Error: Forgetting that gases and urea cross the bilayer 
directly, no protein needed. 

• Error: Thinking proteins make the membrane leaky. 
They make access controllable. 

 

Section 9: Membrane Protein Types — Sorted by permanence, attachment, and whether they 

span 

 

Membrane proteins, with lipid rafts folded in as a closing addendum since the textbook treatment is brief. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Sort membrane proteins by permanence and attachment, 
then add lipid rafts at the close as the organizing layer on top of that sort, 
without expanding rafts into a topic of their own. 

Membrane proteins sort into integral, peripheral, and lipid-
anchored 

Three Protein Classes 

• Integral: permanent; transmembrane subset spans the 
bilayer (channels, pumps, carriers) 

• Peripheral: intermittent association, signaling and 
regulatory roles 



Proteins associated with the bilayer do far more than transport. They 
include adhesion molecules, structural links to the cytoskeleton, 
receptors, and enzymes, and in some membranes protein is over half the 
mass. The standard sort has three groups. Integral proteins are 
permanent fixtures; the transmembrane subset fully spans the bilayer and 
forms the channels, pumps, and carriers that connect inside to outside, 
while other integral proteins anchor to just one face, often as enzymes. 
Peripheral proteins associate only intermittently, frequently in signaling 
roles or as regulatory subunits. Lipid-anchored proteins are tethered to 
fatty acids of one leaflet, the G-proteins of many receptors among them. 

A clean diagnostic worth posing to students: where do aquaporins fall? 
They span the membrane and must stay associated with it for the 
membrane to remain water-permeable, so they are both integral and 
transmembrane. They are not peripheral, since those come and go, and 
not lipid-anchored, since that group links to only half the bilayer. The 
reasoning, not the label, is the lesson. 

Lipid rafts organize related proteins into working teams 

As a closing note, the membrane is not a uniform sea. Small regions 
packed with cholesterol and saturated fatty acids are denser and less 
fluid, and they float as lipid rafts that gather proteins with related functions 
into one region. The value is organization: much like a drop-down menu 
groups linked commands, a raft holds the proteins of a signaling pathway 
side by side and near the intracellular machinery they act on, which 
shortens the diffusion distance between successive steps and speeds 
transduction from outside to inside. 

• Lipid-anchored: tethered to fatty acids of one leaflet 
(e.g., G-proteins) 

Diagnostic: Aquaporins 

• Span the membrane and stay associated → integral 
and transmembrane 

• Not peripheral (not intermittent), not lipid-anchored (do 
not span only half) 

Lipid Rafts (addendum) 

• Cholesterol- and saturated-fat-rich, denser, less fluid, 
float in the bilayer 

• Cholesterol-rich raft concentrates a pathway's proteins 
in one patch → successive steps sit within a short 
diffusion distance → faster signal transduction 

Common Errors 

• Error: Treating all membrane proteins as transporters. 
Many are structural, receptors, or enzymes. 

• Error: Calling aquaporins lipid-anchored. They fully 
span the bilayer. 

• Error: Imagining the membrane as uniform. Rafts 
segregate it into functional regions. 

 

Section 10: Fick's First Law — What speeds diffusion and what slows it 

 

Students do not calculate; they reason about the factors. 

Instructor Narrative Structured Outline / Causal Chain 



The move: Anchor diffusion in random molecular motion and the dye-in-
water image, then walk the equation as a set of proportional relationships. 
The goal is predicting direction of change, not computing a number. 

Diffusion is net movement powered by random molecular 
motion down a gradient 

Every molecule above absolute zero is in constant thermal motion, 
bouncing off its neighbors. A drop of dye in still water spreads outward 
not because anything pushes it but because random motion, repeated 
over countless collisions, carries molecules from where they are crowded 
to where they are not. Where dye is dense the molecules collide and 
scatter outward; once it is evenly dispersed, molecules still move, but 
equally in all directions, so there is no net change. Net diffusion only 
happens while a concentration gradient exists. 

Fick's first law packages the factors as a single fraction 

Write it as Jdiff = −D·A·(ΔC/ΔX). The flux Jdiff is the rate. On top sit the 
things that speed diffusion: the diffusion coefficient D, which folds in 
molecule size, solution viscosity, and temperature; the area A available to 
cross; and the concentration gradient ΔC. Each of these is directly 
proportional, so doubling the area doubles the flux. On the bottom sits 
ΔX, the distance, which is inversely proportional, so the farther solute 
must travel, the slower the net rate. The negative sign is bookkeeping, 
making flux down a gradient come out positive. 

Time grows with the square of distance, which is why 
diffusion fails over long range 

The detail that justifies whole organ systems is that the time for diffusion 
scales with distance squared, not distance. A solute might cross a ten-
micron cell in a few tens of milliseconds. Make the cell ten times wider 
and it does not take ten times as long, it takes a hundred times as long. 
That squared dependence is severely limiting over anything but 
microscopic distances, and it is exactly why capillaries must run close to 
every cell and why a circulatory system is required rather than diffusion 
alone to move oxygen across the body. 

Fick's First Law 

• Jdiff = −D·A·(ΔC/ΔX) 

• Directly proportional (numerator): D (size, viscosity, 
temperature), A (area), ΔC (gradient) 

• Inversely proportional (denominator): ΔX (distance) 

• Negative sign: makes down-gradient flux positive 

The Distance-Squared Rule 

• Time for diffusion grows with distance squared (t ∝ 
ΔX2) 

• 10× wider cell → about 100× longer to cross 

• Why capillaries sit close to cells and why circulation 
exists 

Key Distinction: Net Diffusion vs. Equilibrium Diffusion 

• Net diffusion: occurs only while a gradient exists 

• Continued (equilibrium) diffusion: motion persists, but 
no net movement 

Common Errors 

• Error: Saying diffusion needs an active push. It is 
passive, driven by thermal motion. 

• Error: Treating diffusion time as proportional to 
distance. It scales with distance squared. 

