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Section 1: Renal Functions and the Logic of Urine Formation 

 

The opener. Establish E = F − R + S before any anatomy, because every later section is a special application of this one equation. The kidney's jobs all 
reduce to controlling the chemical composition of the ECF. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Don’t let students call the kidney just a waste-disposal organ. 
Put E = F − R + S on the board and help them see that excretion is a 
regulated balance of filtration, reabsorption, and secretion that helps 

The Five Regulatory Roles 

• Ion balance: protects membrane potentials (charge 
from unequal ion distribution). 
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control chemical composition of the ECF as well as eliminate wastes. It’s 
not simply a one-way drain. 

Every renal function has one prevailing objective: 
controlling ECF volume and composition 

Students arrive thinking the kidney makes urine just to get rid of waste. 
That framing is entirely too restrictive and hides some indispensable logic. 
The unifying job is regulation of the extracellular fluid: its volume, its 
osmolarity, the concentration of each individual electrolyte, its pH, and the 
level of metabolic wastes. Waste excretion is one item on that list, not the 
primary one. The reason this matters is mechanistic. Cells depend on a 
stable ECF because it’s essential for protein function. Proteins are by 
necessity only marginally stable, and that marginal stability is what lets 
them change shape to function. Shifting the ions, protons, or waste load 
around proteins disrupts their optimal molecular conformation, which is 
why disturbances to ECF composition translate so quickly into organ 
dysfunction. 

Run the list and a common theme emerges: each role defends a stable 
ECF, and for several of them the stake is specifically the marginal stability 
of proteins. Ion regulation protects membrane potentials, because a 
potential is just charge separation built from unequal ion distribution. Fluid 
regulation sets blood volume and therefore blood pressure, and affects 
osmolarity, because concentration is solute over volume and the kidney 
controls the volume. pH regulation also protects protein structure, since 
protons interact with the same weak bonds that hold tertiary structure 
together. Waste excretion is toxic-load control, and the toxicity is once 
more a protein-destabilizing effect. Even the kidney's hormone roles, 
erythropoietin for red cell production, renin leading to angiotensin II, and 
calcitriol for calcium, serve ECF and whole-body homeostasis. One 
organ, one mission, many readouts. 

Urine formation is three processes that resolve to a single 
equation 

Urine is built by filtration, reabsorption, and secretion, and all of renal 
physiology tracks those three. Filtration is bulk, pressure-driven 
movement of water and small solutes out of the glomerular capillaries into 

• Fluid balance: sets blood volume and pressure, and 
osmolarity. 

• pH balance: protects protein marginal stability (H+ and 
HCO3

−). 

• Waste excretion: removes protein-destabilizing toxins 
(urea, creatinine, etc.). 

• Hormone secretion: erythropoietin, renin (to 
angiotensin II), calcitriol. 

The Three Processes 

• Filtration (F): indiscriminate bulk flux out at the 
glomerulus; no proteins or cells. 

• Reabsorption (R): tubule returns filtered material to 
blood. 

• Secretion (S): tubule adds unfiltered material to the 
tubule. 

Derivation Chain: Why Filter 180 L to Make 1.5 L? 

Filter ~ 180 L/day of plasma indiscriminately → the tubule 
then reclaims selectively: more than 99% of the water 
and essentially all nutrients and most electrolytes return 
to blood, while wastes, having no reabsorptive 
transporters, stay in the lumen → excretion of any solute 
is the small difference between a large filtered load and a 
nearly-as-large reabsorbed load, so a change of a few 
percent in reabsorption shifts that small difference 
severalfold. Much of the reabsorptive step is also solute-
specific and separately regulated, so excretion of a given 
solute can be changed quickly and by large factors, 
though solutes that share a transporter or move 
paracellularly shift together 

Key Distinction: Reabsorption vs Secretion 

• Reabsorption removes solute from the tubule (filtered 
material back to blood). 

• Secretion adds solute to the tubule (unfiltered material 
from blood). 



the nephron; it is indiscriminate, taking everything plasma carries except 
proteins and cells. Reabsorption is the nephron pulling filtered material 
back into the blood, the step that rescues nutrients, most electrolytes, and 
the vast majority of water. Secretion is the nephron adding unfiltered 
material from the blood into the tubule, the step that lets the kidney 
excrete a waste faster than filtration alone could manage. For any 
substance (x), excretion (Ex) is the sum: Ex = filtration − reabsorption + 
secretion. 

The magnitudes of renal processing steps are what make the logic clear. 
The two kidneys filter roughly 180 liters of plasma a day against a plasma 
volume of only three to four liters, so the entire plasma is filtered fifty to 
sixty times daily, yet only about 1.5 liters leaves as urine. That means well 
over 99% of filtered water is reabsorbed. Filtering enormously and then 
reabsorbing almost all of it looks wasteful until one sees what it buys: by 
reclaiming needed solutes and letting wastes pass through, the kidney 
can change excretion of any solute fast and independently, simply by 
adjusting transport. The slight difference between two huge opposing 
fluxes is what sets urine volume and content, which is why tiny 
percentage changes in filtration or reabsorption produce very large 
changes in output. 

• Most solutes undergo one or the other, rarely both 
(these are opposing actions). 

Common Errors 

• Error: Calling the kidney just a waste organ. Its core 
job is regulating ECF composition; waste removal is 
one of several outputs. 

• Error: Thinking substantial filtration activity is wasteful 
or overkill. Filtering a large volume and reabsorbing 
nearly all of it is what makes excretion fast and 
extremely tunable. 

• Error: Considering excretion to be essentially filtration 
minus reabsorption for every solute. For wastes that 
are secreted, excretion = filtration + secretion. 

• Error: Assuming each solute is handled in complete 
isolation. Cotransport and paracellular movement link 
solutes; independence is substantial, not absolute. 

Prediction Prompts 

• Predict: If GFR were unchanged but all tubular 
reabsorption stopped for 30 minutes, what volume 
would be excreted, and why does this reveal the 
magnitude of filtration? 

• Predict: A toxin is freely filtered and also secreted. 
Write its excretion equation and predict whether its 
clearance is above or below GFR. 

 

Section 2: Functional Anatomy and the Portal System 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Have students draw the two capillary beds in series before 
attempting to name any structure. This portal arrangement is what lets the 

Gross Organization 



kidney filter at high pressure in the glomerulus and reabsorb at low 
pressure in the peritubular capillaries. 

Form follows function more visibly here than almost 
anywhere 

The kidneys sit retroperitoneally and receive a disproportionate share of 
cardiac output, 20 to 25%, despite being under 1% of body mass. That 
flow is not about meeting a high metabolic demand; it is about exposure. 
The more plasma that’s run past the filtering and secreting machinery per 
minute, the faster wastes can be cleared and the ECF composition 
corrected. Because the formed elements, red and white cells and 
platelets, are never filtered, we track renal plasma flow rather than renal 
blood flow as the physiologically relevant number. Urine produced by the 
million-plus nephrons drips from the papillae into calyces, collects in the 
pelvis, and leaves through a single ureter, with renal venous flow running 
only about 0.1% below arterial inflow, the tiny difference that becomes 
urine. 

Arterial blood branches down to afferent arterioles, each feeding a tuft of 
fenestrated glomerular capillaries, the glomerulus, wrapped in Bowman's 
capsule. Here is a structural surprise that makes the kidney work: those 
capillaries do not drain into a vein. They coalesce into an efferent 
arteriole, which then breaks into a second capillary bed, the peritubular 
capillaries, before the blood finally reaches the venous side. Two capillary 
beds in series, joined by an arteriole, constitutes a portal system, and the 
kidney is built on that because it needs to do two opposite jobs in 
sequence: filter aggressively at the first bed, then reabsorb aggressively 
at the second. 

Two nephron populations and the vasa recta arrangement 

Most nephrons, 85% or so, are cortical: their corpuscles sit in the outer 
cortex and their loops of Henle barely dip toward the medulla, drained by 
a meshwork of cortical peritubular capillaries. The minority, the 
juxtamedullary nephrons, originate near the cortico-medullary border and 
send long loops deep into the medulla. Their efferent arterioles supply a 
specialized peritubular bed, the vasa recta, straight vessels arranged as 
hairpin loops with descending and ascending limbs running side by side 
with the loops of Henle. This single architectural fact, descending and 

• Retroperitoneal; receives 20% to 25% of cardiac 
output (exposure, not metabolic demand). 

• Outer cortex, inner medulla (pyramids); urine drips 
from papilla into calyces, then pelvis, then ureter. 

• Renal plasma flow (RPF), not blood flow, is the 
relevant number: cells are never filtered. 

The Portal System 

• Afferent arteriole into glomerular (fenestrated) 
capillaries into Bowman's capsule. 

• Glomerular capillaries coalesce into an efferent 
arteriole (not a vein). 

• Efferent arteriole into a second capillary bed: 
peritubular capillaries. 

• Two capillary beds in series joined by an arteriole = 
portal system. 

Causal Chain: Why a Portal System Is Adaptive 

The glomerular bed is fed at high hydrostatic pressure 
and drained through the efferent arteriole, a second high-
resistance vessel → net filtration at the glomerulus is 
strong, and removing protein-free fluid concentrates the 
plasma proteins left behind, raising πc → blood entering 
the peritubular bed carries that high πc but has lost most 
of its hydrostatic pressure across the efferent arteriole, so 
Pc there is low. Low Pc minus high πc gives a negative 
net filtration pressure at the second bed → the peritubular 
bed reabsorbs along its length, so one circuit filters at the 
first bed and reabsorbs at the second 

Two Nephron Types 

• Cortical (~ 85%): short loops, cortical peritubular 
capillaries; routine reabsorption/secretion. 

• Juxtamedullary (10% to 15%): long loops into the 
medulla, supplied by vasa recta. 

• Vasa recta: hairpin loops, descending and ascending 
limbs adjacent (counter-current). 



ascending capillaries adjacent and having counter-current blood flow, is 
what later lets the medulla hold a steep solute gradient without the blood 
supply washing it away. The medullary gradient is essential for producing 
a concentrated urine when needed. 

It is worth previewing why the long-looped nephron minority matters so 
much. Those deep loops and their vasa recta build and protect the 
medullary solute gradient that the collecting ducts later use to conserve 
water. The cortical majority handle routine reabsorption and secretion, but 
they cannot concentrate urine on their own. So when we talk about 
surviving on limited water, we are really talking about a structural feature 
present in only 10 to 15% of nephrons. Anatomy is not a preamble to the 
physiology here; it is the physiology. 

Common Errors 

• Error: Thinking high renal blood flow reflects high 
metabolic need. It reflects the necessity of rapidly 
exposing plasma to renal processing. 

• Error: Expecting glomerular capillaries to drain into a 
vein. They drain into an efferent arteriole, the defining 
feature of a portal system. 

• Error: Assuming all nephrons concentrate urine. Only 
juxtamedullary (long-looped) nephrons build the 
medullary gradient that allows this. 

Prediction Prompts 

• Predict: Predict the consequence for reabsorption if 
glomerular capillaries drained directly into venules 
instead of an efferent arteriole. 

• Predict: A drug selectively damages juxtamedullary 
nephrons. Predict the effect on the patient's ability to 
produce concentrated urine and why. 

 

Section 3: The Renal Corpuscle and the Filtration Membrane 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Build the filtration membrane as a three-layer sieve and have 
students predict what crosses from size and charge alone. Never let 
podocytes just be a vocabulary word; these cells make up the 
membrane’s layer that keeps protein in the blood. 

A three-layer sieve does the separating 

Glomerular filtration, measured as GFR in ml/min, is often called 
ultrafiltration because it cleanly separates large solutes and cells from 
water and small solutes. The separation happens across a three-tiered 
membrane: first, the fenestrated capillary endothelium, riddled with pores 

The Filtration Membrane (3 Layers) 

• Fenestrated capillary endothelium: very high water 
permeability. 

• Basement membrane. 

• Podocyte visceral layer: pedicels form filtration slits 
bridged by slit diaphragms. 

What Is Filtered (Size + Charge) 

• Water and small solutes: freely filtered (σ near 0). 



that make it extraordinarily permeable to water; second, the basement 
membrane; third, the visceral layer of Bowman's capsule, made of 
octopus-like podocytes whose foot processes, pedicels, interdigitate to 
leave narrow filtration slits bridged by slit diaphragm proteins. Water and 
small solutes pour through the membrane, but the architecture excludes 
everything larger. 

