
FHB 2023-Renal Physiology 
Ivana Y. Kuo, Ph. D. (CTRE 518)    

HOUSE KEEPING NOTES 

Office hours daily between 14th Feb and 2nd March (except Ash Wednesday):  

ZOOM Office hours 4-5.30pm; EVERY Mon, Wed & Fri 4-5.30pm  
Zoom link: https://luc.zoom.us/j/4722150747 
IN PERSON OFFICE HOURS, ROOM 518, CTRE: 4-5.30pm EVERY Tuesday and 
Thursday.  
 
The notes are designed to expand your learning and supplement the materials in 
the lectures. All exam questions will be drawn from course objectives. One or 
more objectives may be tested in an exam question.  
 
Example questions drawn from lectures and from Vanders are included in SAKAI 
file: FHB 2023 Resources/Renal Block and in extra materials for Lectures 3, 6, 9 
and acid base 3. 
2022 LECTURES LINK 

 

Lecture 37: Renal 6 

TUBULAR FUNCTIONS ALONG THE NEPHRON 

Reading: Berne & Levy Physiology. Koeppen & Stanton, © Elsevier, pp. 610-621.  

 

CONCEPTS  

• The reabsorption of most of filtered water, anions (primarily chloride and bicarbonate), 

and osmotic content is linked directly to the active reabsorption of sodium.  

• In all conditions, the vast majority (roughly two thirds) of the sodium, chloride, 

bicarbonate, and filtered volume is reabsorbed iso-osmotically in the proximal 

tubule.  

• The loop of Henle reabsorbs some water and proportionally even more sodium, thereby 

diluting the tubular fluid.  

• Reabsorption of water in the distal nephron is highly variable depending on hydration 

status, allowing the kidneys to excrete large amounts of water or to conserve 

almost all of it.  

• The Na-K-2Cl symporter in the thick ascending limb is the machine that separates salt 

from water.  

• LEARNING OBJECTIVES  

1. Describe the main points along the nephron where Na is reabsorbed 

2. Describe the active and passive mechanisms involved in reabsorption along the 

proximal tubule accounting for 67% reabsorption of solutes & water. 

3. Define glomerulotubular balance.  

https://luc.zoom.us/j/4722150747
https://stritch.luc.edu/lumen/session_detail.cfm?cy=A0DE58D53D8FA2711D45B14A61A6C8B4-NVENC1&course=103&academic_level=1&checkref=C4CA4238A0B923820DCC509A6F75849B&requesttimeout=60000


FHB 2023-Renal Physiology 
Ivana Y. Kuo, Ph. D. (CTRE 518)    

4. Describe the handling of sodium & water by the descending and ascending 

limbs, distal tubule and collecting duct system.  

5. Compare & contrast the different transport mechanisms between proximal & 

distal nephron in terms of (reabsorptive capacity, Na+,K+-ATPase, 

luminal potential & gradients....etc.) 

 

Objective 1: main points along the nephron where Na is reabsorbed 

 Na+ is freely filtered across glomerular capillaries & subsequently reabsorbed 

throughout the nephron, with ~67% being reabsorbed in the proximal tubule.  

 The other major site of Na+ reabsorption is the TAL.  

 Less than 1% is excreted  

 The rest of the Na+ is reabsorbed along the 

tubule, as outlined in later objectives 

 

OBJECTIVE 2: ACTIVE AND PASSIVE 

MECHANIMS OF REABSORPTION 

ALONG THE PROXIMAL TUBULE 

Transport processes along the proximal 

nephron (PCT)  

• The PCT has the following features: 

1- The entire proximal tubule reabsorbs 67% of 

the filtered Na+. 

2- The entire proximal tubule also reabsorbs 67% of the filtered water. The tight coupling 

between Na+ and water reabsorption is called isosmotic reabsorption. 

3- This bulk reabsorption of Na+ and water (the major constituents of ECF) is critically 

important for maintaining ECF volume. 

- The proximal tubule is the site of glomerulotubular balance, a mechanism for 

coupling reabsorption to the GFR (SEE OBJECTIVE 3).  

