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P R E F A C E

W
hen we wrote the first edition of Renal 

Physiology in 1992, our goal was to provide a clear and 
concise overview of the function of the kidneys for 
health professions students who were studying the 
topic for the first time. The feedback we have received 
over the years has affirmed that we met our goal, and 
that achievement has been a key element to the book’s 
success. Thus, in this fifth edition we have adhered to 
our original goal, maintaining all the proven elements 
of the last four editions.

Since 1992, much has been learned about kidney 
function at the cellular, molecular, and clinical level. 
Although this new information is exciting and pro-
vides new and greater insights into the function of the 
kidneys in health and disease, it can prove daunting  
to first-time students and in some cases may cause  
them to lose the forest for the trees. In an attempt to 
balance the needs of the first-time student with our 
desire to present some of the latest advances in the 
field of renal physiology, we have updated the high-
lighted text boxes, titled “At the Cellular Level” and 
“In the Clinic,” to supplement the main text for stu-
dents who wish additional detail. The other features of 
the book, which include clinical material that illus-
trates important physiologic principles, multiple-
choice questions, self-study problems, and integrated 
case studies, have been retained and updated. To 
achieve our goal of keeping the book concise, we have 
removed some old material as new material was added. 
We hope that all who use this book find that the 
changes have made it an improved learning tool and a 
valuable source of information.

To the instructor: This book is intended to provide 
students in the biomedical and health sciences with a 
basic understanding of the workings of the kidneys. 
We believe that it is better for the student at this stage 
to master a few central concepts and ideas rather than 
to assimilate a large array of facts. Consequently, this 
book is designed to teach the important aspects and 
fundamental concepts of normal renal function. We 
have emphasized clarity and conciseness in presenting 
the material. To accomplish this goal, we have been 
selective in the material included. The broader field of 
nephrology, with its current and future frontiers, is 
better learned at a later time and only after the “big 
picture” has been well established. For clarity and sim-
plicity, we have made statements as assertions of fact 
even though we recognize that not all aspects of a par-
ticular problem have been resolved.

To the student: As an aid to learning this material, 
each chapter includes a list of objectives that reflect the 
fundamental concepts to be mastered. At the end of each 
chapter, we have provided a summary and a list of key 
words and concepts that should serve as a checklist while 
working through the chapter. We have also provided a 
series of self-study problems that review the central prin-
ciples of each chapter. Because these questions are learn-
ing tools, answers and explanations are provided in 
Appendix D. Multiple-choice questions are presented at 
the end of each chapter. Comprehensive clinical cases are 
included in other appendixes. We recommend working 
through the clinical cases in Appendix A only after com-
pleting the book. In this way, they can indicate where 
additional work or review is required.
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We have provided a highly selective bibliography 
that is intended to provide the next step in the study of 
the kidney; it is a place to begin to add details to the 
subjects presented here and a resource for exploring 
other aspects of the kidney not treated in this book.

We encourage all who use this book to send us your 
comments and suggestions. Please let us know what we 
have done right as well as what needs improvement.

Bruce M. Koeppen
Bruce A. Stanton
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Chloride (Cl−)

concentration in proximal tubule of, 52f
in ECF compartment, 6–7
filtration, excretion, and reabsorption 

of, 46t
by nephron segment, 195t

in ICF compartment, 7
in intravenous solutions, 11t
normal values for serum, 187t

Chloride (Cl−)-base antiporter (CFEX), 
52, 53f

Chloride (Cl−) channel Kb (ClCNKB), 
60f, 61b

Chloride-bicarbonate (Cl−- HCO−
3 ) 

antiporter, 51f
in HCO−

3  reabsorption
along distal tubule and collecting 

duct, 136, 137f
along thick ascending limb of loop of 

Henle, 136
in metabolic acidosis, 138b

Chlorthalidone, mechanism of action of, 
172–173

Chronic renal failure, and inorganic 
phosphate homeostasis, 163b

Cimetidine, and procainamide, 57b
Cl-. See Chloride (Cl−)
CLCNKB (Cl− channel Kb), 60f, 61b
Clearance, renal, 27–31, 28f
Collecting duct

reabsorption along, 61–62, 63f, 190
of HCO−

3 , 136, 137f
of NaCl, 54t

regulation of, 105
with volume contraction, 108f, 109
with volume expansion, 106f, 107

of water, 64t
secretion by, 190

of H+, 142
of K+

aldosterone in, 124–125, 125f
AVP in, 125, 126f
cellular mechanisms of, 122–123, 

122f
plasma K+ in, 123–124, 124b, 124f
regulation of, 123–125, 123b

Collecting duct system, 17
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Concentrated urine, 75–76
Concentration gradient, 46–48
Congestive heart failure

edema in, 96b, 111–112, 111f
effective circulating volume in, 95
volume receptors in, 97