Two properties determine what is held back at the membrane: size and 
charge. Large molecules simply do not fit through the slits, and most 
plasma proteins are also anionic, so they are electrostatically repelled by 
the fixed negative charges lining every membrane layer. The reflection 
coefficient for protein is therefore near 1, meaning near-complete 
exclusion of these large molecules. This is why a healthy filtrate is 
essentially plasma minus its proteins. Damage the podocyte layer, as in 
glomerulosclerosis, and the slit barrier fails: larger and anionic solutes 
leak through, protein appears in the urine, and the predictable 
downstream effect is proteinuria. Sustained urinary protein loss then 
lowers plasma albumin and therefore plasma oncotic pressure, and that is 
the unbalanced capillary filtration of nephrotic syndrome. 

GFR is high because permeability and surface area are 
enormous 

GFR runs hundreds of times higher than net filtration at an ordinary 
capillary bed, and the reason is not an extreme driving pressure. It is Kf, 
the filtration coefficient, which is the product of hydraulic conductivity (Lp) 
and surface area. The fenestrations raise hydraulic conductivity at least a 
hundredfold over a continuous capillary, and the total glomerular surface 
area per gram of tissue is unusually large. Multiplying a very leaky 
membrane by a large area and a moderate net filtration pressure 
produces a massive flux. The point to establish here is that leakiness, not 
pressure, is the dominant reason the glomerulus filters so much. 

Kf is also adjustable, which previews GFR control. The mesangial cells sit 
among the capillary loops and contract in response to local agents; 
contraction restricts flow through some loops, drops functional surface 
area, and lowers Kf and GFR, while relaxation does the reverse. So even 
before we reach the arterioles, the corpuscle has a built-in dial on its own 
filtering surface. Pathology exploits the same lever in the wrong direction: 
hypertension and diabetes thicken the membrane and destroy capillaries, 

• Proteins: excluded by size and anionic charge 
repulsion (σ near 1). 

• Filtrate = plasma minus proteins and cells. 

Why GFR Is So High 

• Kf = hydraulic conductivity (Lp) × surface area. 

• Fenestrations raise Lp ~ 100-fold over continuous 
capillaries. 

• Large surface area per gram; GFR = Kf × NFP, so 
high Kf dominates. 

Causal Chain: Podocyte Damage to Proteinuria and Edema 

Podocytes and slit diaphragms injured (e.g., 
glomerulosclerosis) → filtration slit barrier fails → 
reflection coefficient for protein falls below 1 → anionic 
and larger proteins are filtered → the filtered protein load 
exceeds the limited endocytic uptake capacity of the 
proximal tubule → protein appears in the urine 
(proteinuria) → sustained urinary protein loss lowers 
plasma albumin, so plasma oncotic pressure falls → 
capillary Starling balance shifts toward filtration 
throughout the body → the edema of nephrotic syndrome 

Key Distinction: Kf vs Driving Pressure 

• GFR is high mainly because Kf (leakiness × area) is 
high, not because pressure is extreme. 

• Mesangial cell contraction lowers functional surface 
area, lowering Kf and GFR. 

Common Errors 

• Error: Thinking proteins are held back only by size. 
Charge matters too: anionic proteins are repelled by 
the membrane's fixed negative charges. 

• Error: Always attributing high GFR to high pressure. 
The dominant factor is the very high Kf from 
fenestrations and large surface area. 

• Error: Treating mesangial cells as structural filler. 
They contract to adjust Kf and thus GFR. 



cutting surface area and permeability until the kidney can no longer form 
adequate filtrate. 

Prediction Prompts 

• Predict: Predict the effect on the array of filtered 
solutes if the membrane's fixed negative charges were 
neutralized but pore size was unchanged. 

• Predict: Mesangial cells contract. Predict the direction 
of change in functional surface area, Kf, and GFR. 

 

Section 4: Nephron Segments, Tubular Fluid, and the Transport Maximum 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Walk the nephron once, end to end, naming what each 
segment reabsorbs or secretes, then introduce the transport maximum as 
carrier saturation so glucosuria in diabetes is seen to be inevitable. 

The tubule is a sequence of specialists 

Follow the filtrate. It leaves Bowman's capsule into the proximal 
convoluted tubule (PCT), a thick, brush-bordered, cuboidal segment that 
performs massive reabsorption, which descends as the proximal straight 
tubule into the outer medulla. It continues into the loop of Henle, a thin 
water-permeable descending limb and a thick solute-transporting 
ascending limb. Near the end of the ascending limb the tubule does 
something anatomically deliberate: it passes back between its own 
afferent and efferent arterioles, where specialized cells form the macula 
densa. The macula densa plus the juxtaglomerular (JG) cells of the 
afferent arteriole make the juxtaglomerular apparatus (JGA), the structure 
that reads tubular fluid and afferent pressure to control GFR and adjust 
salt and water excretion. Past the macula densa comes the short distal 
convoluted tubule (DCT), then the collecting duct (CD), where many 
nephrons merge and the final medullary descent occurs. 

Each segment expresses its own transporters and tight-junction 
permeability, and that is what assigns its role. The proximal tubule 
reclaims the bulk of the filtrate; the loop builds the medullary gradient; the 

Segment Roles (Orientation) 

• Proximal tubule (PT/PCT): thick, brush border; bulk 
reabsorption and some secretion. 

• Loop of Henle: thin descending (water), thick 
ascending (Na+/Cl− out); builds medullary gradient. 

• Macula densa + JG cells = JGA: reads tubular fluid 
and afferent pressure; controls GFR. 

• DCT and collecting duct: fine, hormonally controlled 
adjustment of solutes and water. 

Transport Maximum (Tm) 

• Carriers act like enzymes: transport rises with 
substrate until carriers saturate. 

• At Tm all carriers are maximally active; remaining 
solute escapes transport. 

• Reabsorbed solute above Tm is excreted; secreted 
solute above Tm stays in blood. 

Causal Chain: Glucosuria in Diabetes 

Plasma glucose rises (uncontrolled diabetes) → filtered 
glucose load rises in proportion → reabsorptive carriers 
begin to saturate (varies by location and glucose load), at 



distal nephron and collecting duct do the fine, hormonally controlled 
adjustments. From Bowman's capsule through the DCT each nephron is 
distinct, then, with others, shares collecting ducts that funnel urine toward 
the calyces. Once urine reaches the calyces, pelvis, and ureter its 
composition is finalized and no further processing occurs. 

Carriers saturate, and that ceiling is the transport maximum 

Reabsorption and secretion lean heavily on carrier proteins, and carriers 
behave like enzymes with substrate: as plasma and therefore filtered 
concentration rises, more carrier sites are occupied and transport rises, 
until every carrier is working at full capacity. That ceiling is the transport 
maximum, Tm. This limit is perfectly illustrated via a conveyor-belt 
analogy: workers (carriers) pull items (solute) off a belt (the tubule), and 
once the belt delivers faster than they can grab, the surplus rides past. 
For a reabsorbed solute, surplus above Tm escapes into the urine; for a 
secreted solute, surplus that cannot be loaded stays in the blood. 

Glucose is the clinical face of this. Normally this sugar is completely 
reabsorbed before the end of the proximal tubule, so none appears in 
urine. In uncontrolled diabetes, though, filtered glucose climbs until 
reabsorptive carriers saturate at Tm, and every milligram above that point 
spills into the urine, which is the glucosuria that gives diabetes mellitus its 
name. The same ceiling logic governs why a freely filtered nutrient is 
normally invisible in urine and why it suddenly is not when plasma levels 
run pathologically high. Connect this directly forward to clearance, the 
rate at which a substance is removed from the plasma by the kidneys: 
crossing Tm is exactly when a reabsorbed solute's clearance becomes 
greater than zero. 

a plasma threshold well below the whole-kidney Tm → 
glucose above that threshold cannot be reabsorbed → 
glucose spills into urine (glucosuria). Glucose clearance, 
which was zero, rises with it. 

Key Distinction: Discrete vs Shared Tubule 

• Bowman's capsule through DCT: each nephron is 
separate. 

• Collecting duct: shared by many nephrons; final 
medullary processing. 

• Calyces, pelvis, ureter: passageways only; no further 
modification. 

Common Errors 

• Error: Thinking each nephron has its own collecting 
duct. Many nephrons share a single collecting duct. 

• Error: Assuming urine is modified in the pelvis or 
ureter. Processing ends at the collecting duct. 

• Error: Believing glucose appears in normal urine. 
Clearance is zero until filtered load exceeds Tm. 

Prediction Prompts 

• Predict: Blood glucose is three times normal. Predict 
whether glucose appears in urine and what has 
happened at the carrier level. 

• Predict: Predict why the brush-bordered PCT is more 
than twice the length of the DCT. 

 

Section 5: Clearance — Reading Renal Handling from a Single Number 

 

This is the conceptual spine of the chapter. Establish clearance here as the lens for every later solute: once a student can place a substance on the 
clearance axis, the handling of that substance becomes a prediction rather than a list to memorize. 

Instructor Narrative Structured Outline / Causal Chain 



The move: Put the 0, 125, and 625 ml/min clearance axis on the board 
before any equation and ask students to locate marker solutes on it. Once 
these clearances are plotted, reabsorption and secretion stop being 
purely textbook definitions and become meaningful directions of travel 
along one processing line. 

Clearance measures efficiency, not amount 

Start by separating the two numbers students constantly blur. Excretion is 
just the rate a solute shows up in the urine: Ex = Ux × V, in mg/min. It 
reveals how much of the substance is leaving the body, and nothing 
more. Clearance reframes that same exiting amount against what was 
available to be removed in the first place: Cx = (Ux × V)/Px, or simply 
Ex/Px, in ml/min. The units are what carry the meaning here. Clearance is 
a virtual volume of plasma, the volume that would have to be scrubbed 
completely free of the solute each minute to account for what actually 
appeared in the urine. We are no longer looking at a quantity, but rather 
an efficiency. 

Why this conceptual shift matters becomes obvious the moment plasma 
concentration changes. Take a solute that is neither reabsorbed nor 
secreted. Raise its plasma level and the filtered load rises, the excreted 
amount rises right alongside it, and yet the clearance does not budge. 
The kidney continues to process the same fraction of the plasma that 
flows past, exactly as it did before. Excretion has increased with plasma 
concentration, but clearance (which was zero before and remains zero) 
has not. That is the reason clearance, not excretion, is the number that 
reveals what the nephron is actually doing to a solute. Secretion adds 
solute beyond what filtration delivered, so it drives clearance up, while 
reabsorption pulls filtered solute back, so it drives clearance down. 

Three fixed benchmarks turn any clearance value into a 
verdict 

Anchor the processing axis with these three landmarks and you never 
have to memorize an individual value again. At a clearance of 0 ml/min, 
no plasma is cleared at all, which means the solute is either completely 
reabsorbed after filtration or never enters the tubule in the first place; 
nutrients, glucose and amino acids, live here. At roughly 125 ml/min, the 

Clearance Framework 

• Excretion: Ex = Ux × V (mg/min), the amount of solute 
leaving in the urine. 

• Clearance: Cx = (Ux × V)/Px = Ex/Px (ml/min), the 
virtual volume of plasma fully cleared per minute. 

• Clearance is an efficiency (fraction of plasma 
processed), not a quantity. 

• Reabsorption lowers clearance; secretion raises it. 

The Three Solute Benchmarks (ml/min) 

• 0 ml/min: completely reabsorbed, or never filtered or 
secreted. Nutrients (glucose, amino acids). 

• ~ 125 ml/min (GFR): filtered only. Inulin; creatinine ~ 
140 ml/min because it is slightly secreted. 

• ~ 625 ml/min (RPF): filtered plus fully secreted, 
cleared in one pass. PAH. 

Below GFR: Net Saved vs Truly Retained 

• A clearance below 125 ml/min means net reabsorption 
is taking place, but the solute is being recovered from 
a massive filtration, so absolute clearance can still be 
high. 

• Urea ~ 70 ml/min: net-saved (it feeds the medullary 
gradient) yet still cleared briskly and effectively 
excreted. 

• Real retention sits well below urea's 70 ml/min: K+ ~ 
12 ml/min, Cl− ~ 1.3 ml/min, Na+ ~ 1 ml/min, nutrients 
~ 0 ml/min. 