• The proximal convoluted tubule consists of an early proximal convoluted tubule and a 
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late proximal convoluted tubule. The mechanisms for Na+ reabsorption in the early and 

late proximal tubules are different. In the early proximal tubule, Na+ is reabsorbed 

primarily with HCO3− and organic solutes such as glucose and amino acids. In the late 

proximal tubule, Na+ is reabsorbed primarily with Cl−, but without organic solutes.  

 

A- Early proximal convoluted tubule  

• In early proximal tubule, the most essential solutes are reabsorbed along with Na+: 

glucose, amino acids, and HCO3
-. Because of the critical metabolic roles of glucose and 

amino acids and the critical buffering role of HCO3
-, the early proximal tubule can be 

thought of as performing the “highest priority” reabsorptive work.  

The cellular mechanisms for reabsorption in the early proximal tubule:  

• Na+/K+-ATPase is the prime mover for the reabsorption of every reabsorbed 

substance, including water.  

• Operation of the Na+-H+ antiporter (NHE3) in the apical membrane and the Na+/K+-

ATPase and the HCO3
- transporters, including the Cl-- HCO3

-  antiporter (AE2) and the 

1Na+-3HCO3– symporter in the basolateral membrane mediates reabsorption of 

NaHCO3. Note that a single HCO3
-  transporter is illustrated for simplicity. Carbon 

dioxide and water combine inside the cells to form H+and HCO3
- in a reaction facilitated 

by the enzyme carbonic anhydrase (CA).  

   

           

 

• Na+ reabsorption is also coupled with other solutes, including amino acids, Pi, and 

lactate. Reabsorption of these solutes is mediated by the Na+-amino acid, Na+-Pi, 

and Na+-lactate symporters located in the apical membrane and the Na+,K+-
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ATPase, amino acid, Pi and lactate transporters located in the basolateral 

membrane so The luminal membrane contains multiple secondary active transport 

mechanisms, which derive their energy from the transmembrane Na+ gradient.  

• There is a lumen-negative potential difference across the cells of the early proximal 

tubule, which is created by Na+-glucose and Na+−amino acid cotransport. These 

transporters bring net positive charge into the cell and leave negative charge in the 

lumen.   

• These secondary active transport processes made the following modifications to the 

glomerular filtrate by the time it reaches the midpoint of the proximal tubule:  

• 1) 100% of the filtered glucose and amino acids have been reabsorbed 

• 2) 85% of the filtered HCO3− has been reabsorbed 

• 3) Most of the filtered phosphate, lactate, and citrate have been reabsorbed; 

• 4) Na+ reabsorption is coupled to each of these transport processes so it has been 

extensively reabsorbed.  

• Operation of the Na+-glucose symporter (SGLT2) in the apical membrane, in 

conjunction with Na+/K+-ATPase and the glucose transporter (GLUT2) in the basolateral 

membrane, mediates Na+-glucose reabsorption. Inactivating mutations in the GLUT2 

gene lead to decreased glucose reabsorption `in the proximal tubule and glucosuria (i.e., 

glucose in the urine).  

  

  

B- Late proximal convoluted tubule  

• The tubular fluid that leaves the early proximal tubule differs significantly from the 

original glomerular filtrate. All of the filtered glucose and amino acids and most of the 

filtered HCO3− have been reabsorbed. Therefore, the fluid entering the late proximal 
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tubule has no glucose or amino acids and little HCO3−. Furthermore, this fluid has a high 

Cl− concentration.  

• Na+ transport processes in the second half of the proximal tubule. Na+ and Cl- enter 

the cell across the apical membrane via the operation of parallel Na+-H+ and Cl--

anion antiporters. More than one Cl--anion antiporter may be involved in this 

process, but only one is depicted.  

• The secreted H+ and anion combine 

in the tubular fluid to form an 

H+-anion complex that can 

recycle across the plasma 

membrane. Accumulation of 

the H+-anion complex in 

tubular fluid establishes an H+-

anion concentration gradient 

that favors H+-anion recycling 

across the apical plasma 

membrane into the cell. Inside 

the cell, H+ and the 

anion dissociate and 

recycle back across 

the apical plasma 

membrane.  