Connecting tubule, 18f
Copeptin, 76b
Cortex, renal, 15–16, 16f
Cortical collecting duct, 17, 19f
Cortisol, and renal response to acidosis, 

138
Cosm (total osmolar clearance), 90b
Countercurrent multiplication, 84
Coupled transport, 48
Creatinine

and glomerular filtration rate, 29–31, 
29f

normal values for serum, 187t
in urine, 46t

Creatinine clearance, 30b
normal values for, 187t

Cubilin, 56b
Cystinosis, proximal renal tubular acidosis 

due to, 142b–143b
Cystinuria, type I, 47t

D
Diabetes insipidus

central or pituitary, 79b
nephrogenic, 81b

type 2, 47t
Diabetes mellitus

acid-base balance in, 133b
metabolic acidosis in, 145b
nitric oxide in, 40b
plasma K+ in, 119–120

Diabetic ketoacidosis, 145b
Diffusion

facilitated, 48
nonionic, of , 141–142, 141f
passive, 46–48

Diffusion trapping, of , 141–142, 
141f

1,25-Dihydroxyvitamin D
and Ca++ absorption, 156
and distribution of Ca++ between ECF 

and bone, 156–157, 156f
in integrative review of Ca++ and Pi 

homeostasis, 164, 166f
and Pi homeostasis, 161, 161f
and plasma Ca++, 154–155

Dilute urine, 75–76, 79b
Diluting segment, 59, 86
Distal renal tubular acidosis, 47t, 

142b–143b
Distal tubule

anatomy of, 17, 18f
at cellular level, 101b
K+ secretion by

cellular mechanisms of, 122–123,  
122f

regulation of, 123–125, 123b

Distal tubule (Continued)
aldosterone in, 124–125, 125f
AVP in, 125, 126f
plasma K+ in, 123–124, 124b, 124f

mechanisms for maintaining constant 
Na+ delivery to, 104–105

reabsorption along, 61–62, 201–203
of Ca++, 157f–158f, 158–159
in early segment, 61, 61f
and Gitelman syndrome, 61b
of HCO−

3 , 136, 137f
in late segment, 61–62, 63f
of NaCl, 54t, 61–62, 61f

with volume contraction, 108f, 109
with volume expansion, 106f, 107

of water, 64t
segments of, 101b

Diuresis, 75–76, 84, 85f
water, 75–76, 84, 85f, 167

Diuretic(s), 167–178
action of

at cellular level, 170b
ECF volume and, 169
general principles of, 167–169
mechanisms of, 171–173
sites of, 168, 168f

aquaretics as, 167, 173
effect on excretion of water and 

solutes of, 169t, 173–176
mechanism of action of, 173
site of action of, 168f

carbonic anhydrase inhibitors as, 
171–172

effect on excretion of water and 
solutes of, 169t, 173–176

mechanism of action of, 171–172
site of action of, 168, 168f

effect on excretion of water and solutes 
of, 169t, 173–176

for Ca++ and Pi, 169t, 175–176
for HCO−

3 , 169t, 175
for K+, 169t, 174–175
for Na+, 169t
for solute-free water, 169t, 174

K+-sparing, 173
effect on excretion of water and 

solutes of, 169t, 173–176
mechanism of action of, 173, 173b

loop, 172
and Ca++ reabsorption and excretion, 

159t, 160
effect on excretion of water and 

solutes of, 169t, 173–176
mechanism of action of, 170b, 172
site of action of, 168, 168f

osmotic, 171
effect on excretion of water and 

solutes of, 169t, 173–176
mechanism of action of, 171
site of action of, 168, 168f

response of other nephron segments 
to, 168

and steady state, 171

Diuretic(s) (Continued)
thiazide, 172–173

effect on excretion of water and 
solutes of, 169t, 173–176

effect on Na+ and Ca++ reabsorption 
of, 158–160, 159t

mechanism of action of, 170b, 
172–173

site of action of, 168, 168f
Diuretic braking phenomenon, 169–171, 

170f
Dopamine

in regulation of NaCl and water 
reabsorption, 64t, 67

in regulation of renal blood flow and 
glomerular filtration rate, 40–41

Duct of Bellini, 16f

E
ECF. See Extracellular fluid (ECF).
ECG (electrocardiogram), 116b, 117f
ECV (effective circulating volume), 95–96, 