Causal Chain: Why Urea Clears Below GFR 

Urea is freely filtered, so its filtered load is GFR × plasma 
urea (a waste, so predict clearance at or above GFR) → 
medullary collecting duct urea transporters return about 
half of that load to the interstitium → interstitial urea 
raises medullary osmolarity → water is drawn osmotically 
out of the collecting duct → the tubular fluid left behind is 
small in volume and high in urea concentration → the 



clearance equals GFR, which means the solute is filtered and then left 
alone (neither reabsorbed nor secreted), so exactly the filtered volume of 
plasma is cleared. Inulin is the pure case of this scenario; creatinine sits 
just above it near 140 ml/min because it is very slightly secreted. At 
roughly 625 ml/min, the clearance equals renal plasma flow, which means 
the solute is not only filtered but has its entire unfiltered remainder 
secreted as well, so all of the plasma reaching the kidney is cleared of the 
solute in a single pass. PAH is handled in exactly this manner. 

These benchmarks are not arbitrary numbers to be recalled; each one 
falls out of the processing mode we already established. Filtration alone 
clears about 20% of renal plasma flow, the filtration fraction, and 20% of 
625 ml/min is the 125 ml/min mark. That single relationship pins the 
middle of the axis: any solute cleared at GFR is being handled by filtration 
and nothing else, which is precisely why inulin and creatinine clearances 
are used clinically to read GFR. PAH marks the ceiling because it is the 
one substance the kidney clears in its entirety via both filtration and 
secretion, which makes its clearance a usable stand-in for renal plasma 
flow itself. Lock 0 ml/min (filtration with complete reabsorption), 125 
ml/min (filtration only), and 625 ml/min (filtration with total secretion) in 
place first, and every other solute can be compared in a meaningful way. 

Position on the axis tells you the direction of handling, but 
“saved” is relative 

With the clearance axis fixed, one numeric value reveals the direction of 
the kidney's handling. A clearance below GFR means net reabsorption is 
taking place, the kidney acting to save the solute from excretion, while a 
clearance above GFR means net secretion is occurring, the kidney 
adding solute to remove it faster than filtration alone ever could. Be sure 
to keep the magnitudes of these processing modes in perspective, 
though. A clearance below GFR tells you the solute is being saved, but 
remember it’s being recovered from an enormous rate of filtration. Net 
reabsorption is a statement about direction, not about absolute 
magnitude. 

Real, aggressive retention shows up only at clearances far below the 
GFR mark. Nutrients land essentially at zero. The major electrolytes Na+ 
at about 1 ml/min and Cl− at about 1.3 ml/min sit just above it, because 
the body filters staggering quantities of both and reclaims nearly all of it 

unreabsorbed half of the filtered load leaves in that small 
volume, so urea clearance settles near half of GFR, ~ 70 
ml/min: water conserved while urea is still effectively 
eliminated 

Causal Chain: Excreting a Salt Load Without Secretion 

Dietary Na+ intake rises tenfold → ECF Na+ content, and 
therefore ECF volume, expands → atrial stretch raises 
ANP while volume expansion suppresses renin, 
angiotensin II, and aldosterone → distal Na+ reabsorption 
falls, so a slightly smaller fraction of the large filtered load 
is reclaimed → Na+ clearance rises several-fold above its 
~ 1 ml/min baseline → Na+ excretion rises to match the 
new intake, with no secretion involved 

Key Distinction: Clearance vs Excretion 

• Excretion defines only how much leaves; clearance 
describes the volume of available plasma from which a 
given solute is completely removed by renal 
processing. 

• Raising the plasma level of a filtered-only solute raises 
excretion but leaves clearance unchanged. 

• A low urine concentration can still mean high 
clearance if the plasma concentration is very low. 

Common Errors 

• Error: Reading clearance as the amount excreted. It is 
a virtual plasma volume (ml/min), not a quantity 
(mg/min). 

• Error: Assuming a waste must clear at or above GFR. 
Urea is a waste yet clears at ~ 70 ml/min because it is 
reabsorbed to ultimately conserve water. 

• Error: Thinking a large salt load must be secreted to 
be excreted. Clearance rises by reducing 
reabsorption, not by adding secretion. 



on every pass. These are the solutes the kidney conserves most 
aggressively. The point here is that how far the clearance sits below 125 
ml/min is what carries the information: a clearance of 1 ml/min is near-
complete conservation, while one of 70 ml/min is brisk elimination, even 
though both technically sit below GFR. 

Clearance of two particular solutes bears careful thought because they 
have important physiological implications. Potassium clears at about 12 
ml/min, higher than Na+ or Cl− because daily intake is large and the distal 
nephron secretes it under tight hormonal control, yet it still sits well below 
GFR, so reabsorption dominates overall. The inside-to-outside chemical 
gradient generated for K+ by the Na+/K+ pump is essential to the 
maintenance and restoration of membrane potential in all cells. For this 
reason, highly adjustable secretion (and clearance) of this ion at the distal 
tubule poises the kidneys to deal with the potential dangers of excessive 
ECF K+ levels. Urea is a nitrogenous waste, so one would expect its 
clearance to land at or above GFR, but instead it’s about 70 ml/min. This 
seems incongruous, like the kidney saving a waste for no discernible 
reason, but it actually makes good sense physiologically. Roughly half of 
filtered urea is reabsorbed because urea doubles as a medullary 
interstitial osmotic agent that draws water back at the collecting duct. The 
medullary osmotic gradient is essential for when the body needs to 
produce a small volume of concentrated urine. 70 ml/min is still a fast 
clearance in absolute terms, but filtration is so massive that even after 
reclaiming half, the kidney strips urea from 70 ml of plasma every minute, 
which is effective elimination by any standard. Urea, then, is both net-
saved and briskly excreted at the same time. This brings up a point worth 
making for students: a clearance below GFR signals net reabsorption, but 
only clearances much lower than urea's 70 ml/min indicate that the kidney 
is truly and uniformly retaining a solute. 

The transport maximum is where a solute's clearance 
changes direction 

For a freely filtered, reabsorbed solute, clearance holds near zero only as 
long as the reabsorptive carriers can keep up. Plasma concentration 
climbs, filtered load climbs in lockstep, and reabsorption matches it, right 
up until the transporters saturate at the transport maximum. The 
conveyor-belt analogy applies directly here: the workers pull every solute 

• Error: Believing Tm shifts clearance the same way for 
every solute. Reabsorbed solutes clear more above 
Tm; secreted solutes clear less. 

• Error: Reading “clearance below GFR” as the solute 
being hoarded. It means net reabsorption against a 
massive filtration; urea is net-saved yet cleared briskly 
at ~ 70 ml/min, and only clearances well below ~ 70 
ml/min signal true retention. 

Prediction Prompts 

• Predict: Urine X is 0.0039 mg/ml, V is 1.3 ml/min, 
plasma X is 0.0035 mg/ml. Calculate Cx. Is X a waste, 
and how do you know? 

• Predict: A reabsorbed solute's number of transport 
proteins doubles. Predict the change in its Tm and in 
its clearance, and explain why the two move in 
opposite directions. 



off the belt until the belt starts delivering faster than they can grab, and 
the overflow simply rides past unreabsorbed. Above Tm, that overflow is 
excreted and clearance rises above zero. Glucose in uncontrolled 
diabetes is the canonical case. At normal blood glucose concentration, 
clearance is zero; once the filtered load exceeds Tm, glucose spills into 
the urine and its clearance climbs. 

A secreted solute is the reciprocal case and getting students to predict 
that inverse situation is the objective. A secreted waste clears well above 
GFR while its secretory carriers still have spare capacity, but those 
carriers saturate too. Past their Tm, no additional plasma solute can be 
loaded into the tubule, so the secreted fraction shrinks relative to the 
rising plasma level and clearance falls back toward the filtration-only 
value. So, clearance bends in opposite directions depending on transport: 
a reabsorbed solute clears more as it passes Tm, a secreted solute clears 
less. A filtered-only solute such as inulin has no transporter to saturate at 
all, so its clearance stays flat at GFR no matter how high plasma the 
concentration is driven. The direction a clearance curve turns at high 
plasma concentration is itself a readout of how that solute is handled. 

 

Section 6: Glomerular and Peritubular Starling Balance 

 

This section is the quantitative heart of filtration; keep the Starling equation as an algorithm students can perturb, not a formula to memorize. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Write the Starling equation, then spend the section moving 
single terms and predicting GFR. The result is that the same Starling 
forces drive filtration at one renal capillary bed and reabsorption at the 
next, only rebalanced. 

Arteriole resistances keep NFP high in one capillary bed 
and low in the next  

The renal arteries branch off the aorta and reach the cortex over a short 
distance, so they deliver nearly aortic pressure to the glomeruli, a strong 

Arteriolar Resistances 

• Afferent arteriole: first major resistance, drops 
incoming pressure ~ 40%. 

• Efferent arteriole: second resistance, keeps glomerular 
Pc high, peritubular Pc low. 

• In series: constricting both lowers RBF; effects on 
GFR are opposite (see autoregulation). 

Glomerular Starling Equation 



filtration drive. But unchecked that pressure would over-filter, so the 
afferent arteriole provides the first major resistance and drops incoming 
pressure by roughly 40%. The efferent arteriole then provides the second 
resistance, acting as a metered outflow that keeps glomerular capillary 
pressure high and stable while dropping pressure sharply before the 
peritubular bed. The result is exactly what the portal system needs: high, 
stable Pc at the glomerulus for filtration, and low Pc at the peritubular 
capillaries for reabsorption. Because the two arterioles sit in series, 
constricting both together raises total resistance and lowers renal blood 
flow, but their opposing effects on GFR are a separate story taken up 
under autoregulation. 

Glomerular capillaries also barely lose pressure along their length, unlike 
ordinary capillaries, because they are short and fed under back-pressure 
from the efferent arteriole. So filtration runs the entire length of the 
glomerular capillary rather than reversing partway, as it would in a 
systemic bed. This is why the glomerulus filters but never reabsorbs, 
even though blood oncotic pressure climbs as fluid leaves. 

The Starling equation is a balance than can be perturbed 

The same law that governs any capillary governs the glomerulus: Jv = Kf 
([Pc − Pbc] − σ[πc − πbc]), where Jv is GFR, Kf is the glomerular 
permeability coefficient, and the bracketed term is the net filtration 
pressure (NFP). Glomerular capillary hydrostatic pressure Pc is the lone 
filtration force; it is opposed by the hydrostatic pressure in Bowman's 
space Pbc and by blood oncotic pressure πc, while πbc is essentially zero 
because almost no protein is filtered (σ near 1). Filtration concentrates 
the proteins left behind, so πc rises from about 25 to 31 mmHg along the 
capillary, yet strong net filtration still holds because Pc stays high and the 
length is short. Simplify Starling’s equation and you get GFR = Kf × NFP, 
a manageable balance with a small number of variable parts. 

Move blood downstream into the peritubular capillaries and the same 
forces flip the direction of net fluid movement. Efferent arteriole resistance 
has dropped Pc low, while the concentrated proteins have raised πc, so 
the NFP is now negative, and the bed reabsorbs along its length. Note: 
although not represented in the Starling equation, ISF forces also impact 
the rate of fluid reabsorption into peritubular capillaries. As filtered solute 
and water enter the interstitium, proteins there are flushed to cortical 

• Jv (GFR) = Kf ([Pc − Pbc] − σ[πc − πbc]); simplifies to 
GFR = Kf × NFP. 

• Pc: the only filtration force; opposed by Pbc and πc. 

• πbc near 0 and σ near 1: almost no protein filtered. 

• πc rises 25 to 31 mmHg along the capillary, yet 
filtration persists (Pc high, length short). 

Causal Chain: Why the Peritubular Bed Reabsorbs 

Glomerular filtration concentrates the plasma proteins → 
blood oncotic pressure (πc) rises, while the efferent 
arteriole resistance has reduced hydrostatic pressure 
(Pc), so net filtration pressure (Pc − πc) is negative along 
the whole bed → bulk flux runs inward across a very 
large Kf, and the water and solute the proximal tubule 
delivered to the interstitium are reabsorbed 

Key Distinction: Filtration vs Reabsorption Beds 

• Glomerular bed: high stable Pc, short length, filters 
along its whole length. 

• Peritubular bed: low Pc, high πc, reabsorbs along its 
whole length. 

• Same Starling forces, rebalanced by the efferent 
pressure drop. 

Regulated vs Variable Terms 

• Pc: continuously regulated to control GFR. 

• Kf, Pbc, πc, πbc: vary with pathology or filtration fraction, 
then compensated. 

• Interstitial πi, lowered by lymphatic flushing; interstitial 
Pi (capsule-maintained) aids capillary uptake. 