• The net result is uptake of 

NaCl across the apical 

membrane. The anion 

may be hydroxide 

ions (OH-), formate 

(HCO2-), oxalate, 

HCO3-, or sulfate. The positive transepithelial voltage in the lumen is generated 

by diffusion of Cl- (lumen to blood) across the tight junction. The tight junctions 

between cells of the proximal tubule are, in fact, not tight: They are quite 

permeable to small solutes, such as NaCl, and to water. Thus, the Cl− 

concentration gradient drives Cl− diffusion between the cells, from lumen to 
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blood. This Cl− diffusion establishes a Cl− diffusion potential, making the 

lumen positive with respect to blood. Na+ reabsorption follows, driven by the 

lumen- positive potential difference.  

• Some glucose is also reabsorbed in the second half of the proximal tubule by a 

mechanism similar to that described in the first half of the proximal tubule.  

• • Note: Na+ reabsorption first half of proximal tubule is HCO3–, PO43–, glucose, 

amino acids, and lactate while in the second half of proximal tubule, Na+ is 

reabsorbed primarily with Cl– and follows transcellular (67%) and paracellular 

(33%) pathways.  

 

Isosmotic reabsorption and TF/P RATIOS 

• The [TF/P] x ratio compares the concentration of a substance in tubular fluid with 

its concentration in systemic plasma. Plasma concentrations are assumed to be 

constant, and any changes in the [TF/P] x therefore reflect changes in tubular fluid 

concentration. 

 

[TF/P] = 1 

• Assume that the ratio was measured in Bowman's space and found to be 1.0. A 

value of 1.0 means that the tubular fluid Na + concentration is equal to the plasma 

Na + concentration. This value makes perfect sense, based on knowledge of 

glomerular filtration: Na + is freely filtered across the glomerular capillaries into 

Bowman's space, and the Na + concentration of the filtrate should be identical to 

the plasma concentration. No reabsorption or secretion has yet taken place. The 

generalization can be made that for any freely filtered substance, [TF/P] x is 

1.0 in Bowman's space (before any reabsorption or secretion has taken place 

to modify it). 

• Because of isosmotic reabsorption, the values for [TF/P] Na+ and [TF/P] osmolarity = 

1.0 along the entire proximal tubule. This is remarkable because there is extensive 

reabsorption of both Na+ and solute 

(osmoles) along the proximal tubule. 

The reason that these ratios remain at 

a value of 1.0 is that water 

reabsorption is coupled directly to 

both Na+ reabsorption and total 

solute reabsorption.  

• Functions of the proximal tubule can 
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be envisioned graphically by plotting the TF/P concentration ratios for various 

substances as a function of length along the proximal tubule. At the beginning of 

proximal tubule (i.e. Bowman’s space), the TF/P ratio for all freely filtered 

substances is 1.0; because no reabsorption or secretion has yet occurred, the solute 

concentrations in tubular fluid equal their concentrations in plasma.  

• Moving along the proximal tubule, because both Na+ and total solute are reabsorbed in 

proportion to water (i.e., isosmotic reabsorption), the values for [TF/P] Na and 

[TF/P] osmolarity both remain at 1.0.  

• [TF/P] x < 1.0. 

• Because reabsorption of glucose, amino acids, and HCO3− is proportionately greater 

than water reabsorption in the early proximal tubule, [TF/P] glucose, [TF/P]amino 

acids, and [TF/P] HCO3- fall below 1.0.  

• [TF/P] x >1: 

• TF/P >1 has two scenarios:  
• 1. there has been net reabsorption of the solute, but solute reabsorption has been 

less than water reabsorption. When solute reabsorption lags behind water 

reabsorption, the tubular fluid concentration of the solute increases.  

• 2. There has been net secretion of the solute into tubular fluid, causing its 

concentration to increase above that in plasma.  

• Cl− reabsorption is less 

than water reabsorption in 

the early proximal tubule 

(i.e., HCO3− is preferred 

over Cl−); thus, [TF/P] Cl 

rises above 1.0.  