96b
Edema, 109–112

alterations in Starling forces and,  
109–111

cerebral, 10b
in clinical practice, 110b–111b
defined, 109
generalized, 110b–111b
localized, 110b–111b
in nephrotic syndrome, 110b–111b
peripheral, 96b, 110b–111b
pulmonary, 96b, 110b–111b
role of kidneys in, 111–112, 111f

Effective circulating volume (ECV), 95–96, 
96b

Effective osmoles, 4, 90b
Efferent arteriolar resistance, in regulation 

of renal blood flow and glomerular 
filtration rate, 36–37, 38f

Efferent arteriole, 16–17, 16f, 20f
Electrocardiogram (ECG), 116b, 117f
Electrolyte(s)

filtration, excretion, and reabsorption 
of, 45–46, 46t

normal values for serum, 187t
Electrolyte solutions, physicochemical 

properties of, 1–4
molarity and equivalence as, 1–2
oncotic pressure as, 4, 5f
osmolarity and osmolality as, 2–3, 3t
osmosis and osmotic pressure as,  

2–3, 3f
specific gravity as, 4, 9b
tonicity as, 3–4

ENaC (epithelial sodium channel), 
aldosterone and, 62–64, 65b, 66f

ENaC (epithelial sodium channel) gene, in 
Liddle syndrome, 67b

Enalapril, 41b
Endocytosis, 48
Endothelial cells, in glomerulus, 20–22, 20f
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Endothelin (ET-1)
in regulation of renal blood flow and 

glomerular filtration rate, 39–40
and renal response to acidosis, 138

Epinephrine
in regulation of NaCl and water 

reabsorption, 67
in regulation of plasma K+, 118, 118f

Epithelial sodium channel (ENaC), 
aldosterone and, 62–64, 65b, 66f

Epithelial sodium channel (ENaC) gene, in 
Liddle syndrome, 67b

Eplerenone, mechanism of action of, 173
Equivalence, 1–3, 3t
ET-1 (endothelin)

in regulation of renal blood flow and 
glomerular filtration rate, 39–40

and renal response to acidosis, 138
Ethacrynic acid, mechanism  

of action of, 172
Euvolemia, 99

control of renal NaCl excretion during, 
103–105, 103f–104f

and mechanisms for maintaining 
constant Na+ delivery to distal 
tubule, 104–105

and regulation of distal tubule 
and collecting duct Na+ 
reabsorption, 105

Excretion
of Ca++, 46t

in Ca++ homeostasis, 156, 156f
effect of diuretics on, 169t, 175–176
factors disturbing, 160
regulation of, 159–160, 159t

of glucose, 46t
of HCO−

3 , 46t
effect of diuretics on, 169t, 175

of K+, 46t, 120–122, 121f
effect of diuretics on, 169t, 174–175
factors that perturb, 125–129, 129t
intake and, 118f, 120

of Na+ and NaCl, 46t
control of

CNS sensors in, 98
during euvolemia, 103–105, 

103f–104f
with volume contraction, 107–109, 

108f
with volume expansion, 105–107, 

106f
daily, 95
effect of diuretics on, 169t
fractional, 104–105
rate of, 105

of , 134, 140, 141f
assessing, 142b

of Pi
effect of diuretics on, 175–176
regulation of, 163–164, 163t

in clinical practice, 164b
renal net acid, 134
of water, 45–46, 46t

Excretion (Continued)
effect of diuretics on, 169t, 174
electrolytes, and solutes, 45–46, 46t
with volume expansion, 106f, 107

Excretion rate, 28
Exercise, and plasma K+, 120, 120b
Extracellular buffers, 144
Extracellular fluid (ECF)

addition of NaCl to, 10
osmolality of, 6–7

Extracellular fluid (ECF) compartment
composition of, 6–7
fluid shifts between ICF and, 9–10, 

9b–10b
Extracellular fluid (ECF) volume, 5, 6f

effective circulating, 95–96, 96b
and effects of diuretics, 169
regulation of, 93–114