Common Errors 

• Error: Thinking glomerular capillaries reabsorb at their 
venous end like systemic capillaries. Short length and 
high back-pressure keep Pc high, so they filter 
throughout. 



lymphatics, lowering interstitial oncotic pressure (πi,). Since πi favors 
filtration, its lowering pushes NFP even further negative, so net 
reabsorption is bolstered. The renal capsule also maintains a modest 
interstitial hydrostatic pressure (Pi) that favors capillary uptake. Only one 
Starling term, Pc, is continuously regulated to control GFR; the rest vary 
mostly with pathology or with filtration fraction, and the system 
compensates changes in any of them back toward a nearly constant 
GFR. 

• Error: Treating πbc as significant. It is near zero 
because protein is essentially unfiltered. 

• Error: Believing GFR is normally controlled by 
changing Kf or πc. Pc is the continuously regulated 
term. 

Prediction Prompts 

• Predict: A saline infusion lowers plasma protein 
concentration with blood pressure unchanged. Predict 
the direction of πc and the immediate effect on GFR. 

• Predict: A ureteral stone raises Pbc. Predict the effect 
on net filtration pressure and GFR. 

 

Section 7: Autoregulation of GFR 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Use a leaky garden-hose analogy to help introduce this 
concept: the spigot is the afferent arteriole, your thumb over the end is the 
efferent arteriole, and the leak rate is GFR. Have students predict the 
GFR change from adjustments to spigot or thumb, then add in control via 
the macula densa. 

Afferent and efferent resistance push GFR in opposite 
directions 

Systemic pressure is never altered to set GFR, yet pressure does swing 
with daily activity, so the kidney must hold filtration steady against a 
varying supply force. It does this entirely from within, with no nerve or 
hormone required, by adjusting the two arteriolar resistances that bracket 
the glomerulus. The garden-hose analogy may help students visualize 
what’s happening here: house pressure is systemic blood pressure, the 
spigot is the afferent arteriole, your thumb over the end is the efferent 
arteriole, and water leaking from holes in the middle of the hose is GFR. 
Open the spigot wider (dilate the afferent) and downstream pressure and 

The Core Rule (Opposite Effects on GFR) 

• Constrict the afferent arteriole: Pc down, GFR down 
(RBF down). 

• Dilate the afferent arteriole: Pc up, GFR up (RBF up). 

• Constrict the efferent arteriole: back-pressure up, Pc 
up, GFR up (RBF down). 

• Dilate the efferent arteriole: Pc down, GFR down (RBF 
up). 

Myogenic Mechanism 

• Rising perfusion pressure stretches the afferent wall. 

• Stretch opens Ca2+ channels, smooth muscle 
contracts within seconds. 

• Resistance rises, blunting pressure-driven GFR and 
RBF increases. 



leak rise; partially close it (constrict the afferent) and they fall. Press your 
thumb harder (constrict the efferent) and back-pressure builds, so leak 
rises; release some of the thumb pressure (dilate the efferent) and leak 
falls. 

We now have a relationship well worth keeping in mind, afferent and 
efferent resistance changes have opposite effects on Pc and therefore on 
GFR. Constricting the afferent arteriole lowers GFR; constricting the 
efferent arteriole raises it. Because the arterioles also sit in series, their 
effects on renal blood flow are additive, while their effects on GFR are 
antagonistic. This is precisely why the kidney can regulate flow and 
filtration somewhat independently. Autoregulation is effective enough to 
hold GFR nearly flat across mean arterial pressures from about 70 to 170 
mmHg. 

Two intrinsic mechanisms hold the line 

The first mechanism is myogenic. When perfusion pressure rises, the 
afferent arteriole wall is stretched, stretch-sensitive calcium channels 
open, and the smooth muscle contracts within a couple of seconds, 
raising resistance and blunting the pressure-driven rise in GFR. When 
pressure falls, the afferent relaxes and restores flow. The action is 
concentrated at the afferent arteriole because this vessel is closest to the 
aorta and senses the pressure changes most directly. This mechanism 
doubles as protection for the delicate glomerular capillaries against 
hypertensive pressures. The second mechanism is tubuloglomerular 
feedback (TGF), the end of the nephron telling the beginning what to do. 
When GFR falls, tubular fluid flow slows, the ascending limb reabsorbs 
Na+ and Cl− more completely, and the fluid reaching the macula densa is 
more dilute. The macula densa reads that low salt presence as a signal 
that filtration has dropped. 

From this single reading, the macula densa drives two corrections at 
once. It releases paracrine signals that dilate the adjacent afferent 
arteriole, raising Pc and single nephron glomerular filtration rate (SNGFR) 
directly, and it stimulates the juxtaglomerular cells to release renin, 
leading to generation of angiotensin II, which preferentially constricts the 
efferent arteriole and raises Pc from the other side. Dilate the afferent and 
constrict the efferent and both moves push glomerular pressure up, 
restoring GFR. If GFR instead rises too high, the opposite occurs: more 

• Protects glomerular capillaries from hypertensive 
pressure. 

Causal Chain: Tubuloglomerular Feedback Restores GFR 

GFR falls → tubular flow slows, so fluid spends longer in 
contact with the transporters of the thick ascending limb 
→ a larger fraction of the filtered Na+ and Cl− is 
reabsorbed, and fluid reaching the macula densa is low in 
salt → the more dilute tubular fluid osmotically shrinks the 
macula densa cells, and those cells then generate two 
responses at once → paracrine signals dilate the 
adjacent afferent arteriole, while renin released from the 
JG cells generates angiotensin II that constricts the 
efferent arteriole → Pc rises from effects on either side of 
the glomerulus → GFR restored 

Key Distinction: Myogenic vs Macula Densa 

• Myogenic responds to pressure (wall stretch). 

• Tubuloglomerular feedback responds to tubular salt 
and flow. 

• Both adjust arteriolar resistance, by different sensors. 

• Note on the sensing step: the chapter describes 
macula densa signaling as osmotic cell shrinkage. 
Current work attributes the sensing to NaCl uptake 
rate through apical NKCC2 rather than to cell volume; 
furosemide, which blocks NKCC2, abolishes 
tubuloglomerular feedback. Both accounts predict the 
same direction of response. 

Common Errors 

• Error: Thinking that afferent and efferent constriction 
have the same effects on GFR. They have opposite 
effects on Pc and GFR. 

• Error: Thinking autoregulation requires actions of 
nerves or hormones. It is intrinsic; myogenic and 
tubuloglomerular feedback operate without external 
input. 



salt reaches the macula densa, the afferent constricts, and SNGFR 
comes back down. Note that renin release is also triggered directly by low 
afferent pressure sensed as a baroreceptor, which is a pressure response 
layered onto the flow-sensing one. 

• Error: Assuming the macula densa senses high salt 
as the trigger to raise GFR. It’s low salt (as a 
consequence of low flow) that triggers afferent dilation 
and renin release. 

Prediction Prompts 

• Predict: Mean arterial pressure rises from 100 to 140 
mmHg. Predict the afferent response and the effect on 
GFR, and name the mechanism. 

• Predict: Predict the effect on SNGFR if a drug blocks 
the macula densa's paracrine signal to the afferent 
arteriole. 

 

Section 8: Non-Autoregulatory Inputs to RBF and GFR 

 

Angiotensin II's renal action is the focus here; its systemic blood pressure effects are developed in Chapter 14. Keep the through-line that ANG II protects 
GFR when perfusion pressure falls. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Frame everything in this section as what takes over when 
autoregulation is overwhelmed, and, for at least the current discussion, 
keep the treatment of angiotensin II local (its actions are also systemic): 
protect GFR at the efferent arteriole when perfusion pressure drops. 

Angiotensin II protects GFR when perfusion pressure falls 

Autoregulation handles ordinary pressure swings, but strong 
perturbations overwhelm that mode of control. The most important renal 
player to be next activated is angiotensin II. When perfusion pressure 
drops, in systemic hypotension or in renal artery stenosis, GFR would fall, 
but angiotensin II preferentially constricts the efferent arteriole, raising 
back-pressure and holding glomerular hydrostatic pressure and GFR near 
normal. In other words, angiotensin II is, for the kidney, a GFR-protecting 
efferent constrictor. Its broader cardiovascular actions, systemic 
vasoconstriction and stimulation of ADH and aldosterone that together 

Angiotensin II (Renal Focus) 

• Preferentially constricts the efferent arteriole, raising 
Pc and protecting GFR. 

• Matters most when perfusion pressure falls 
(hypotension, renal artery stenosis). 

• Cascade: renin to angiotensin I; ACE (lung) to 
angiotensin II. 

• Systemic BP actions (ADH, aldosterone, 
vasoconstriction): developed in Chapter 14. 

Causal Chain: ANG II Defends GFR in Hypotension 

Perfusion pressure falls → filtration pressure at the 
glomerulus falls → the JG cells sense the low afferent 
pressure directly, while the resulting fall in GFR lowers 



raise blood volume and pressure, are extremely important but belong to 
the integrated blood pressure story developed in Chapter 14; we note 
them here only as the reason renal stenosis can drive renovascular 
hypertension. 

Angiotensin II is generated via a very familiar cascade: renin from the 
juxtaglomerular cells cleaves angiotensinogen to angiotensin I, and 
angiotensin-converting enzyme, largely on pulmonary endothelium, 
makes angiotensin II. The kidney also runs an intrarenal renin-
angiotensin system, producing angiotensin II as a local paracrine agent 
that can fine-tune renal hemodynamics in parallel with the circulating 
hormone, sometimes even opposing it by dilating the afferent arteriole 
through distinct receptors. The single mechanistic takeaway is the 
efferent arteriole preference: a hormone that constricts the efferent 
arteriole more than the afferent arteriole will defend GFR in a precisely 
targeted manner when low pressure threatens it. 

Sympathetic, endothelin, and the vasodilator 
counterweights 

Sympathetic innervation barely touches renal resistance under normal 
conditions. Only intense activation, severe hemorrhage, hard exercise, or 
acute stress constricts the afferent arteriole enough to cut GFR and RBF, 
and the adaptive value of that reduction can be deduced from the trigger. 
In severe hemorrhage or hypotension sympathetic stimulation adds to 
systemic resistance and shifts a reduced blood volume toward the heart 
and brain, defending central pressure. In hard exercise or acute stress, 
cardiac output is high and systemic resistance is already falling from 
skeletal-muscle vasodilation, so renal constriction is employed again for 
blood flow redistribution rather than pressure support: it diverts the 
kidney's large share of flow toward working muscle and offsets part of 
that resistance fall, while blood pressure stays normal or slightly elevated. 
Catecholamines from the adrenal medulla do the same. This is why 
marathon runners can show transient renal injury: sustained low renal 
flow makes glomerular and tubular cells ischemic. Endothelin, released 
on vascular injury or hypoxia, is an even more potent and prolonged 
constrictor that can drive renal flow toward ischemia and failure, and is 
implicated in the renal dysfunction that follows myocardial infarction and 
heart failure when cardiac output drops. 

salt delivery to the macula densa, and both raise renin 
secretion → angiotensin II level increases → efferent 
arteriole constricts → glomerular Pc rises, GFR restored 
toward normal 

Constrictors That Reduce GFR/RBF 

• Intense sympathetic tone: afferent constriction (severe 
hemorrhage, hard exercise, acute stress). 

• Adrenal catecholamines: same effect at extremes. 

• Endothelin: potent, prolonged constriction; ischemia 
risk after MI or in heart failure. 

Vasodilator Counterweights (Protect GFR) 

• Nitric oxide: tonic and constrictor-induced; opposes 
afferent and mesangial constriction. 

• Prostacyclin (PGI2), PGE2, bradykinin: vasodilatory 
paracrine protection. 

• Push-pull: strong constrictors call up antagonistic 
dilators. 

Common Errors 

• Error: Thinking angiotensin II constricts the afferent 
arteriole to raise GFR. It preferentially constricts the 
efferent arteriole, raising Pc and protecting GFR. 

• Error: Assuming sympathetic nerves routinely set 
renal resistance. They play a significant role only at 
intense activation. 

• Error: Treating renal vasodilators as backups. NO and 
prostaglandins provide continuous tonic protection of 
GFR. 

• Error: Assuming sympathetic renal constriction 
always defends blood pressure; in exercise it mediates 
redistribution of blood flow, and pressure is maintained 
by cardiac output. 

Prediction Prompts 



Because potent constriction is inherently dangerous, the kidney keeps a 
standing set of vasodilatory counterweights. Nitric oxide is released both 
tonically and in response to constrictors, opposing afferent arteriole and 
mesangial constriction and maintaining GFR; block nitric oxide synthase 
experimentally and the outcome is altered excretion and hypertension. 
Prostacyclin, prostaglandin E2, and bradykinin act the same way, 
vasodilatory paracrine agents that protect GFR by opposing neural, 
hormonal, and other paracrine constriction. The recurring physiology here 
is push-pull: every strong constrictor tends to invoke an antagonistic 
dilator, so renal flow is defended from both directions. 