• Error: Forgetting temperature and viscosity live inside 
D. 

Prediction Prompt 

• Predict: The lung increases surface area enormously 
with alveoli. Using Fick's law, predict the effect on gas 
flux and name which term changes. 

 



Section 11: Diffusion Across Membranes — Add λ for the lipid route, P for the protein route 

 

The membrane forces a modification of Fick's law depending on how a solute crosses. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Show that crossing a membrane adds one term, and which 
term depends entirely on whether the solute dissolves in lipid or needs a 
pore. Then the bilayer either offers almost no resistance or becomes the 
limiting barrier. 

A lipophilic solute crosses anywhere, so we add a partition 
coefficient λ 

Diffusion within a simple solution uses the plain law from the previous 
section. Crossing a membrane adds one term that accounts for how the 
solute deals with the lipid barrier, and which term you add depends 
entirely on the solute. For a lipophilic solute we add the partition 
coefficient lambda, its relative solubility in the bilayer, giving Jdiff = 
−D·A·λ·(ΔC/ΔX). Because such a solute intermingles with the 
phospholipids, it can cross at any patch of membrane rather than needing 
a special pathway, so the distance ΔX here is just the thickness of the 
membrane it has to traverse. 

The behavior at the extremes makes lambda intuitive. If lambda is large, 
diffusion proceeds almost as if the membrane were not there, which is 
how oxygen and carbon dioxide move so quickly across the lung and the 
capillary. If lambda were zero, the lipid term would zero out the whole 
expression and there would be no crossing at all, no matter how steep the 
concentration gradient on either side. 

A hydrophilic solute needs a pathway, so we swap in a 
permeability P 

A hydrophilic solute has a tiny lambda, so on its own it essentially cannot 
cross the lipid interior. It can still diffuse through the membrane, but only 
where a channel or carrier provides a route, so we replace the lipid term 
with a permeability P, giving Jdiff = −D·A·P·(ΔC/ΔX). P is a composite, 

Two Membrane-Crossing Forms 

• Lipophilic: Jdiff = −D·A·λ·(ΔC/ΔX); λ = solubility in the 
bilayer 

• Hydrophilic: Jdiff = −D·A·P·(ΔC/ΔX); P = permeability 
via channels or pores 

• Across a membrane, ΔX = membrane thickness 

Key Distinction: Lipid Route vs. Protein Route 

• λ large → membrane offers almost no resistance to 
the solute (O2, CO2) 

• λ tiny → solute needs a protein pathway; P governs 
the rate 

Common Errors 

• Error: Using the lipid term (λ) for an ion. Ions cross via 
pathways, governed by P. 

• Error: Thinking a hydrophilic solute cannot cross at 
all. It can, but only through channels or pores. 

• Error: Forgetting that ΔX becomes membrane 
thickness for transmembrane diffusion. 

Prediction Prompt 

• Predict: Urea has appreciable lipid solubility. Predict 
which term governs its membrane crossing and how 
its flux compares to a similarly sized ion. 



folding in pore size, the specificity of the channel or carrier, how many of 
them are present, and the relative charges of the solute and its pathway. 

At a sheet of cells like the capillary wall the relevant pathway is not a 
transmembrane protein at all but the gaps between the cells, and those 
gaps set P. Because the clefts are wide, permeability there is high for 
everything except the largest molecules, which is the structural reason 
the capillary behaves so differently from a single cell membrane even 
though both are composed of cells. The same equation describes both; 
only the value of the pathway term changes. 

 

Section 12: Osmosis as Water Diffusion — Solute lowers water's effective concentration 

 

The conceptual hinge: osmosis is just Fick's law applied to water, with one accepted idea. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Get students to accept that adding solute lowers the 
concentration of water itself. Once that is accepted, osmosis is diffusion 
of water down its own gradient and the equation mirrors Fick's. 

Adding solute reduces the chemical activity of water 

Here is the single idea the section must establish. If the amount of water 
sets the concentration of a solute, then by the same token the amount of 
solute must affect the effective concentration of water. It does. Added 
solute takes up space that water could otherwise occupy, and it ties up 
water molecules as hydration, both of which lower water's effective 
concentration, what we call its chemical activity. So a strong solution has 
a lower water activity than a weak one, even though we do not usually 
think of water as having a concentration at all. 

Once that idea is accepted, osmosis stops being a special phenomenon. 
Water diffuses exactly like any solute, from where its concentration is 
high, the dilute side, to where it is low, the concentrated side. Osmosis is 
simply the diffusion of water down the water gradient, and the reason it 

Why Solute Drives Water 

• Solute occupies space and binds water as hydration 

 → effective water concentration (chemical activity) 
falls 

• Water diffuses from high water activity (dilute) to low 
(concentrated) 

Osmosis Equation (mirrors Fick) 

• Josm = Lp·A·(ΔC/ΔX) 

• Lp = hydraulic conductivity (aquaporin-dependent), 
replaces D 

• ΔC here = water concentration gradient = osmotic 
gradient, opposite sign 

Key Distinction: Solute Diffusion vs. Osmosis 

• Solute diffusion: down the solute's own gradient 

• Osmosis: water down the water gradient, which is the 
osmotic gradient reversed 



always appears as though water moves toward solute is that the side with 
more solute is the side with less free water. 

Osmosis is diffusion of water, and its equation mirrors 
Fick's law 

Because osmosis is water diffusion, its rate equation looks almost 
identical to Fick's, with two substitutions. We replace the solute diffusion 
coefficient with the hydraulic conductivity Lp, the membrane's water 
permeability set by its aquaporins, and the driving gradient is the water 
concentration gradient, which is just the osmotic gradient pointing the 
opposite way. That gives Josm = Lp·A·(ΔC/ΔX), the same shape of 
relationship the students just learned, now read for water rather than 
solute. 