AVP in, 103
NaCl balance in, 93–94, 94b, 94f
natriuretic peptides in, 96–97, 102–103
renal sympathetic nerves in, 98–99, 99b
renin-angiotensin-aldosterone system 

in, 99–102, 100b–101b, 100f
volume sensors in, 96–103, 96b

CNS, 98
hepatic, 97–98
in high-pressure arterial circuit, 

97, 97b
in low-pressure cardiopulmonary 

circuit, 96–97
signals from, 98, 98b

Extraglomerular mesangial cells, 20f, 
23–24

F
Facilitated diffusion, 48
Familial hypocalciuric hypercalcemia, 

160b
Familial hypomagnesemic hypercalciuria, 

158b
Fanconi syndrome, 53b

proximal renal tubular acidosis due to, 
142b–143b

Fasting glucose, normal values for, 187t
Fibroblast growth factor 23 (FGF-23), in 

regulation of Pi excretion, 163t, 164, 
164b

Fick principle, 27, 28f
Filtration, of water, electrolytes, and 

solutes, 45–46, 46t
Filtration barrier, 20–22, 21f
Filtration coefficient (Kf)

in capillary fluid exchange, 7–8
and glomerular filtration rate, 32, 32b

Filtration fraction (FF), 30
and peritubular capillary oncotic 

pressure, 68
Filtration rate, 7, 109
Filtration slit(s), 21f, 22
Filtration slit diaphragm, 21f–22f, 22
Fluid and electrolyte disorders, 

intravenous solutions for, 11b, 11t

Fluid exchange, between body fluid 
compartments, 7–10

capillary, 7–9, 8f
cellular, 9–10, 9b–10b

Fractional Na+ excretion, 104–105
Free water clearance ( ), 89–90, 90b
Free water excretion, effect of diuretics on, 

169t, 174
Free water reabsorption, effect of diuretics 

on, 169t
Furosemide, mechanism of action of,  

172

G
G protein–coupled receptors, H+ 

concentration and, 139b
GFR. See Glomerular filtration rate (GFR).
Gitelman syndrome, 47t, 61b, 61f

hypokalemia due to, 115–116
Globulin, normal values for serum, 187t
Glomerular capillaries, 16–17, 21f
Glomerular filtration, 31–33, 32b, 33f
Glomerular filtration barrier, and 

ultrafiltrate composition, 31–32
Glomerular filtration rate (GFR), 29–31, 

29f
autoregulation of, 31, 33, 34f

and maintaining constant Na+ 
delivery to distal tubule, 105

causes of reduction in, 32b
in clinical practice, 30b, 30f–31f
dynamics of, 32–33, 33f
hemorrhage and, 39b, 39f
hormones that influence, 36, 37t
normal range of, 31
NSAIDs and, 37–38
regulation of, 36–41

adenosine in, 40
afferent and efferent arteriolar 

resistance in, 36–37, 38f
angiotensin II in, 37, 39f
angiotensin-converting enzyme in, 

40–41, 41b, 41f
ATP in, 40
bradykinin in, 40
dopamine in, 40–41
endothelin in, 39–40
glucocorticoids in, 40
histamine in, 40
natriuretic peptides in, 40
nitric oxide in, 39, 40b
prostaglandins in, 37–38
renalase in, 37
sympathetic nerves in, 37, 39b
vascular endothelial cells in, 40–41, 

41f
ultrafiltration coefficient and, 32b
with volume contraction, 107–108,  

108f
with volume expansion, 106, 106f

Glomerulotubular (G-T) balance, 68
and maintaining constant Na+ delivery 

to distal tubule, 105
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Glomerulus
juxtamedullary, 16f
superficial, 16f
ultrastructure of, 20–24

basement membrane in, 20f–21f, 22
Bowman’s capsule in, 20
Bowman’s space in, 20, 20f–21f
at cellular level, 23b
endothelial cells in, 20–22, 20f
filtration barrier in, 20–22, 21f
filtration slit diaphragm in, 21f–22f, 

22
foot processes in, 21f–22f, 22
mesangium in, 23–24, 23f, 24b
parietal epithelium in, 20, 20f
podocytes in, 20–22, 20f–21f
visceral layer in, 20, 20f

Glucocorticoid(s), in regulation of renal 
blood flow and glomerular filtration 
rate, 40

Glucocorticoids
and K+ excretion, 129
in regulation of inorganic phosphate 

excretion, 163–164, 163t, 164b
Glucose

concentration in proximal tubule of, 52f
excretion of, 46t
filtration of, 46t
in intravenous solutions, 11t
normal values for fasting, 187t
reabsorption of, 46t, 53f