• Predict: An ACE inhibitor is given to a patient with 
bilateral renal artery stenosis. Predict the effect on 
efferent tone and GFR, and explain the mechanism. 

• Predict: Predict why a marathon runner can develop 
transient proteinuria, naming the vascular change and 
the membrane layer affected. 

 

Section 9: Transport Mechanisms of Reabsorption and Secretion 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Put the basolateral Na+/K+ pump on the board first and make 
nearly every other transporter, including those found in nephrons, borrow 
the gradient it creates. The whole tubule runs on the action of one pump 
and the sodium gradient it builds. 

Two routes, and the tubule wall is the regulated one 

Any reabsorbed solute must cross the tubule epithelium, the interstitium, 
and the peritubular capillary wall; secreted solutes run the reverse. Of 
these barriers, only transport at the tubule wall is regulated, which is why 
it’s here that final composition of urine is determined. A substance’s 
crossing the tubular wall can occur two ways: paracellular, between cells 
through tight junctions, or transcellular, through the cells via membrane 
proteins. Tight-junction permeability is not uniform: the proximal tubule is 
strikingly leaky, allowing large paracellular movement of water and ions, 
while the distal nephron is sealed tight so that water and solute 
movement can be controlled. Transcellular passage means traversing two 
membranes, apical and basolateral, so nephron cells are polarized, 
expressing different transporters at each side. 

Two Routes Across the Wall 

• Paracellular: between cells through tight junctions 
(leaky in PCT, tight distally). 

• Transcellular: through cells, crossing polarized apical 
and basolateral membranes. 

• The tubule wall is the only regulated barrier between 
blood and tubular fluid. 

Transport Types 

• Primary active transport: ATP directly (Na+/K+ ATPase, 
basolateral, 3 Na+ out / 2 K+ in). 

• Secondary active transport: uses the Na+ gradient; co-
transport (symport) or counter-transport (antiport). 

• Channels (fast) and uniporters/facilitated diffusion 
(slower); aquaporins for water. 

• Lipophilic solutes diffuse directly through the bilayer. 

Causal Chain: How One Pump Powers the Tubule 



Hydrophilic solutes cannot cross the lipid bilayer, so they require either a 
channel, which lets a solute move quickly through with little interaction, or 
a carrier, which binds the solute and moves it across more slowly. 
Aquaporins (AQPs) are the water channels, mostly unregulated except for 
aquaporin-2 in the late distal tubule and collecting duct, which is 
hormone-controlled to set urine volume. Lipophilic solutes ignore all of 
this and diffuse directly through the membrane. The point to emphasize is 
that changing the expression of channels or carriers changes what the 
nephron does, which is exactly the lever the hormones acting on the 
distal nephron pull. 

One pump powers nearly everything 

Primary active transport uses ATP directly and is reserved for a few 
solutes. Na+/K+ ATPase, which always sits in the tubular basolateral 
membrane, pumps three Na+ out of the cell and two K+ in. By keeping 
intracellular Na+ low, this pump creates a steep inward sodium gradient, 
and that gradient is the energy source for most of the rest of renal tubular 
transport. Secondary active transport utilizes that stored gradient: Na+ 
moving downhill by facilitated diffusion is coupled to another solute 
moving uphill, in the same direction (co-transport or symport) or the 
opposite direction (counter-transport or antiport). Glucose reabsorption is 
an excellent example: an apical sodium-glucose co-transporter pulls 
glucose in on the sodium gradient and a basolateral uniporter releases it 
to the blood. 

Secretion runs the same machinery in reverse polarity: for protons, a 
sodium-hydrogen counter-transporter loads H+ into the lumen using the 
inward sodium gradient. Occasionally chloride rather than sodium 
supplies the gradient, useful for moving anions without a net charge shift, 
as in bicarbonate handling. Because all of this depends on carriers, it can 
saturate at a transport maximum. And water has no pump at all; it follows 
osmotically through AQPs or paracellularly as solutes are reabsorbed, 
which is why every mode of water transport in the nephron is dependent, 
at least in part, on solute transport. Small filtered proteins are recovered 
by receptor-mediated endocytosis to avoid caloric loss, with antibodies 
passed intact by transcytosis. 

Basolateral Na+/K+ ATPase pumps Na+ out of the cell → 
intracellular Na+ stays low, leaving a steep inward 
electrochemical Na+ gradient → apical co- and counter-
transporters utilize that gradient → glucose, amino acids, 
and protons move uphill against their own gradients. Most 
sodium-coupled reabsorption in the proximal tubule runs 
indirectly on ATP hydrolyzed at the basolateral pump, 
without ATP being spent at the apical membrane 

Key Distinction: Channel vs Carrier 

• Channel: little interaction, very fast, no transport 
maximum. 

• Carrier (uni-, co-, counter-): binds solute, slower, can 
saturate at Tm. 

• Water moves only passively (osmosis), never pumped. 

Common Errors 

• Error: Thinking each solute has its own pump. Most 
transport is secondary active, borrowing the Na+/K+ 
pump's gradient. 

• Error: Believing water is actively pumped. Water 
movement always follows solutes osmotically. 

• Error: Assuming all tight junctions are equally tight. 
The PCT is very leaky; the distal nephron is sealed for 
regulation. 

Prediction Prompts 

• Predict: Ouabain blocks the Na+/K+ ATPase. Predict 
the effect on glucose and proton transport and explain 
why. 

• Predict: Predict the effect of ATP depletion on PCT 
glucose reabsorption, tracing the energy path. 

 



Section 10: The Proximal Tubule: Bulk, Isosmotic Reabsorption 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Drive all PCT transport events from step one, sodium pumped 
out of the cell across the basolateral membrane. Make sure students 
understand that charge repulsion, osmosis, and other PCT transport 
phenomena are driven by that single event: reabsorption should be read 
as a cascade, not a list to be memorized. 

Sodium leaves first, and everything else follows 

The proximal tubule reabsorbs 65 to 70% of the filtered volume, and 
almost all of it can be traced to one initiating event. Step one: the 
basolateral Na+/K+ pump extrudes sodium into the interstitium, dropping 
intracellular sodium. Step two: low intracellular sodium drives sodium 
entry from the lumen across the apical membrane, through channels and 
the co- and counter-transporters that simultaneously haul in nutrients and 
push out protons. Step three: pulling positive sodium out of the lumen 
leaves the tubular fluid electronegative, and that voltage drives anions, 
chiefly Cl− and HCO3

−, out (paracellularly) to balance the charge. Step 
four: with sodium and its companion anions now in the interstitium, the 
interstitium is now hyperosmotic relative to the lumen, so water follows 
osmotically across aquaporins and through the leaky tight junctions, 
dragging more solute along by solvent drag. 

Steps five and six finish the cascade. As water leaves, the solutes still in 
the lumen, potassium, urea, calcium, become concentrated, and that 
rising concentration drives their diffusive reabsorption. Finally, the 
reabsorbed water and solutes sitting in the interstitium are swept into the 
peritubular capillaries by the Starling forces we examined before, low Pc 
and high πc. The order of these events is a teaching device; 
physiologically all six run at once the moment the pump starts. The single 
sentence to leave students with is that the PCT reabsorbs everything by 
first pulling sodium out of the tubular fluid and letting charge, osmosis, 
and concentration changes do the rest. 

Isosmotic out, but transformed in content 

PCT in Numbers 

• 65% to 70% of filtered Na+, Cl−, and water reabsorbed. 

• 100% of nutrients reabsorbed (sodium-coupled 
secondary active transport). 

• 80%+ of HCO3
− reabsorbed; modest secretion of H+, 

drugs, toxins. 

Causal Chain: PCT Reabsorption from Step One 

Basolateral pump extrudes Na+ → low intracellular Na+ 
drives apical Na+ entry (co-transported with nutrients, or 
exchanged for H+, which secretes it) → early 
reabsorption of Na+ with bicarbonate, glucose, and amino 
acids removes those solutes preferentially and water 
follows, so luminal Cl- becomes more concentrated than 
plasma → chloride (Cl−) diffuses out through the leaky 
proximal tight junctions down that concentration gradient, 
leaving the late proximal lumen slightly positive, which in 
turn drives further paracellular Na+ reabsorption (filtered 
bicarbonate, by contrast, is reclaimed transcellularly by 
the proton mechanism) → Na+ and Cl- accumulating in 
the interstitium makes it locally hyperosmotic, so water 
follows osmotically (plus solvent drag) → the solutes left 
behind in the lumen, K+, urea, and Ca2+, become 
concentrated and diffuse out down their own gradients → 
low peritubular Pc and high πc draw the reabsorbed water 
and solute into the capillary 

Key Distinction: Isosmotic, Not Unchanged 

• Osmolarity entering the loop matches the filtrate (~ 
300 mOsm/L): water tracked solute. 

• Composition is transformed: nutrients removed, 
wastes concentrated. 



Because water tracks solute so freely here, proximal tubular reabsorption 
is isosmotic: the fluid entering the loop of Henle has the same osmolarity 
as the original filtrate, near 300 mOsm/L. That sameness hides a 
transformation. Nutrients are 100% reabsorbed, completely removed from 
the tubular fluid, driven by sodium-coupled secondary active transport, so 
essentially none of these molecules reaches the loop of Henle unless 
plasma levels exceed Tm. Meanwhile the wastes that were filtered and not 
reabsorbed have been concentrated as water was reabsorbed. That 
means the fluid is the same osmolarity as plasma but a completely 
different mixture, depleted of nutrients and enriched in wastes. 

The proximal tubule also secretes, modestly but importantly. Protons 
leave via a sodium-hydrogen counter-transporter, largely in service of 
bicarbonate reabsorption, and the segment secretes organic wastes, 
drugs, and toxins from blood to lumen, which is why drug dosing has to 
account for active renal secretion. Holding luminal nutrient levels near 
zero requires the tight junctions to be near-perfectly impermeable to those 
nutrients, otherwise they would leak back paracellularly down the steep 
gradient the carriers worked to create. The brush border and basolateral 
infoldings, the only segment with both, are the surface-area adaptations 
that make this volume of transport possible. 

• Brush border + basolateral infoldings: surface-area 
adaptations unique to the PCT. 

Common Errors 

• Error: Thinking isosmotic reabsorption means the fluid 
is unchanged. Nutrients are removed and wastes 
concentrated; only osmolarity is preserved. 

• Error: Treating chloride reabsorption as actively 
pumped here. It follows the lumen-negative voltage 
paracellularly. 

• Error: Assuming the PCT only reabsorbs. It also 
secretes protons, drugs, and toxins. 

Prediction Prompts 

• Predict: Acetazolamide blocks bicarbonate (and 
coupled sodium) reabsorption in the PCT. Predict the 
effect on water reabsorption and explain via the 
osmotic gradient. 

• Predict: Predict the effect of hyperchloremia on Cl− 
reabsorption in the PCT in terms of the driving forces. 

 

Section 11: Glomerulotubular Balance and Pressure Natriuresis 

 

Two stabilizers keep urine output from perfectly tracking GFR. Both reduce to: the tubule and the interstitium respond to filtration and pressure so output is 
set by hormones, not by GFR alone. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Make the point that GFR does not unilaterally dictate urine 
volume. Both mechanisms discussed here decouple urine output from 
GFR so that hormones, not filtration swings, set output. 

The tubule matches its reabsorption to the filtered load 

Glomerulotubular Balance (GTB) 

• Tubule adjusts reabsorption to match the filtered load. 

• PCT flow sensor: shear bends microvilli/cilium, 
upregulating apical transport (Na+/H+ exchanger). 



We’ve already seen that tubuloglomerular feedback lets the tubule adjust 
glomerular function via the macula densa sensing DCT fluid flow by Na+ 
presence. Glomerulotubular balance (GTB) runs in the other direction. 
Here, the tubule tunes its own reabsorption to match whatever filtration 
delivers. The reason this damping effect must exist was mentioned 
earlier: a small percentage change in a 180-liter-per-day filtration would, 
uncompensated, double or more the urine output. GTB absorbs that 
shock so that urine volume is governed by hormones controlling 
osmolarity, blood pressure, and individual electrolytes rather than by 
every passing fluctuation in GFR. 