And as with solutes, water crosses in both directions at once from thermal 
motion, so what we measure is the net of two opposing unidirectional 
fluxes. Net osmosis continues only until those fluxes equalize at osmotic 
equilibrium, at which point water is still moving briskly both ways but with 
no net gain on either side. That distinction, vigorous bidirectional flux with 
zero net movement, is the same one that defined equilibrium for solute 
diffusion, and it is worth restating so equilibrium does not get mistaken for 
stillness. 

Common Errors 

• Error: Saying solute is pulled across in osmosis. It is 
water that moves. 

• Error: Treating osmosis as a separate process from 
diffusion. It is water diffusion. 

• Error: Forgetting that net osmosis stops at equilibrium 
while bidirectional flux continues. 

Prediction Prompt 

• Predict: If you removed pure water from one side of a 
membrane, predict the effect on the two unidirectional 
water fluxes and whether net osmosis results. 

 

Section 13: Osmotic Pressure versus Effective Osmotic Pressure — Only reflected solutes 
count 

 

The reflection coefficient returns. This is where plasma's two very different pressures get explained. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Separate total osmotic pressure, a colligative property, from 
effective osmotic pressure, which only counts solutes the membrane 
reflects. Apply it to the plasma numbers, because the gap there is large 
and instructive. 

Two Pressures 

• Total osmotic pressure: π = CRT (Van't Hoff), 
colligative, all solutes count 



Osmotic pressure is colligative: it depends only on how 
many solutes, not which 

Osmotic pressure, pi, is a colligative property, meaning it is set purely by 
the number of dissolved particles, not their identity. The Van't Hoff 
equation, pi equals CRT, makes this explicit: concentration times the gas 
constant times absolute temperature. Since R and T are effectively fixed, 
osmotic pressure is directly proportional to osmolarity. Two solutions of 
equal osmolarity have equal total osmotic pressure, regardless of what is 
dissolved in them. 

Effective osmotic pressure counts only the solutes the 
membrane reflects 

Total pressure is not what drives water across a real membrane, because 
real membranes leak some solutes. A solute that crosses freely cannot 
hold a gradient, so it generates no lasting osmotic force. We correct for 
this with the reflection coefficient sigma, giving effective osmotic pressure 
πeff equals sigma·CRT. Only effective solutes, the highly reflected ones, 
drive osmosis. The same osmolarity can produce very different effective 
pressures depending on whether the solutes are trapped or free to follow 
the water. 

Plasma makes the gap unmistakable: 5443 down to 25 
millimeters of mercury 

Plasma is the clean illustration. Its total osmotic pressure at the capillary 
wall is about 5443 millimeters of mercury, an enormous number driven by 
all its small solutes. But at the capillary wall almost all of those small 
solutes cross freely, so they do not count. Only the proteins are reflected, 
and they make up a tiny slice of total osmolarity. The effective osmotic 
pressure of plasma is therefore only about 25 millimeters of mercury. 
Both figures trace to the same conversion: at body temperature each 
milliosmole per liter of reflected gradient generates about 19.3 mmHg. If 
all of plasma's roughly 282 mOsm/L of solute were reflected it would exert 
about 5443 mmHg, but only the roughly 1.3 mOsm/L carried by the 
trapped proteins actually is, which is why the effective (oncotic) pressure 
comes out near 25 mmHg. Because proteins are the sole effective solute, 

• Effective osmotic pressure: πeff = σ·CRT, only 
reflected solutes count 

Plasma at the Capillary Wall 

• Total osmotic pressure: about 5443 mmHg (all small 
solutes) 

• Effective osmotic pressure: about 25 mmHg (proteins 
only) 

• Proteins are effectively the only reflected solute: the 
resulting pressure is named oncotic (colloid osmotic) 
pressure 

Key Distinction: Total Osmotic Pressure vs. Effective 
Osmotic Pressure 

• Osmolarity / total pressure: identity of solute irrelevant 

• Effective pressure: identity matters, because only 
reflected solutes hold a gradient 

Common Errors 

• Error: Using total osmotic pressure to predict water 
movement across a leaky barrier. Use effective 
pressure. 

• Error: Assuming equal osmolarity means equal driving 
force. Effective pressures can differ sharply. 

• Error: Forgetting that a freely permeable solute exerts 
essentially no lasting osmotic force. 

Prediction Prompt 

• Predict: Two solutions share an osmolarity, but one's 
solutes are reflected and the other's are not. Predict 
which generates the greater effective osmotic 
pressure and why. 



we give this its own name, blood colloid osmotic or oncotic pressure, and 
it is the number that matters for fluid balance across capillaries. 

 

Section 14: Tonicity and the Direction of Water Movement — Will the cell swell, shrink, or hold 

 

Tonicity is the comparative, cell-centered version of effective osmolarity. The urea case is the sharp test. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Define tonicity by what a cell does in the solution, not by a 
number, then use urea to prove that osmolarity and tonicity are not the 
same thing. 

Tonicity describes what a cell does, judged by effective 
solutes only 

Tonicity is the comparative term used when a cell is placed in a solution 
and we ask what happens to it. A hypotonic solution has a lower effective 
solute concentration than the cytoplasm, so water moves inward and the 
cell swells, in the extreme until it bursts. A hypertonic solution is the 
reverse, water leaves and the cell shrinks. An isotonic solution drives no 
net water movement and the cell holds its size, because it is already at 
osmotic equilibrium with its surroundings. 

Two features keep students from misusing the term. First, tonicity is 
relative and reciprocal, like taller and shorter, so if the bathing solution is 
hypertonic to the cell, the cell is hypotonic to the solution, and neither 
label means anything in isolation. Second, because aquaporins make the 
cell membrane so water-permeable, these volume changes reach 
equilibrium quickly, so the cell does not linger in a half-swollen transient, it 
moves to its new size and settles there. 