Glucose transporter 1 (GLUT1), 53f
Glucose transporter 2 (GLUT2), 51f

in Fanconi syndrome, 53b
Glutamine, in  production, 140, 141f
Granular cells, 20f, 24
Growth hormone, in regulation of Pi 

excretion, 163–164, 163t
G-T (glomerulotubular) balance, 68

and maintaining constant Na+ delivery 
to distal tubule, 105

Guanylin
in NaCl excretion, 94b
in regulation of NaCl and water 

reabsorption, 64t, 67
Guanylyl cyclase-D, HCO−

3  and, 139b

H
H+. See Hydrogen (H+)
HCO−

3 . See Bicarbonate (HCO−
3 )

Heart failure
edema in, 96b, 111–112, 111f
effective circulating volume in, 95
volume receptors in, 97

Hemodynamic control, of AVP secretion, 
77–78, 78f–79f

Hemorrhage, and renal blood flow and 
glomerular filtration rate, 39b, 39f

Henderson-Hasselbalch equation, 132
Henle’s loop

anatomy of, 16f, 17, 18f
and excretion of hyperosmotic urine, 

83–84

Henle’s loop (Continued)
reabsorption along, 58–61, 199–200

and Bartter syndrome, 60f, 61b
of Ca++, 157–158, 157f, 158b
at cellular level, 60b
of HCO−

3 , 135–136, 135f
of NaCl, 54t, 58–61, 60f

with volume contraction, 108–109, 
108f

with volume expansion, 106–107, 
106f

of water, 58, 64t
secretion by, 200–201

Hepatic sensors, 97–98
High-pressure arterial circuit, volume 

sensors in, 97, 97b
Histamine, in regulation of renal blood 

flow and glomerular filtration rate, 
40

Histamine H2 antagonist, and 
procainamide, 57b
− . See Phosphate ( − ).

Hydrochlorothiazide, mechanism of action 
of, 172–173

Hydrogen (H+)
concentration in body fluids of, 131
secretion of, 191t

regulation of, 138–139
at cellular level, 138b–139b

Hydrogen adenosine triphosphatase (H+-
ATPase), 48

in HCO−
3  reabsorption

along distal tubule and collecting 
duct, 136, 137f

along proximal tubule, 135–136, 135f
along thick ascending limb of loop of 

Henle, 136
in metabolic acidosis, 138b

Hydrogen (H+) receptors, 139b
Hydrogen-potassium adenosine 

triphosphatase (H+-K+-ATPase), 48
Hydrostatic pressure, within capillary 

lumen, 7–8
Hyperalbuminemia, and plasma calcium, 

154–155
Hyperaldosteronism, 102b
Hypercalcemia

and Ca++ reabsorption and excretion, 
159–160, 159t

causes of, 157b
in clinical practice, 157b
effect on nerve and muscle excitability 

of, 154–155, 155f
familial hypocalciuric, 160b

Hypercalciuria, familial hypomagnesemic, 
158b

Hyperkalemia
and aldosterone, 62–64, 65b, 66f
cardiac arrhythmias due to, 116b, 117f
causes of, 115–116
due to cell lysis, 120
chronic, 124b
defined, 115

Hyperkalemia (Continued)
effects of, 121b

on resting membrane potential of 
skeletal muscle, 116f

exercise-induced, 120, 120b
and K+ secretion, 123, 129b
pseudo-, 115–116
due to trimethoprim, 173b

Hyperosmolality, plasma, 74b
Hyperosmotic urine, 74, 83
Hyperphosphatemia, and Ca++ 

reabsorption and excretion, 159t, 160
Hypertension, nitric oxide in, 40b
Hypertonic NaCl solution, addition to 