The leading mechanism is a flow sensor in the proximal tubule. When 
GFR rises, tubular flow climbs, and the increased shear bends the brush-
border microvilli and primary cilium, which are tied to the cytoskeleton. 
That mechanical signal upregulates apical transport, notably the sodium-
hydrogen exchanger, so sodium and water reabsorption increase to 
match the larger delivered load. A complementary contribution comes 
from Starling forces: a higher filtration fraction concentrates peritubular 
plasma proteins, raising πc and favoring more peritubular reabsorption. 
Either way, reabsorption tracks filtration, and the link from GFR to urine 
volume is broken on purpose. 

Rising pressure forces out salt and water 

Acute hypertension produces pressure diuresis and pressure natriuresis, 
a coordinated increase in water and sodium excretion. Several 
mechanisms contribute. The pressure rise itself increases the GFR 
driving force more than arteriolar adjustment fully offsets. The rise also 
suppresses angiotensin II, relaxing efferent constriction, which lets 
peritubular hydrostatic pressure climb and oppose reabsorption. With 
reabsorption decreasing, fluid backs up in the interstitium, and because 
the renal capsule limits interstitial expansion, interstitial pressure Pi rises 
and drives fluid back-leak into the nephron, amplifying the diuresis. 
Decapsulated kidneys lose this response, which is the experimental proof 
that the capsule and interstitial pressure play integral roles. 

Finally, the fall in angiotensin II drops aldosterone secretion, cutting distal 
sodium reabsorption and adding sodium to the urine. The net is an 
effective volume-control mechanism that follows ordinary events like 
drinking water: plasma volume rises, cardiac output and pressure rise, 

• Starling contribution: higher filtration fraction raises πc, 
favoring peritubular reabsorption. 

• Purpose: urine volume set by hormones, not by GFR 
swings. 

Causal Chain: Pressure Natriuresis (parallel limbs, not one 
sequence) 

Trunk: Arterial pressure rises → autoregulation blunts 
but does not abolish transmission, so GFR rises only 
slightly while peritubular and vasa recta hydrostatic 
pressures rise appreciably → the reabsorptive drive along 
the nephron falls while filtration is nearly unchanged, so 
the natriuresis that follows is mainly a reabsorption effect. 

Limb 1, hemodynamic (dominant, fast): raised 
peritubular capillary Pc → net capillary uptake falls → 
reabsorbed fluid accumulates in the interstitium → the 
capsule limits expansion so interstitial Pi rises → back-
leak through the leaky proximal tight junctions into the 
lumen → net Na+ and water reabsorption falls. 

Limb 2, neurohormonal (slower): afferent and JG 
stretch suppresses renin directly, and the reduced 
proximal reabsorption from Limb 1 plus the small GFR 
rise delivers more NaCl to the macula densa, 
suppressing renin a second way → ANG II falls → 
efferent constriction relaxes, which raises peritubular Pc 
further and feeds back into Limb 1, and proximal ANG II-

driven Na+ reabsorption falls → the same fall in ANG II 
withdraws the stimulus to aldosterone, which declines 
over hours → distal and collecting duct Na+ reabsorption 
falls. 

Convergence: more Na+ and water escape reabsorption 
along the whole nephron → natriuresis and diuresis → 
plasma volume falls → venous return and cardiac output 
fall → arterial pressure returns toward normal. 

Key Distinction: TGF vs GTB 



GFR rises slightly, and the rapid diuresis solves the volume load before 
returning renal function to baseline. The renal detail to keep central is the 
back-leak driven by capsule-limited interstitial pressure; the systemic loop 
through cardiac output and blood pressure is Chapter 14 material, 
invoked here only to close the logic. 

• Tubuloglomerular feedback: tubule adjusts the 
glomerulus (sets SNGFR). 

• Glomerulotubular balance: tubule adjusts its own 
reabsorption to the filtered load. 

• Together TGF and GTB insulate urine output from 
GFR fluctuations. 

Common Errors 

• Error: Thinking urine volume tracks GFR directly. GTB 
and pressure natriuresis exist precisely to break that 
link. 

• Error: Ignoring the renal capsule. Decapsulated 
kidneys fail to show pressure diuresis because 
interstitial pressure cannot rise. 

• Error: Treating pressure natriuresis as purely a GFR 
effect. Reduced reabsorption, back-leak, and lower 
aldosterone all contribute. 

Prediction Prompts 

• Predict: GFR rises 10% with exercise. Predict the 
change in PCT sodium reabsorption and the 
mechanism that prevents a large urine increase. 

• Predict: Predict the effect of hypotension on 
peritubular reabsorption, interstitial back-leak, and 
urine volume. 

 

Section 12: The Loop of Henle and Counter-Current Multiplication 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Begin the discussion showing no osmotic gradient at all 
existing between the loop of Henle tubular fluid and the medullary ISF for 
a juxtamedullary nephron. Then build that gradient one single effect at a 

Two Limbs, Two Tasks 

• Thin descending limb: water-permeable, no solute 
transport. 



time until the multiplier is seen to be inevitable, not a list of steps to be 
memorized. 

One limb moves salt, the other moves water, and that 
dichotomy is everything 

The loop reabsorbs more solute than water, and it performs these two 
operations at different places. The thin descending limb is metabolically 
passive and transports no solute, but it is highly water-permeable. The 
thick ascending limb is the opposite: almost no water permeability, but 
vigorous Na+ and Cl− transport. The engine of that transport is the apical 
NKCC2 co-transporter, which uses the sodium gradient set by the 
basolateral Na+/K+ pump to carry one Na+, one K+, and two Cl− into the 
cell, after which Cl− and K+ leak to the interstitium. Some K+ also leaks 
back into the lumen, leaving the tubular fluid electropositive and driving 
paracellular reabsorption of Mg2+, Ca2+, and more K+ by charge repulsion. 
Net result: the ascending limb moves salt into the interstitium without 
water following. 

That salt transport is referred to as a “single effect”, dropping the tubular 
fluid osmotic concentration a bit (from a starting level of about 300 
mOsm/L to something on the order of 290 mOsm/L) and increasing that 
of the ISF a little (from 300 mOsm/L to perhaps 310 mOsm/L) and is the 
seed of countercurrent multiplication. But how is this multiplication 
actually accomplished? Water then leaves the water-permeable 
descending limb osmotically, concentrating the fluid inside it. That 
concentrated fluid rounds the bend and enters the ascending limb, 
handing transporters there a richer substrate (by now its osmotic 
concentration has risen around 310 mOsm/L because of the water drawn 
from the tubule into the ISF). Each ensuing cycle nudges the interstitium 
saltier, pulls more water from the descending limb, and feeds the 
ascending limb again. In this way, through repeated single effect steps, 
the ISF is rendered progressively more hypertonic downward through the 
medulla toward the papilla. In most mammals, the ISF osmotic 
concentration easily rises to 1000 mOsm/L or higher. Wondering how the 
medullary ISF is kept stable (with respect to both volume and 
composition) at its different depths with all the salt and water withdrawn 

• Thick ascending limb: water-impermeable, strong 
Na+/Cl− transport via NKCC2. 

• Lumen-positive (K+ leak) drives paracellular Ca2+, 
Mg2+, K+ reabsorption. 

Causal Chain: The Counter-Current Multiplier 

Ascending limb moves Na+ and Cl− into the interstitium 
through the apical NKCC2 co-transporter while remaining 
water-impermeable, so water cannot follow (single effect) 
→ interstitium becomes saltier than the descending limb 
→ water leaves the water-permeable descending limb 
osmotically → descending tubular fluid concentrates → 
axial flow carries that concentrated fluid around the bend 
into the ascending limb → richer substrate drives stronger 
transport → repeated cycles build the cortico-medullary 
gradient (300 to 1000+ mOsm/L) 

Loop in Numbers 

• ~ 25% of filtered Na+ and Cl− reabsorbed; 10% to 20% 
of water (descending limb only). 

• Gradient: ~ 300 mOsm/L (cortex) to 1000+ mOsm/L 
(papilla). 

• Only juxtamedullary (long-looped) nephrons build the 
gradient. 

Key Distinction: Single Effect vs Multiplier 

• Single effect: the local transepithelial salt difference 
made by the ascending limb. 

• Multiplier: repetition plus counter-current flow turning 
that small difference into a large axial gradient. 

• Purpose of the gradient: drive water reabsorption at 
the collecting duct. 

Common Errors 

• Error: Thinking the loop reabsorbs water along the 
ascending limb. The ascending limb is water-
impermeable; water leaves only the descending limb. 



from the loop of Henle?  As we’ll soon see, these substances are 
efficiently and precisely swept away by the vasa recta. 

Multiplication builds the cortico-medullary gradient that 
conserves water 

Repeated single effects then multiply what was a small transepithelial 
difference into a large axial one: the medullary interstitium grades from 
about 300 mOsm/L at the cortex to 1000 mOsm/L or more near the 
papilla. This is called a multiplier because it is active, the ascending limb's 
transport driving the descending limb's water loss, which in turn enhances 
ascending transport. Because only juxtamedullary nephrons send loops 
deep into the medulla, only they build this gradient. The cortical majority 
cannot, which is why concentrating ability lives with the long-looped 
minority introduced back in the anatomy section. 

The functional payoff of the gradient is downstream, at the collecting duct. 
A salty medullary interstitium is the steadily maintained osmotic driving 
force that later pulls water out of the collecting duct (via hormonally-
controlled adjustment of water permeability) to conserve water and 
concentrate urine when needed. Connect this to clearance and to 
diuretics in one stroke: loop diuretics like furosemide block NKCC2, so 
the single effect weakens, the gradient collapses, less water is 
reabsorbed at the collecting duct, and urine volume rises sharply. The 
same NKCC2 that builds the gradient is therefore the pharmacological 
switch that dismantles it. 

• Error: Assuming that the loop's main job is 
reabsorbing water. Its signature task is building the 
medullary solute gradient. 

• Error: Believing all nephrons concentrate urine. Only 
long-looped juxtamedullary nephrons run the 
multiplier. 

Prediction Prompts 

• Predict: Furosemide blocks NKCC2. Predict the effect 
on the medullary gradient, collecting duct water 
reabsorption, and urine volume. 

• Predict: Predict the effect on Mg2+ and Ca2+ 
reabsorption if the ascending limb lost its lumen-
positive potential. 

 

Section 13: The Vasa Recta and Counter-Current Exchange 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: If the medulla were perfused with an ordinary straight 
capillary, it would wash the gradient away. Show students that only the 
hairpin loop of the vasa recta can perfuse the medulla without carrying 
the gradient away. 

Why the Hairpin Is Necessary 

• Capillaries are freely permeable to water and small 
solutes. 



An ordinary capillary would destroy the gradient 

The medulla still needs oxygen and nutrients, so it must be perfused, but 
an ordinary straight capillary would dissipate the gradient. Capillaries are 
freely permeable to water and small solutes, so blood descending into the 
salty medulla would gain solute and lose water, and if it then exited at the 
bottom it would carry off the very gradient the loop worked to build. Run 
the thought experiment with a single straight vessel and the medulla 
equilibrates the gradient away within just a few passes. The fix lies in 
geometry: the vasa recta are hairpin loops with descending and 
ascending limbs running side by side, counter-current to each other. 

With the loop in place, what its descending limb does to the gradient the 
ascending limb largely undoes. Descending into the medulla, blood loses 
water and gains solute, becoming concentrated. Rounding the hairpin and 
ascending, that concentrated blood meets progressively less salty 
interstitium, so solute now diffuses back out and water moves back in. 
The descending and ascending exchanges nearly, but not quite, cancel. 
The vessels pick the gradient up and set it back down, stirring the 
medulla without draining it, so blood leaving is only slightly more 
concentrated and in marginally greater volume than blood that entered. 

Passive exchange, with a hypoxic cost and a flow-rate dial 

This is counter-current exchange, and unlike the loop's multiplier it is 
entirely passive, which is why it preserves rather than creates the 
gradient, a process called counter-current trapping. It works only at the 
sluggish medullary flow rates that are normal here; speed the flow up and 
exchange becomes less complete. That provides a control dial: during 
good hydration, plasma volume expands and vasa recta flow rises, 
washing out more of the gradient, so less water is reabsorbed at the 
collecting duct and urine is larger and more dilute. The loop of Henle and 
the vasa recta therefore collaborate, input by the single effect against 
washout regulated by blood flow, to set the gradient's magnitude to need. 

This arrangement also carries a cost with a direct clinical consequence. 
Because descending and ascending vessels lie adjacent, oxygen short-
circuits from the descending to the ascending limb, partly bypassing the 
deep medulla. The renal papilla is therefore chronically near-hypoxic and 
exquisitely vulnerable when blood flow drops, as in a heart attack with 

• A straight vessel through the medulla would carry the 
gradient away. 