• Isosmotic reabsorption is 

a hallmark of proximal 

tubular function. Isosmotic 

reabsorption means that 

water reabsorption occurs in equal proportion with reabsorbed solutes. Passive 

water reabsorption is driven by the osmotic gradient established by active solute 

reabsorption.  

• The term solute refers to Na+ (as a major cation) with its accompanying anions 

HCO3− (early proximal tubule) and Cl− (late proximal tubule). Minor anions are 
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phosphate, lactate, and citrate. Other solutes are glucose and amino acids.    

 

Objective 3: Transport processes along the Distal nephron (LH, DCT & CD)  

Thick Ascending Limb  

Loop of Henle comprises three segments: the thin descending limb, the thin ascending 

limb, and the thick ascending limb.  

Thin Limbs 

• Passive H2O reabsorption in thin descending limb (Na+ & Cl– impermeable) • Passive 

Na+ & Cl– reabsorption in thin ascending limb (H2O impermeable)  

• Unlike the thin limbs, which have only passive permeability properties, the thick 

ascending limb reabsorbs about 25% of the filtered Na+ (active mechanism).  

• The thick ascending limb are impermeable to water. NaCl is reabsorbed but water is 

not reabsorbed along with it. For this reason, the thick ascending limb is called the 

diluting segment. NaCl movement is by ACTIVE TRANSPORT 

The cellular mechanism in the thick ascending limb are:  

• The luminal membrane contains a Na, K, 2Cl cotransporter (a three-ion cotransporter). 

The energy for the cotransporter is derived from the familiar Na+ gradient, which is 

maintained by the Na+-K+ ATPase in the basolateral membranes. There is net 

reabsorption of Na+, K+, and Cl− in the thick ascending limb, as all three ions are 

transported into the cell on the cotransporter; Na+ is extruded from the cell by the Na+- 

K+ ATPase, and Cl− and K+ diffuse through channels in the basolateral membrane, 

down their respective electrochemical gradients. 

     

 

• Most, but not all, 

of the K+ that enters 

the cell on the three-

ion cotransporter 

leaves the cell across 

the basolateral 
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membrane.  

• A portion of the K+ diffuses back into the lumen. This recycling of K+ across the 

luminal membrane brings slightly more negative than positive charge into the cell. 

The electrogenic property of the Na+-K+-2Cl− cotransporter results in a lumen- 

positive potential difference across the cells of the thick ascending limb.  

• The TAL is part of the DILUTING SEGMENT- there is no water movement 

• The thick ascending limb is the site of action of the most potent diuretics, loop 

diuretics (Furosemide). the loop diuretics inhibit the Na+-K+-2Cl− cotransporter so 

NaCl reabsorption is inhibited in the thick ascending limb which can cause excretion of 

as much as 25% of the filtered Na+  

Distal tubule & Collecting Duct (CD)  

• The remaining 8% of Na+ processed by remaining distal nephron.   

• Na+ load to distal nephron stimulates basolateral Na+-K+-ATPase.   

• Normally, the final Na+ 

reabsorption is 99.9% 

complete  

Early distal tubule  

• The early distal tubule 

reabsorbs 5% of the 

filtered Na+.  

• Like the thick ascending 

limb, the early distal tubule is impermeable to water.  
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• Na+ and Cl− enter the cell on the Na+-Cl− cotransporter; Na+ then is extruded from 

the  cell into the blood by the Na+-K+ ATPase, and Cl− diffuses out of the cell 

through Cl− channels in the basolateral membrane.  

• The thiazide diuretics (e.g., chlorothiazide, 

hydrochlorothiazide) inhibit Na+-Cl− 

cotransporter thus inhibiting Na Cl reabsorption 

in the early distal tubule  

Late distal tubule & collecting duct  

 

• Anatomically & functionally the late distal 

tubule and collecting duct are similar. There are 

two major cell types along these segments: the 

principal cells and the α- intercalated cells.  