Osmolarity is not tonicity, and urea proves it 

This is a distinction worth drawing deliberately, because the two terms 
feel interchangeable and are not. Osmolarity counts every dissolved 
particle, while tonicity counts only the effective, reflected solutes that can 

Tonicity by Cell Behavior 

• Hypotonic: lower effective solute outside → water 
moves into the cell → cell swells 

• Hypertonic: higher effective solute outside → water 
moves out of the cell → cell shrinks 

• Isotonic: equal effective solute inside and out → no net 
water movement → cell holds size 

• Relative and reciprocal (taller/shorter) 

Key Distinction: Osmolarity vs. Tonicity 

• Osmolarity: counts all particles (a colligative count) 

• Tonicity: counts only reflected (effective) solutes, 
relative to the cell 

Common Errors 

• Error: Treating osmolarity and tonicity as synonyms. 
Urea raises osmolarity without changing tonicity. 

• Error: Calling a solution hypertonic from its total 
concentration alone. Only effective solutes count. 

• Error: Forgetting tonicity is defined relative to the cell, 
not absolutely. 

Prediction Prompt 

• Predict: A solution is made hyperosmotic by adding 
urea rather than NaCl. Predict whether the cell swells, 



actually hold a gradient across the membrane in question. The same 
solution can be hyperosmotic and yet isotonic if its extra solute is one the 
membrane does not reflect. 

Urea is the clean demonstration. Urea is lipid soluble, so its reflection 
coefficient at the cell membrane is significantly less than 1. Add urea to 
the solution around a cell and the osmolarity outside rises, so the solution 
is hyperosmotic. But urea equilibrates across the membrane relatively 
quickly, raising osmolarity equally on both sides, so the gradient it creates 
is transient: the cell shrinks briefly and then returns to its original volume. 
The solution is hyperosmotic and isotonic at the same time, and the 
lesson is that a solute changes tonicity only if the membrane reflects it. 

shrinks, or returns to its original volume after a few 
minutes, and defend the answer using σ. 

 

Section 15: Osmotic Fluid Shifts — The acute ICF response and chronic volume regulation 

 

Combines the acute tonicity-driven shift with the cell's own longer-term osmolyte control. Use logic, not the compartment-volume arithmetic. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Walk the acute case first, all exchange enters the ECF and 
water then redistributes, then show that cells are not purely passive: over 
time they set their own volume by moving osmolytes. 

All exchange enters the ECF first, then water redistributes 
by tonicity 

Short-term disturbances, drinking water, eating salt, sweating, bleeding, 
all act on the ECF first, because the ECF is the only compartment that 
exchanges with the outside world. If the change is isosmotic, no gradient 
forms between ECF and ICF and the entire volume change stays in the 
ECF, where it may shift blood pressure or trigger renal adjustment, but 
the cells are untouched. If the change is not isosmotic, a gradient forms 
and water shifts into or out of cells. A hypertonic ECF pulls water out, so 
ICF volume falls and its osmolarity rises; a hypotonic ECF pushes water 
in, so cells swell and their osmolarity drops. 

Acute Shift Rules 

• All environmental exchange enters the ECF first 

• Isosmotic change → no osmotic gradient across the 
cell membrane → volume change stays in ECF, cells 
unaffected 

• Hypertonic ECF → water out of cells → ICF volume 
down, osmolarity up 

• Hypotonic ECF → water into cells → ICF volume up, 
osmolarity down 

Causal Chain: Why a Small ICF Shift Is a Big Deal 

ICF loses volume → bound water cannot leave, so the 
loss comes out of the small free pool → free water falls 
by a large fraction → the continuous aqueous path 
through the cytoplasm fragments → substrate diffusion to 
the mitochondria slows 



Keep the earlier warning in view. Because so much intracellular water is 
bound, even a modest drop in ICF volume removes a disproportionate 
share of the free water that metabolism depends on. A small measured 
shift can be a large functional one, which is why these osmotic 
disturbances matter beyond the volume change itself. 

Over the longer term, cells set their own volume by moving 
osmolytes 

Passive swelling and shrinking is only the short-term story. Chronically, a 
cell can regulate its own volume by adding or removing effective solutes, 
the osmolytes, from its cytoplasm. Pull osmolytes in and water follows in, 
restoring volume that was lost to a hypertonic surrounding; push them out 
and the cell sheds water. This matters most for cells that live in a 
permanently concentrated environment, such as those deep in the kidney 
medulla, which would otherwise sit shrunken. The cell is an active 
participant in its own water balance, not just a passive osmometer. 

Chronic Volume Regulation 

• Cell moves osmolytes in or out to set its own osmotic 
pressure 

• Osmolytes in → intracellular effective osmolarity rises 
→ water follows in → volume restored 

• Essential for kidney medulla cells in a concentrated 
interstitium 

Common Errors 

• Error: Thinking environmental water enters the ICF 
directly. It enters the ECF; water then redistributes. 

• Error: Treating an isosmotic load as a cellular 
problem. It stays in the ECF. 

• Error: Assuming cells only respond passively to 
tonicity. Chronically they regulate volume actively. 

Prediction Prompt 

• Predict: A person excretes a liter of urine at 600 
mOsm/L from body fluids at 290 mOsm/L. Using logic 
only, predict whether cells swell, shrink, or neither. 

 

Section 16: Carriers and the Transport Maximum — Binding buys control, but it sets a ceiling 

 

Facilitated diffusion and the saturable nature of carriers. Glucosuria is the clinical hook. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Explain why a cell would use a binding carrier instead of an 
open channel, then derive the transport maximum from the finite number 
of carriers and apply it to glucose in the urine. 

Carriers move solute by binding and changing shape, which 
provides directional control 

Carrier-Mediated Transport 

• Bind substrate → conformational change → release 
on the other side 

• Facilitated diffusion: passive, down-gradient, protein-
assisted 



Many uncharged hydrophilic solutes, glucose and specific amino acids 
among them, cross by binding a carrier protein rather than slipping 
through a channel. The carrier binds substrate on one side, changes 
conformation, and releases it on the other in a lower-affinity state. When 
the gradient favors the move, this is facilitated diffusion, passive but 
protein-assisted. Binding rather than opening a pore has two 
consequences: it sets the direction of movement, and it avoids a large 
aqueous hole through which ions would leak and dissipate the standing 
gradients. 