• Solution: descending and ascending vasa recta 
adjacent and counter-current exchange. 

Causal Chain: Counter-Current Exchange Preserves the 
Gradient 

Descending blood passes through progressively saltier 
interstitium, losing water osmotically while NaCl and urea 
diffuse in, two parallel fluxes that leave it most 
concentrated at the hairpin turn → rounding the turn, that 
same concentrated blood ascends through progressively 
less salty interstitium → solute diffuses out, water moves 
back in. Because the two limbs run in opposite directions 
side by side, ascending blood is always slightly saltier 
than the interstitium beside it, so the solute gained on 
descent is largely handed back on ascent → solute is 
recirculated within the medulla instead of being carried off 
as a straight-through capillary would carry it, and blood 
leaves only slightly hyperosmotic, so the gradient is 
stirred rather than dissipated (counter-current trapping) 

Flow-Rate Control of the Gradient 

• Counter-current exchange works only at slow 
medullary flow. 

• Good hydration: higher vasa recta flow washes out 
more gradient, larger volume of more dilute urine. 

• Loop input vs vasa recta washout sets the gradient's 
magnitude. 

Key Distinction: Multiplier vs Exchanger 

• Loop of Henle: active multiplier; creates the gradient 
(uses ATP via NKCC2). 

• Vasa recta: passive exchanger; preserves the 
gradient. 

• Ascending vasa recta fenestrated, outnumber 
descending, carry ~ double flow. 



reduced cardiac output, which is why low-flow states damage the medulla 
first. Two structural notes complete the picture: ascending vasa recta are 
fenestrated and outnumber descending ones, and they carry roughly 
double the descending flow, because they must also return the water and 
solute the loop and collecting duct reabsorbed to maintain a steady 
medullary ISF gradient. 

Common Errors 

• Error: Thinking the vasa recta build the gradient. They 
preserve it; the loop of Henle builds it. 

• Error: Assuming more medullary blood flow is always 
better. High flow washes out the gradient and dilutes 
urine. 

• Error: Overlooking medullary hypoxia. Oxygen short-
circuits between limbs, making the papilla vulnerable 
to low flow. 

Prediction Prompts 

• Predict: Vasa recta flow doubles during 
overhydration. Predict the effect on the medullary 
gradient and on urine concentration. 

• Predict: Predict why the renal papilla is the first region 
injured when cardiac output falls sharply. 

 

Section 14: The Late Nephron — Sodium and Potassium Regulation 

 

Hormone actions are presented at the nephron; their blood pressure consequences are summarized in one line and developed in Chapter 14. Keep 
aldosterone's renal mechanism (pump and channel expression) central. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Anchor principal cell function on the basolateral pump, then 
let aldosterone simply make more pumps and channels. Sodium 
reabsorption and potassium secretion become two faces of one voltage. 

The early DCT dilutes; principal cells then fine-tune sodium 
and potassium 

Fluid reaching the DCT is dilute, near 100 to 120 mOsm/L, because the 
water-impermeable ascending limb stripped salt without letting water 
follow, and this fluid is rich in the wastes concentrated upstream. The 
early DCT continues that pattern, reabsorbing solute without water 

Principal Cell Transport 

• Basolateral Na+/K+ pump: Na+ toward blood, K+ into 
the cell. 

• Apical ENaC: Na+ entry from lumen; apical channels: 
K+ exit to lumen. 

• Tight junctions sealed: distal handling is regulated, not 
leaky. 

Causal Chain: Sodium Reabsorption Drives Potassium 
Secretion 



following and further diluting the fluid. The late DCT and cortical collecting 
duct then introduce two cell types side by side: principal cells, the 
majority, which reabsorb Na+ and secrete K+, and intercalated cells, taken 
up in the acid-base section. In the principal cell the basolateral Na+/K+ 
pump is again the engine, pumping Na+ toward the blood and K+ into the 
cell, while apical channels let Na+ enter from the lumen and K+ exit into it. 

Sodium reabsorption and potassium secretion are linked by voltage, 
which is the key point to emphasize. As principal cells pull positive Na+ 
out of the lumen, the tubular fluid turns negative, and that negativity 
electrostatically pulls K+ out through apical channels into the lumen, the 
renal outer medullary potassium (ROMK) channel ordinarily, with a large-
conductance Ca2+-activated K+ (BK) channel recruited when distal flow 
and sodium delivery are high. So the more sodium a principal cell 
reabsorbs, the more potassium it secretes, two outcomes of one charge 
separation. This is why distal sodium handling and potassium handling 
cannot be thought about separately. 

Aldosterone works by changing how many pumps and 
channels exist 

Aldosterone is the master regulator here, and its mechanism lies in 
expression, not gating. As a steroid it enters the principal cell, binds an 
intracellular receptor, and increases transcription of the basolateral 
Na+/K+ pump and the apical epithelial sodium channel ENaC. More 
pumps and more channels mean more sodium reabsorbed and, through 
the voltage link, more potassium secreted; water follows osmotically 
across ADH-controlled aquaporins, expanding ECF volume. The stimulus 
hierarchy is worth emphasizing because it reveals the priority: 
hyperkalemia is the strongest trigger, angiotensin II is a strong trigger, 
and hyponatremia is a weak one, which tells you the body regulates 
potassium balance even more tightly than blood pressure. 

A counter-regulator balances the system. When plasma volume expands 
and stretches the atria, atrial natriuretic peptide (ANP) is released; it 
relaxes the afferent arteriole to raise GFR and, more importantly here, 
suppresses renin and, therefore, angiotensin II and aldosterone secretion 
(the RAAS), cutting distal sodium reabsorption so both sodium and water 
are excreted. ANP is a background fine-tuner that rises sharply with 
volume expansion such as a high-salt diet. The one-line blood pressure 

Principal cell reabsorbs Na+ from the lumen through 
apical ENaC → tubular fluid becomes electronegative, 
and because late-nephron tight junctions are far less 
permeable than the proximal ones, anions cannot follow 
to dissipate it → sustaining this, the basolateral Na+/K+ 
pump moves that Na+ on to the blood and loads K+ into 
the cell, holding intracellular K+ high → the lumen-
negative voltage and the steep cell-to-lumen K+ gradient 
together drive K+ out through apical channels (ROMK; BK 
at high flow) → K+ secretion rises and falls with the rate of 
Na+ reabsorption 

Aldosterone (Renal Mechanism) 

• Steroid: increases expression of the basolateral 
Na+/K+ pump and apical ENaC. 

• More Na+ reabsorbed, more K+ secreted; water follows 
via ADH-controlled AQP. 

• Stimuli (strongest first): hyperkalemia, angiotensin II, 
hyponatremia. 

Atrial Natriuretic Peptide (ANP) 

• Released on atrial stretch (volume expansion). 

• Suppresses renin, angiotensin II, and aldosterone; 
relaxes afferent to raise GFR. 

• Net: less distal Na+ reabsorption, more Na+ and water 
excreted. 

Key Distinction: Aldosterone vs ANP 

• Aldosterone: builds pumps/channels, retains Na+, 
secretes K+. 

• ANP: suppresses the RAAS axis, promotes Na+ and 
water loss. 

• BP link (sodium retention supports blood volume): 
developed in Chapter 14. 

Common Errors 



connection, that retained sodium retains water and so supports blood 
volume and venous return, is real and is developed in Chapter 14; the 
renal mechanism to remember is that aldosterone and ANP set distal 
sodium reabsorption by tuning pump and channel numbers. 

• Error: Thinking aldosterone gates existing channels. It 
increases their expression (transcription), a slower, 
longer-acting effect. 

• Error: Separating distal sodium and potassium 
handling. They are voltage-coupled: more Na+ 
reabsorbed means more K+ secreted. 

• Error: Assuming blood pressure is aldosterone's main 
renal trigger. Hyperkalemia is the strongest stimulus. 

Prediction Prompts 

• Predict: Predict the primary clinical findings of 
hyperaldosteronism (hint: volume, potassium, and pH). 

• Predict: A high-salt diet expands plasma volume. 
Predict the change in ANP, renin, aldosterone, and 
distal sodium reabsorption. 

 

Section 15: Calcium Regulation at the Distal Nephron 

 

This is a lighter section and can be assigned as reading. The teaching point is that calcium is regulated at both ends, intake and output, and that lowering 
phosphate frees calcium from bone. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Tie calcium regulation to PTH and let calcitriol act inside the 
cell through calbindin. The phosphate mechanism (excreting phosphate 
frees bone calcium) is the non-obvious point worth making explicit. 

PTH sets distal calcium reabsorption; calcitriol shuttles it 
safely across 

Most filtered calcium is reabsorbed passively and paracellularly in the 
proximal tubule and ascending limb, leaving about 10% to reach the DCT, 
which is where total calcium excretion is actually regulated. The trigger is 
simple: low ECF free calcium stimulates parathyroid hormone, and PTH 
increases distal transcellular calcium reabsorption. It opens apical 

Distal Calcium Handling 

• ~ 10% of filtered Ca2+ reaches the DCT, the site of 
regulated calcium excretion. 

• PTH (triggered by low ECF Ca2+) increases 
transcellular reabsorption. 

• Apical Ca2+ channels in; basolateral Ca2+ ATPase and 
Na+ counter-transporter out. 

Causal Chain: PTH Raises Blood Calcium Three Ways 

ECF free Ca2+ falls → PTH secretion rises → PTH acts at 
three sites at once: distal tubule, bone, and, through 



calcium channels so calcium diffuses into the principal cell, and it 
upregulates the basolateral Ca2+ ATPase and a sodium-calcium counter-
transporter that drive calcium out to the blood. Calcium homeostasis is 
unusual in that dietary input is regulated as tightly as renal output, so the 
kidney is only one of two regulated levers. 

Free intracellular calcium is dangerous because it activates signaling, so 
the cell cannot simply let it diffuse in an unregulated manner. Calcitriol, 
whose production from vitamin D is stimulated by parathyroid hormone 
(PTH), stimulates synthesis of calbindin, a calcium-binding protein that 
picks calcium up at the apical side of the tubular cell and ferries it to the 
basolateral border, keeping free intracellular calcium low in transit. The 
same calcitriol-induced calbindin is essential to calcium uptake from the 
gut, which is why calcitriol regulates both the input and output ends of 
calcium balance. The clinical corollary is that calcitriol plays a greater role 
in controlling long-term bone mass than for minute-to-minute blood 
calcium regulation. This is because PTH can mobilize bone for weeks to 
hold blood levels even when calcitriol is low. 

Dropping phosphate is how PTH frees calcium from bone 

PTH has a second, less intuitive effect: it promotes phosphate excretion 
by inhibiting apical sodium-phosphate co-transporters in the proximal 
tubule. The logic is the solubility product. Calcium and phosphate in the 
ECF tend to precipitate together as calcium-phosphate salts in bone 
when both are plentiful, so lowering phosphate shifts that equilibrium and 
makes free calcium more likely to leave bone and enter the ECF. PTH, 
therefore, raises blood calcium from three directions at once: more renal 
reabsorption, more gut uptake via calcitriol, and more release from bone, 
the last aided by both osteoclast activation and the phosphate-excretion 
mechanism just described. 

The bone connection ties the regulation together. PTH activates 
osteoclasts to release bone matrix mineral, and the phosphate excretion 
lowers the solubility product so that release is favored rather than re-
precipitated. Read this against the whole-body picture, the kidney is the 
fast adjuster of calcium output while bone is an enormous buffer and the 
gut constitutes regulated input, with calcitriol and PTH coordinating all 

calcitriol, gut → at the kidney, distal Ca2+ reabsorption 
rises and proximal Na+-phosphate co-transport is 
inhibited, so phosphate excretion rises → plasma 
phosphate falls, lowering the calcium-phosphate solubility 
product → mineral released by osteoclasts, which PTH 
activates indirectly through osteoblast-lineage cells, is 
less likely to re-precipitate, so bone Ca2+ enters the ECF, 
while calcitriol raises gut Ca2+ absorption → blood Ca2+ 
restored 

Calcitriol and Calbindin 

• PTH stimulates calcitriol production from vitamin D; 
calcitriol induces production of calbindin. 

• Calbindin shuttles Ca2+ across the cell, keeping free 
intracellular Ca2+ low. 

• Same calbindin drives gut Ca2+ uptake (input and 
output regulated). 