• The principal cells are involved in Na+ 

reabsorption, K+ secretion, and water 

reabsorption while the α-intercalated cells are 

involved in K+ reabsorption and H+ secretion.  

• The late distal tubule and collecting duct 

reabsorb only 3% of the filtered Na+. The 

mechanism for Na+ reabsorption in the 

principal cells of the late distal tubule and 

collecting duct is rather than the coupled transport mechanisms seen in other 

nephron segments, the luminal membrane of the principal cells contains Na+ 

channels. Na+ diffuses through these channels down its electrochemical gradient, 

from the lumen into the cell. Na+ then is extruded from the cell via the Na+- K+ 

ATPase in the basolateral membrane.  

OBJECTIVE 4: Compare & contrast the different transport mechanisms between 

proximal & distal nephron in terms of ( reabsorptive capacity, Na+,K+-ATPase, 

luminal potential & gradients....etc) 
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Segment/Cell 
Type 

Major Functions 
Cellular 
Mechanisms 

Hormone 
Actions 

Diuretic 
Actions 

Early PT 
(-4mV lumen; 
0mV blood) 

Isosmotic 
reabsorption of 
solute and water 

Na + -glucose, 
Na + -amino 
acid, Na + -
phosphate 
cotransport 

PTH inhibits 
Na + -
phosphate 
cotransport 

Osmotic 
diuretics 

  
Na + -H + 

exchange 

Ang II 
stimulates Na 
+ -H + 

exchange 

Carbonic 
anhydrase 
inhibitors 

Late PT 
(+4mV lumen; 
0 mV blood) 

Isosmotic 
reabsorption of 
solute and water 

NaCl 
reabsorption 
driven by Cl − 

gradient 

— 
Osmotic 
diuretics 

Thick 
Ascending 
Limb of the 
Loop of Henle 

Reabsorption of 
NaCl without water  
Dilution of tubular 
fluid  
Single effect of 
countercurrent 
multiplication  
Reabsorption of Ca 
2+ and Mg 2+ driven 
by lumen-positive 
potential 

Na + -K + -2Cl − 

cotransport 

ADH 
stimulates Na 
+ -K + -2Cl − 

cotransport 

Loop 
diuretics 

Early Distal 
Tubule 

Reabsorption of 
NaCl without water  
Dilution of tubular 
fluid 

Na + -Cl − 

cotransport 

PTH 
stimulates Ca 
2+ 

reabsorption 

Thiazide 
diuretics 

Late Distal 
Tubule and 
Collecting 
Ducts (principal 
cells) 

Reabsorption of 
NaCl 

Na + channels 
(ENaC) 

Aldosterone 
stimulates Na 
+ 

reabsorption 

K + -
sparing 
diuretics 

 K + secretion K + channels 
Aldosterone 
stimulates K 
+ secretion 

 

 
Variable water 
reabsorption 

AQP2 water 
channels 

ADH 
stimulates 
water 
reabsorption 
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Late Distal 
Tubule and 
Collecting 
Ducts (α-
intercalated 
cells) 

Reabsorption of K +  
H + -K + 

ATPase 
— — 

 Secretion of H +  H + ATPase 
Aldosterone 
simulates H + 

secretion 

K + -
sparing 
diuretics 

Taken from Costanzo, 2018 

NOTE: Some of these features you will not see until later lectures (eg: the hormone 

actions, or the diuretics- see the case conference) 

Segment Trans-

luminal 

voltage 

BUT WHY??? 

Proximal 

EARLY Tubule 

-4mV Na + -glucose and Na + -amino acid co-

transport.  

(glucose is uncharged, AAs can be +ve, -ve 

or neutral) 

Proximal LATE 

Tubule 

+4mV Chloride movement (due to Cl- moving 

down it’s gradient) 

Thick 

Ascending 

Limb 

+7 mV Na + -K + -2Cl − cotransporter…but then 

some K moves back over the luminal 

membrane  

Early Distal 

Tubule 

-10 mV Movement of Na, K is high inside cell 

Late Distal 

Tubule 

-50 mV ENaC movement of Na, also K is high 

inside- there is no major negative ion inside 

 