A finite number of carriers means a maximum rate, the 
transport maximum 

Because each carrier must bind, move, and release, and because there 
are only so many of them, transport saturates. Raise substrate 
concentration and the rate climbs, until every carrier is working as fast as 
it can cycle, thousands to tens of thousands of times per second. At that 
point you have hit the transport maximum, Tm, and adding more substrate 
does nothing. It is the same saturation logic as an enzyme reaching its 
maximum rate. The clinical consequence is glucose in the urine: normally 
the kidney reabsorbs all filtered glucose, but in untreated diabetes blood 
glucose runs so high that the filtered load exceeds the reabsorptive Tm, 
the carriers saturate, and the excess spills into the urine. The disease, 
diabetes mellitus, is named for that sweet urine. 

• Binding (vs an open pore) gives directional control and 
preserves ion gradients 

Transport Maximum (Tm) 

• Finite carrier number and finite cycle rate → a ceiling 
on total flux → the rate plateaus at that ceiling as 
substrate rises further 

• At Tm, every carrier cycles maximally; more substrate 
adds nothing 

• Same logic as enzyme saturation 

Causal Chain: Glucose in Diabetic Urine 

blood glucose very high → the glucose load filtered at the 
kidney rises with it → once that load exceeds what the 
carriers can cycle, every reabsorptive carrier is occupied 
→ reabsorption caps at Tm → the filtered load beyond Tm 
stays in the tubular fluid → glucose appears in the urine 

Common Errors 

• Error: Calling facilitated diffusion active transport. It is 
passive, just carrier-assisted. 

• Error: Thinking carriers could be replaced by open 
channels with no cost. Pores would leak ions and 
erode gradients. 

• Error: Assuming reabsorption has no upper limit. Tm 
sets the ceiling. 

 

Section 17: Primary and Secondary Active Transport — One pump builds the gradient the 
others spend 

 

The Na+-K+ ATPase as the master gradient-maker, and how secondary transport depends on it. 

Instructor Narrative Structured Outline / Causal Chain 



The move: Describe the Na+-K+ pump as the main energy-consuming 
transporter, then show that most other uphill transport does not consume 
ATP directly; it draws on the sodium gradient the pump created. 

Primary active transport spends ATP directly to move 
solute uphill 

Some transport runs straight off ATP hydrolysis, and that is primary active 
transport. The dominant example is the sodium-potassium ATPase, which 
pumps three Na+ out of the cell and two K+ in with each cycle, one ATP 
per cycle. It is the single most energetically expensive molecule in the 
resting body, consuming on the order of a quarter to a third of resting 
energy expenditure, and it is what sets up the inward sodium and outward 
potassium gradients we keep returning to throughout the course. 

There are a handful of other ATP-driven pumps, including one that moves 
Ca2+ out of the cell, but the notable point is how few are needed. You do 
not require a dedicated pump for every solute, because the gradients 
these pumps establish are themselves a store of energy that can be 
spent to move other things. The pump is expensive precisely because so 
much downstream transport is powered by the gradient it builds, a point 
that returns in the gut, the kidney, and every excitable cell. 

Secondary active transport spends the sodium gradient 
instead of ATP 

Most uphill movement of nutrients and ions is fueled indirectly. The 
inward sodium gradient the pump created is potential energy, and a 
coupled carrier lets sodium fall back downhill into the cell while 
harnessing that release to drag a second solute uphill against its own 
gradient. This is secondary active transport, still dependent on ATP but 
only at one remove, since the ATP was spent earlier to build the sodium 
gradient now being drawn upon. 

The naming follows the direction of the coupled solute. When it moves in 
the same direction as sodium, into the cell, the arrangement is 
cotransport, or symport. When it moves the opposite way, out of the cell 
as sodium comes in, it is countertransport, or antiport. So one expensive 
pump supports a large set of transport processes that never use ATP 

Primary Active Transport 

• Energized directly by ATP hydrolysis 

• Na+/K+ ATPase: 3 Na+ out, 2 K+ in per ATP; ~25 to 
33% of resting energy 

• Sets the inward Na+ and outward K+ gradients; a 
separate pump moves Ca2+ out 

Secondary Active Transport 

• Spends the Na+ gradient, not ATP directly 

• Cotransport (symport): coupled solute moves with Na+ 

• Countertransport (antiport): coupled solute moves 
opposite Na+ 

Causal Chain: How One Pump Powers Many 

Na+/K+ ATPase spends ATP → 3 Na+ pumped out per 
cycle → steep inward Na+ gradient stored across the 
membrane → coupled carrier binds Na+ and a second 
solute together → Na+ falls inward and the free energy 
released in that same cycle carries the second solute 
against its own gradient 

Common Errors 

• Error: Calling secondary active transport passive. It 
moves solute uphill; it just uses gradient energy, not 
ATP directly. 

• Error: Expecting a dedicated ATP pump for every 
solute. Most ride the Na+ gradient. 

• Error: Mixing up symport and antiport. Same direction 
is co-; opposite is counter-. 



directly, which is why poisoning the pump eventually disables far more 
than sodium and potassium handling alone. 

 

Section 18: Endocytosis and Exocytosis — Bulk transport that also tunes the transporter count 

 

The non-obvious point: exocytosis can raise uptake, not just expel material, by inserting transporters. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Cover the vesicle mechanics quickly, then spend the time on 
the counterintuitive point, that adding membrane during exocytosis can 
raise a cell's Tm for a solute. 

Endocytosis takes large material in; exocytosis sends 
material out 

Endocytosis is primary active transport of bulk material. Receptors 
localize a target, clathrin assembles a curved cage on the inner face and 
the membrane invaginates into a pocket, much like the seams drawing a 
soccer ball together, and the vesicle buds off into the cytoplasm. It can be 
delivered internally or, in transcytosis, carried across the cell and 
released on the far side. Exocytosis is the mirror image, vesicles fusing 
with the membrane to discharge their contents outward. 