Key Distinction: PTH vs Calcitriol Roles 

• PTH: fast renal and bone adjustment of blood Ca2+. 

• Calcitriol: gut uptake and long-term bone mass; less 
critical for acute blood Ca2+. 

• Phosphate excretion is a PTH lever on bone calcium 
release. 

Common Errors 

• Error: Assuming calcium is regulated only at the 
kidney. Dietary input is regulated as tightly as renal 
output. 

• Error: Thinking PTH conserves phosphate alongside 
calcium. PTH promotes phosphate excretion to free 
bone calcium. 

• Error: Treating calcitriol as the acute blood-calcium 
hormone. PTH and bone hold acute levels; calcitriol 
governs long-term bone mass. 

Prediction Prompts 



three. For the guide this is a compact, integrative section: one hormone 
pair, three organs, one ion held within tight limits. 

• Predict: Calcitriol secretion is lost (half-life under 8 
hours). Predict how fast blood calcium falls and why, 
given bone stores and PTH. 

• Predict: Predict the effect of PTH on urinary 
phosphate and on the likelihood of calcium release 
from bone. 

 

Section 16: Intercalated Cells and Acid-Base Regulation 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Make the counterintuitive point first: most secreted protons 
are consumed reclaiming filtered bicarbonate, not acidifying urine. Once 
students understand this, type A and type B cells are just two directions of 
one reaction. 

Bicarbonate reabsorption is the hidden purpose of proton 
secretion 

Renal acid-base control works by adjusting urine pH: in acidosis the 
kidney secretes more protons and reabsorbs and produces more 
bicarbonate; in alkalosis it does less of both and excretes base. The CO2-
bicarbonate system is the body's most important buffer because both 
ends are independently regulated, CO2 at the lungs and bicarbonate at 
the kidney. The mechanistic surprise students need to grasp here is that 
bicarbonate reabsorption depends on proton secretion, and in a 
backhanded way. Filtered bicarbonate cannot cross the membrane 
directly. Instead, a secreted proton combines with filtered HCO3

− in the 
lumen to form CO2 and water, which are taken up by the tubule cell, 
where carbonic anhydrase reverses the reaction to regenerate 
bicarbonate that is moved to the blood, while the proton is recycled into 
the lumen to combine with the next filtered bicarbonate. 

So, most proton secretion is not acidifying urine at all; it is the machinery 
for recovering filtered bicarbonate. This happens largely in the proximal 

The Counterintuitive Logic 

• Most H+ secretion serves HCO3
− reabsorption, not 

urine acidification. 

• CO2-bicarbonate buffer: CO2 regulated at lungs, 
HCO3

− at kidney. 

• Acidosis: more H+ secreted, more HCO3
− 

reabsorbed/produced; alkalosis: the reverse. 

Causal Chain: How Filtered Bicarbonate Is Reabsorbed 

H+ is secreted into the lumen by the apical sodium-
hydrogen counter-transporter → that proton combines 
with filtered HCO3

− to form H2CO3, which brush-border 
carbonic anhydrase splits into CO2 and H2O → CO2 is 
lipid-soluble, so it diffuses across the apical membrane 
into the tubule cell → intracellular carbonic anhydrase 
recombines that carbon dioxide with water, yielding a 
proton and a new HCO3

− inside the cell → HCO3
− exits 

basolaterally to the blood, while the H+ is recycled to the 
lumen for the next filtered HCO3

−, so the bicarbonate 
reaching blood is newly made, not the molecule that was 
filtered 

Intercalated Cell Subtypes 



tubule via a sodium-hydrogen counter-transporter, reabsorbing about 
90% of filtered bicarbonate, and because most of those protons are 
consumed combining with bicarbonate, tubular fluid pH falls only slightly, 
to about 6.7. Filtered ammonia and the phosphate buffer system buffer 
free protons in the lumen, keeping pH from dropping low enough to stall 
further secretion. The PCT is doing bulk bicarbonate recovery, not fine pH 
adjustment. 

Type A and type B cells employ the same reaction run in 
opposite directions 

Fine adjustment happens distally, at the intercalated cells, and the two 
subtypes are mirror images. Type A cells handle acidosis: they secrete 
protons into the lumen by primary active transport, an apical H+ ATPase 
and an H+/K+ ATPase, while the bicarbonate they generate exits the 
basolateral side to the blood via co- or counter-transporters. Because the 
distal tubule is sealed and most buffer has already been reabsorbed, 
distal proton secretion can drive urine pH down dramatically, to about 4.5, 
when acid must be excreted. Type B cells handle alkalosis: they are 
essentially inverted type A cells, with the chloride-bicarbonate counter-
transporter moved to the apical membrane so bicarbonate is secreted into 
the lumen while protons are reabsorbed basolaterally. 

The unifying idea to leave students with is that the tubular and cellular 
carbonic acid reactions simply run in whichever direction the local 
reactant concentrations dictate, the law of mass action, so type A and 
type B cells differ only in which way the products are shipped. Connect 
this to the chapter's clearance logic loosely: by choosing how much 
proton or bicarbonate to secrete distally, the kidney sets the pH of what it 
excretes without changing the bulk reabsorption done upstream. Acid-
base handling is therefore a distal fine-tune layered on proximal bulk 
recovery, the same early-bulk, late-fine pattern the whole nephron 
follows. 

• Type A (activated during acidosis): apical H+ ATPase 
and H+/K+ ATPase secrete H+; basolateral HCO3

− to 
blood. 

• Type B (activated during alkalosis): apical Cl−/HCO3
− 

transporter secretes HCO3
−; basolateral H+ 

reabsorbed. 

• Distal urine pH can fall to ~ 4.5 (acidosis); PCT fluid 
only ~ 6.7. 

Key Distinction: Proximal Bulk vs Distal Fine-Tune 

• PCT: reabsorbs ~ 90% of filtered HCO3
− (bulk 

recovery), pH barely changes. 

• Distal intercalated cells: set final urine pH (fine 
adjustment). 

• Type A vs B: same reaction, opposite product shipping 
(law of mass action). 

Common Errors 

• Error: Thinking proton secretion is mainly to acidify 
urine. Most of it serves bicarbonate reabsorption. 

• Error: Believing filtered bicarbonate crosses the 
membrane directly. It is converted to CO2 in the 
lumen, then regenerated in the cell. 

• Error: Treating type A and B cells as unrelated. Type 
B is an inverted type A; the reaction direction follows 
mass action. 

Prediction Prompts 

• Predict: A carbonic anhydrase inhibitor is given. 
Predict the effect on bicarbonate reabsorption, urine 
pH, and sodium handling. 

• Predict: Predict which intercalated cell type is more 
active during a metabolic alkalosis, what it transports, 
and why. 

 



Section 17: The Collecting Duct — Urine Volume, ADH, and Urea Recycling 

 

The capstone. Both requirements for water conservation, permeability and the medullary gradient, converge here. End on the nephron action summary so 
students can replay all processes employed from glomerular filtration to completed urine formation in one sweep. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Emphasize the fact that both levers work in tandem: ADH 
affords permeability, the loop provides the gradient, and neither alone 
reabsorbs water. Then close the chapter by replaying the whole nephron 
from filtration to urine. 

Water conservation needs two separate mechanisms to 
work simultaneously  

The medullary collecting duct is where urine volume is finally set, and it 
requires two independent processes, not one. First, a transepithelial 
osmotic driving force, the salty medullary interstitium built by the loop of 
Henle and preserved by the vasa recta. Second, water permeability in the 
duct wall, which is supplied by antidiuretic hormone (ADH). Take either 
condition away and water reabsorption fails: a perfect gradient with no 
permeability traps water in the tubule, and perfect permeability against no 
gradient has nothing to pull water out. About 85% of filtered water is 
already reabsorbed obligatorily upstream in the PCT and descending limb 
of Henle; the roughly 27 liters a day reaching the late nephron is the 
facultative, regulated fraction that determines final urine volume. 

ADH supplies permeability by controlling aquaporin-2 (AQP2). This 
posterior pituitary peptide binds a basolateral G-protein-coupled V2 
receptor, raises cAMP, and triggers insertion of AQP2 channels into the 
apical DCT and CD membranes; with basolateral AQPs always present, 
that completes a transcellular path for water to follow the medullary 
gradient out of the duct. The distal nephron's tight junctions are sealed 
precisely so that water cannot leak paracellularly and escape this control, 
which is what makes urine volume regulable at all. The primary stimulus 
for ADH is elevated plasma osmolarity: when the body is concentrated, 
ADH rises, AQP2 is inserted, water is reabsorbed, and a small volume of 
concentrated urine results. Drink a large volume of water and the 

Two Requirements for Water Conservation 

• Osmotic driving force: the medullary gradient (loop 
builds, vasa recta preserve). 

• Water permeability: supplied by ADH via apical AQP2 
insertion. 

• Neither requirement acting alone works; ~ 85% of 
water reabsorbed obligatorily upstream, ~ 27 L/day is 
facultative. 

Causal Chain: ADH Concentrates the Urine 

Plasma osmolarity rises → hypothalamic osmoreceptors 
respond and drive the ADH-producing neurons → ADH is 
released from the posterior pituitary → ADH binds 
basolateral V2 receptor, raises cAMP, and activates 
protein kinase A → AQP2 inserted into the apical 
membrane, which together with the aquaporins already 
present basolaterally completes a transcellular water path 
→ water follows the medullary gradient out of the duct → 
small, concentrated urine; blood diluted toward normal 

Urea Recycling 

• Early nephron: ~ 50% reabsorbed, then secreted in 
the loop (roughly cancels). 

• ADH stimulates medullary CD urea transporters: urea 
reabsorbed into interstitium. 

• Urea provides up to ~ 50% of medullary osmolarity; 
clearance ~ 70 ml/min (recycled, not simply excreted). 

Key Distinction: Obligatory vs Facultative Water 



opposite occurs within minutes, AQP2 is retrieved by endocytosis and a 
large dilute urine follows. 

Urea recycling adds the other half of the gradient 

Urea, this chapter's instructive waste, makes its final appearance here. 
About half the filtered urea is reabsorbed in the early nephron and an 
equivalent amount is secreted back in the loop, so by the collecting duct 
the handling appears finalized, that is, until ADH stimulates medullary 
collecting duct urea transporters. The duct then reabsorbs urea into the 
deep interstitium, where it accounts for as much as half of the medullary 
osmolarity, supplementing the Na+ and Cl− gradient the loop created. 
Reabsorbing urea draws water with it, aiding conservation, and the high 
interstitial urea concentration also opposes further urea diffusion out of 
the duct, so urea stays effectively excreted even as water is saved. This 
is exactly why urea clears at about 70 ml/min rather than at GFR: it is 
recycled to do osmotic work, not merely excreted. 

Close the chapter by replaying the nephron as one complete sweep, 
which is the reason for teaching it sequentially. Filtration delivers about 
125 ml/min of protein-free plasma. The PCT reclaims the bulk 
isosmotically, removing all nutrients and concentrating wastes. The loop 
of Henle builds the cortico-medullary gradient and the vasa recta 
preserve it. The DCT and collecting duct fine-tune sodium, potassium, 
calcium, and pH under control by aldosterone, ANP, PTH, calcitriol, and 
the intercalated cells, and the collecting duct sets final volume under ADH 
influence against the medullary gradient, with urea recycled to deepen 
that gradient. Every one of those steps is a position on the clearance axis 
from the start of the chapter: the kidney filters enormously, then sets, 
solute by solute, exactly how much of each is reabsorbed and how much 
is excreted. 

• Obligatory (PCT, descending limb): unregulated, 
tracks solute reabsorption (~ 85%). 

• Facultative (late DCT, CD): ADH-regulated via AQP2 
(~ 27 L/day controlled). 

• Tight distal junctions force water through the regulated 
transcellular path. 

Common Errors 

• Error: Thinking ADH alone reabsorbs water. ADH 
provides permeability; the medullary gradient delivers 
the driving force. Both are required. 

• Error: Believing urea is excreted simply as a waste. It 
is recycled to build the medullary gradient, which is 
why its clearance is ~ 70 ml/min. 

• Error: Assuming the collecting duct can concentrate 
urine without the loop. Without the medullary gradient 
there is no water chemical activity difference to drive 
osmotic flux. 

Prediction Prompts 

• Predict: In central diabetes insipidus ADH is absent. 
Predict urine volume and concentration, and contrast 
the mechanism with a loop diuretic. 

• Predict: A person rapidly drinks two liters of water. 
Predict the change in plasma osmolarity, ADH, AQP2, 
and urine over the next hour. 

 