Exocytosis can also increase uptake, by inserting 
transporters into the membrane 

The following point initially sounds contradictory. Exocytosis expels 
contents, yet it can raise a cell's ability to take solute in. The mechanism 
is the vesicle membrane itself. When a vesicle fuses, its membrane, and 
any transport proteins riding in it, becomes part of the cell membrane. If 
those proteins are solute transporters, the cell has just gained 
transporters, raising the transport maximum for that solute. So exocytosis 
acts directly to push contents out and indirectly to change how much the 
cell can move in or out, by adjusting transporter numbers. Endocytosis 

Vesicular Transport 

• Endocytosis: clathrin-coated pit pinches off inward; 
primary active transport 

• Transcytosis: vesicle carried across the cell, released 
on the far side 

• Exocytosis: vesicle fuses with membrane, discharges 
contents outward 

Causal Chain: How Exocytosis Raises Uptake 

vesicle bearing transporters in its membrane fuses with 
the cell membrane → vesicle membrane becomes 
continuous with the cell membrane → its transporters 
now sit in the cell surface → surface transporter number 
rises → Tm for that solute increases 

Key Distinction: Exocytosis's Direct Effect vs. Indirect Effect 

• Exocytosis, direct effect: expels cell contents 

• Exocytosis, indirect effect: adds transporters, changing 
solute movement in or out 

Common Errors 

• Error: Assuming exocytosis only expels material. It 
can raise uptake by inserting transporters. 

• Error: Treating membrane area as fixed during 
transport. Endocytosis removes it; exocytosis adds it. 



can reverse it, pulling transporters back. This insertion-and-retrieval is 
exactly how some tissues turn permeability up and down on demand. 

• Error: Forgetting endocytosis is energetically active, a 
form of primary active transport. 

 

Section 19: Voltage, Current, and Resistance — Ohm's law and the membrane battery 

 

Ohm's law, with the battery and raised-bucket analogies. Foundation for everything electrophysiological in CH5 and CH9. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Establish the three electrical quantities with the bucket-of-
water analogy, then frame the membrane as a battery charged by 
potassium leak. This is the conceptual base for action potentials later. 

Voltage is stored energy in separated charge: think of a 
raised bucket 

Voltage is a separation of charge, and a separation of charge is stored 
energy. The raised-bucket analogy carries the whole idea. Lifting water to 
a height stores gravitational energy, and the higher the bucket the more 
energy each unit of water carries. Voltage is the electrical version: the 
energy per unit charge needed to hold charges apart against their 
attraction. For the cell, you can label the membrane a battery, because a 
maintained charge separation across it is a maintained store of energy 
ready to do work. 

Current flows when charge is released; resistance is the 
brake 

Dump the bucket and the stored energy converts to motion that can do 
work, turn a wheel, for instance. Electrically, when voltage is allowed to 
dissipate, charges flow and that flow is current. In a cell, current is ions 
moving down their electrochemical gradients across the membrane. 
Resistance is what limits the flow, the narrowness of the hose on the 
bucket. The lipid bilayer is a strong insulator with high resistance, while 
open ion channels drop resistance and let current through. Ohm's law ties 
the three together, E equals I times R. 

Three Quantities (bucket analogy) 

• Voltage (E): stored energy per unit charge; raised 
bucket of water 

• Current (I): flow of charge when voltage dissipates; the 
bucket emptying 

• Resistance (R): brake on flow; the hose width 

Ohm's Law, Both Ways 

• E = I·R: trap current behind high resistance → large 
voltage 

• I = E/R: large driving force across low resistance → 
large current 

• Bilayer = high resistance; open channels = low 
resistance 

Causal Chain: Charging the Membrane Battery 

Na+/K+ pump loads K+ into cell → outward K+ 
concentration gradient → K+ leaks out through open leak 
channels → the impermeant intracellular anions left 
behind are unbalanced → inside becomes negative 
relative to outside → a maintained voltage (the battery) 

Common Errors 

• Error: Treating voltage as a flow. Voltage is stored, 
separated charge; current is the flow. 



The membrane charges itself mainly through potassium 
leak 

Where does the membrane's voltage come from? Mainly from potassium. 
The sodium-potassium pump loads potassium into the cell, and 
potassium then leaks back out through leak channels. As each potassium 
ion exits, the impermeant anions it leaves behind are no longer balanced, 
so the inside becomes slightly more negative, and the accumulating 
outside positive against inside negative is the charge separation, the 
voltage. So the battery is charged by potassium leak riding on a gradient 
the pump built. Read Ohm's law both directions: trap current behind high 
resistance and you build a large voltage; apply a large voltage across low 
resistance and you get a large current. 

• Error: Thinking the bilayer carries current easily. It is a 
high-resistance insulator; channels carry current. 

• Error: Forgetting that K+ leak, not Na+, is the main 
charge-separating event at rest. 

 

Section 20: Resting Membrane Potential and Equilibrium Potentials — Where Vm sits and where 

each ion would take it 

 

RMP, the electrochemical gradient, and the Nernst equation. The Donnan and electrogenic-pump contributions are minor and named as such. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Build the RMP from unequal ion leak, define the 
electrochemical gradient as the single combined force, and use the 
Nernst equilibrium potential as the destination each ion is pulling Vm 
toward. 

Unequal ion leak builds the resting membrane potential 

Pumps run continuously, but they exist largely to offset leak. Ions leak 
across the bilayer slightly and through leak channels substantially, and 
because there are more potassium and chloride leak paths than sodium 
or calcium, the leak is unequal. That inequality builds an electrical 
gradient, and the sum of all the charge separations is the resting 
membrane potential, Vm, conventionally the inside relative to the outside. 
It runs negative, typically between negative 50 and negative 95 millivolts 

Causal Chain: Building the RMP 

• Pumps mostly compensate for ongoing leak 

• More K+ (and Cl-) leak paths than Na+ or Ca2+, so 
resting permeability is weighted toward K+ → K+ efflux 
drives the inside negative until the electrical gradient 
checks it → Vm rests near EK as a standing charge 

separation, held where the outward K+ leak and 
inward Na+ leak balance (net current ≈ 0) 

• Sum of charge separations = Vm (inside relative to 
outside) 

• Typically −50 to −95 mV; negativity pulls cations in, 
pushes anions out 



depending on the cell's leak channel mix, and that negativity attracts 
cations inward and repels anions. 

The electrochemical gradient is the single combined force 
on an ion 

To predict which way an ion moves, you cannot look at the chemical 
gradient alone. You combine the concentration gradient with the electrical 
gradient into one electrochemical gradient, the net force. When both point 
the same way, as for sodium at rest, the concentration gradient drives it 
inward and the negative interior also pulls it inward, so given any 
permeability sodium rushes in. When they oppose, as for potassium, 
whose chemical gradient points out but whose attraction to the negative 
interior points in, the movement depends on which force wins. 

The Nernst equilibrium potential is the voltage where an ion 
would be balanced 

The equilibrium potential, Eion, is the membrane voltage at which an ion's 
electrical and chemical gradients exactly cancel, so its net flux would be 
zero. The Nernst equation gives it from the concentration ratio alone, 
simplifying to Eion equals 61 mV over the charge times the log of outside 
over inside concentration. There is no permeability term, because it is a 
hypothetical: the voltage the ion would drive Vm toward if that ion were the 
only one able to cross. For potassium that is about negative 94 millivolts. 
With a neuron resting near negative 70 mV, potassium is above its 
equilibrium, so it tends to leave, dragging Vm toward negative 94 mV. It is 
called the reversal potential because the ion flips direction as Vm crosses 
it. 

Electrochemical Gradient 

• Chemical + electrical gradient combined = net force on 
the ion 

• Same direction (e.g., Na+ at rest): strong, fast 
movement given permeability 

• Opposed (e.g., K+): outcome set by which force is 
larger 

Nernst / Equilibrium Potential 

• Eion = (61 mV)/z · log([out]/[in]); voltage of zero net flux 

• No permeability term: it is hypothetical 

• Reversal potential: ion flips direction as Vm crosses it 

• Example values: EK ≈ −94 mV, ENa ≈ +61 mV, ECa ≈ 
+124 mV, ECl ≈ −87 mV 

Common Errors 

• Error: Predicting ion movement from the chemical 
gradient alone. Use the electrochemical gradient. 

• Error: Thinking Eion is where the ion actually sits. It is 
the hypothetical balance voltage. 

• Error: Believing the pump's electrogenic effect or the 
Donnan effect dominate Vm. Both are minor; leak 
dominates. 

Prediction Prompt 

• Predict: ECl ≈ −87 mV. If Vm = −80 mV, predict 
whether Cl− enters or leaves through its leak channel 
and why. 

 

Section 21: GHK, What Sets Vm, and Gated Channels — Permeability weights each ion’s 
contribution 

 

GHK as the permeability-weighted reality, EMF as the driving force, and the four gated channel types clustered at the close. 



Instructor Narrative Structured Outline / Causal Chain 

The move: Show that Vm is a permeability-weighted average of the 
equilibrium potentials, that the gap between Vm and an ion's Eion is its 
driving force, and then cluster the gated channels as the way excitable 
cells change that permeability on command. 

GHK weights each ion's pull by its permeability 

Nernst tells you where one ion would take Vm; the Goldman-Hodgkin-Katz 
equation tells you where Vm actually lands when several ions act at once. 
It looks like Nernst but multiplies each ion's concentration by its 
permeability, so ions with both a large gradient and high permeability 
dominate. At rest, potassium has the highest permeability, which is why 
resting Vm sits close to the potassium equilibrium potential. Change any 
ion's permeability and you change its effect in the permeability-weighted 
average, and Vm moves. That single sentence is the seed of the action 
potential: open sodium channels and sodium's contribution suddenly 
rises, pulling Vm sharply positive. 

The gap between Vm and Eion is the driving force on the ion 

Compare where Vm is to where an ion's equilibrium potential is, and the 
difference is the electromotive force on that ion, the magnitude of its 
electrochemical gradient. At a neuron's resting negative 70 mV, 
potassium is only about 24 millivolts from its equilibrium, a small driving 
force, so potassium current is modest even though its permeability is 
high. Sodium is the opposite: more than 130 millivolts from its equilibrium, 
an enormous driving force, but with negligible resting permeability, so 
almost no current flows until channels open. Current depends on driving 
force and permeability together. 

Gated channels are how excitable cells change permeability 
on demand 

Leak channels stay open; gated channels open and close to a stimulus, 
and that is how a cell's permeabilities change to move it off rest. There 
are four types, sorted by what opens them. Ligand-gated channels 
respond to a bound chemical messenger such as a neurotransmitter. 
Voltage-gated channels respond to changes in Vm itself, which lets one 

GHK: Permeability-Weighted Vm 

• Like Nernst, but each ion's concentration is multiplied 
by its permeability (pK, pNa, pCl) 

• Highest gradient × permeability dominates 

• K+ has highest resting permeability → resting Vm near 
EK 

• Change a permeability → change that ion's weight → 
Vm moves 

Electromotive Force (driving force) 

• EMF = Vm − Eion, the distance from equilibrium 

• K+ at rest: small EMF (~24 mV), modest current 
despite high permeability 

• Na+ at rest: large EMF (>130 mV), but negligible 
permeability → little current 

• Current needs both driving force and permeability 

Four Gated Channel Types 

• Ligand-gated: opened by a bound messenger 
(neurotransmitter, hormone) 

• Voltage-gated: opened by changes in Vm; enable 
propagation 

• Mechanically-gated: opened by distortion (touch, 
fullness, baroreception, hearing) 

• Temperature-gated: opened by heat/cold (also 
capsaicin and menthol) 

Common Errors 

• Error: Reading Vm as a simple average of equilibrium 
potentials. It is weighted by permeability. 

• Error: Equating high permeability with high current. K+ 
has high permeability but small driving force at rest. 



region's change trigger the next and propagate a signal. Mechanically-
gated channels respond to membrane distortion, underlying touch, the 
sense of fullness, blood pressure detection, and hearing. Temperature-
gated channels respond to heat or cold, and notably the heat-activated 
ones also bind capsaicin while the cold-activated ones bind menthol. 
Each type, when it opens, changes ion flux and shifts Vm, which is the 
central function of excitable cells we take up in the nerve and muscle 
chapters. 

• Error: Lumping leak and gated channels together. 
Leak is always open; gated channels respond to 
stimuli. 

Prediction Prompt 

• Predict: Starting at RMP, predict the direction Vm 
moves if a stimulus sharply raises sodium 
permeability, and name the term in GHK that changed. 

 

Section 22: Epithelial Membranes — Directional transport, capillary bulk flow, and the making of 

lymph 

 

Closes the chapter by uniting the two epithelial themes: transcellular transport at boundaries, and the hydrostatic-versus-oncotic contest at the capillary 
that previews CH9. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Treat epithelia as the body's controlled boundaries, establish 
the apical-basolateral logic, then spend the back half on the capillary, 
where hydrostatic and oncotic pressures oppose each other and the net 
filtrate becomes lymph. 

Epithelia move solutes one direction across a polarized cell 

Epithelia are the regulated boundaries between the body and the outside, 
the skin, the gut lining, the airways, the kidney tubules. The conceptual 
key is that the gut contents and the urine in the tubule are not yet inside 
you; they sit in spaces continuous with the external world. Something is 
inside the body only after it has crossed an epithelium. To direct that 
crossing, the epithelial cell is polarized: an apical face toward the open 
space and a basolateral face toward the interstitium and blood. Tight 
junctions seal the gaps so material cannot leak backward between cells, 
which forces transport through the cells, across both faces in sequence, 
and makes the movement directional. 

Epithelial Transport 

• Gut contents and tubular urine are still outside the 
body until they cross an epithelium 

• Polarized cell: apical face (open space), basolateral 
face (interstitium/blood) 

• Tight junctions block paracellular backflow → transport 
is transcellular and directional 

Capillary Bulk Flow: Two Forces 

• Blood hydrostatic pressure: pushes fluid out (the blood 
pressure itself) 

• Blood oncotic pressure: trapped proteins pull fluid in 

• Net Jbulk = sum of outward (hydrostatic) and inward 
(oncotic) fluxes 

• Capillary cannot reach osmotic equilibrium; hydrostatic 
pressure overrides 



At the capillary, hydrostatic pressure pushes out while 
oncotic pressure pulls in 

The capillary is the epithelium where bulk flow, not just diffusion, matters. 
Two forces compete across its wall. Blood hydrostatic pressure, the blood 
pressure itself, pushes fluid outward, and it is properly a hydrodynamic 
pressure since the blood is moving, though we keep the conventional 
name. Opposing it is blood oncotic pressure, the effective osmotic pull of 
the trapped plasma proteins, drawing fluid inward. Net bulk flux is the sum 
of the outward hydrostatic and inward oncotic fluxes. Unlike the cell 
membrane, the capillary cannot reach osmotic equilibrium, because 
hydrostatic pressure keeps overriding the osmotic pull. Cell membranes 
cannot sustain a hydrostatic pressure difference, which is why fluid 
movement across them was the simpler, purely osmotic story. 

Perfused capillaries filter, unperfused ones reabsorb, and 
the surplus becomes lymph 

Hydrostatic pressure falls along a capillary as friction bleeds it off, but in a 
perfused capillary it stays high enough to dominate the entire length, so 
that vessel filters fluid outward end to end. The key point is that capillaries 
alternate: only a fraction are perfused at a given moment, the rest 
pinched off upstream. In an unperfused capillary, hydrostatic pressure 
decreases, oncotic pressure now dominates, and that vessel reabsorbs. 
Across the whole bed, filtration slightly exceeds reabsorption. The leftover 
interstitial fluid is collected by blind-ended lymph vessels, where it is 
called lymph, passed through lymph nodes for immune surveillance, and 
returned to the veins. The full circuit is plasma to interstitial fluid to lymph 
and back to plasma, and the volume cycled this way exceeds the entire 
plasma volume several times a day. We take this up in full in chapter 9. 

Causal Chain: Filtration, Reabsorption, and Lymph 

Perfused capillary: hydrostatic pressure stays high the 
whole length, so the outward hydrostatic force exceeds 
the inward oncotic force → net filtration end to end 

Unperfused capillary: upstream vessel pinched off → 
hydrostatic pressure falls, so the inward oncotic force 
now exceeds it → net reabsorption across the bed, 
filtration slightly exceeds reabsorption → surplus 
interstitial fluid enters blind-ended lymph vessels → 
lymph passes through nodes (immune surveillance) → 
returns to the veins 

Key Distinction: Cell Membrane vs. Capillary Wall 

• Cell membrane: no hydrostatic pressure possible → 
purely osmotic, reaches equilibrium 

• Capillary wall: hydrostatic pressure sustained by the 
heart → osmotic equilibrium never reached → 
continuous bulk flow 

Common Errors 

• Error: Thinking food in the gut is inside the body. It is 
across an epithelium only after transport. 

• Error: Treating hydrostatic and oncotic as fixed along 
the capillary. Hydrostatic falls with distance and 
perfusion state. 

• Error: Assuming a perfused and an unperfused 
capillary do the same thing. One filters, the other 
reabsorbs. 

Prediction Prompt 

• Predict: Dehydration raises plasma protein 
concentration. Predict the effect on blood oncotic 
pressure and on lymph production. 

 