ECF of, 10, 11t
Hypertonic solution, 3–4
Hypoalbuminemia, and plasma Ca++, 

154–155
Hypoaldosteronism, 102b

hyporeninemic, distal renal tubular 
acidosis due to, 142b–143b

Hypocalcemia
and Ca++ reabsorption and excretion, 

159–160, 159t
in clinical practice, 157b
effect on nerve and muscle excitability 

of, 154–155, 155f
Hypocalcemic tetany, 157b
Hypokalemia

and aldosterone, 62–64
cardiac arrhythmias due to, 116b, 117f
causes of, 115–116
chronic, 124b
defined, 115
effects of, 121b

on resting membrane potential of 
skeletal muscle, 116f

and K+ secretion, 123–124
Hypomagnesemia-hypercalciuria 

syndrome, 47t
Hypoosmolality, plasma, 74b
Hypoosmotic urine, 74, 83
Hypoparathyroidism, autosomal 

dominant, 160b
Hyporeninemic hypoaldosteronism, 

distal renal tubular acidosis due to, 
142b–143b

Hypothalamus, anatomy of, 77f
Hypotonic NaCl solution, addition to ECF 

of, 10, 11t
Hypotonic solution, 3–4
Hypovolemia, and aldosterone, 62–64, 

65b, 66f
Hypoxia, acid-base balance in, 133b

I
ICF (intracellular fluid) compartment

composition of, 7
fluid shifts between ECF and, 9–10, 

9b–10b
volume of, 5, 6f

Impermeable membrane, 4
Ineffective osmole, 4
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Initial connecting tubule, 18f
Inner medullary collecting duct, 17, 18f
Inorganic phosphate (Pi), 160–164

concentration in proximal tubule of, 
52f

distribution of, 160–161
in Pi homeostasis, 160–161, 161f

excretion of
effect of diuretics on, 175–176
regulation of, 163–164, 163t

in clinical practice, 164b
as extracellular buffer, 144
functions of, 160–161
intestinal absorption of, 157f, 161
normal values for serum, 187t
reabsorption of, 162, 162f

by nephron segment, 192t
transport along nephron of, 162, 162f
in urine, 46t

Inorganic phosphate (Pi) homeostasis
in clinical practice, 163b–164b
integrative review of PTH and calcitriol 

in, 164, 165f–166f
overview of, 161–162, 161f

Insensible water loss, 73, 74t
Insulin, in regulation of plasma K+, 118, 118f
Intercalated cells

anatomy of, 17, 19f
K+ transport by, 122–123, 122f
in reabsorption, 61–62, 63f

of HCO−
3 , 136, 137f

Interlobar artery, 16–17, 16f
Interlobar vein, 16–17, 16f
Interlobular artery, 16–17, 16f, 20f
Interlobular vein, 16–17, 16f
Interstitial fluid, 6

accumulation in brain of, 10b
composition of, 6–7

Intracellular buffers, 144
Intracellular fluid (ICF) compartment

composition of, 7
fluid shifts between ECF and, 9–10, 

9b–10b
volume of, 5, 6f

Intravenous solutions, for fluid and 
electrolyte disorders, 11b, 11t

Intraventricular block, 117f
Inulin, 29
Ionic composition, of body fluid 

compartments, 6–7, 7b
Isosmotic solution, 4
Isotonic NaCl solution, addition to ECF 

of, 10, 11t
Isotonic solution, 3–4

J
Juxtaglomerular apparatus (JGA)

in tubuloglomerular feedback, 34–35, 
35f–36f

ultrastructure of, 20f, 24
volume sensors in, 97, 97b

Juxtaglomerular cells, in regulation of ECF 
volume, 99

Juxtamedullary glomerulus, 16f
Juxtamedullary nephron, 18f, 19

K
K+. See Potassium (K+)
Kallilkrein, in regulation of renal blood 

flow and glomerular filtration rate, 40
KCNJ1 (K+ inwardly rectifying channel 

gene), 61b
and K+ secretion, 127b

Ketoacidosis, diabetic, 145b
α-Ketoglutarate (α-KG), in organic anion 

transport, 56–57, 58f
Kf (filtration coefficient)

in capillary fluid exchange, 7–8
and glomerular filtration rate, 32, 32b

Kidneys, structure and function of, 15–26
gross anatomy in, 15–17, 16f
innervation in, 24
major blood vessels in, 16–17, 16f
ultrastructure of glomerulus in, 20–24

basement membrane in, 20f–21f, 22
Bowman’s capsule in, 20
Bowman’s space in, 20, 20f–21f
at cellular level, 23b
in clinical practice, 23b
endothelial cells in, 20–22, 20f
filtration barrier in, 20–22, 21f
filtration slit diaphragm in, 21f–22f, 22
filtration slits in, 21f, 22
foot processes in, 21f–22f, 22
mesangium in, 23–24, 23f, 24b
parietal epithelium in, 20, 20f
podocytes in, 20–22, 20f–21f
visceral layer in, 20, 20f

ultrastructure of juxtaglomerular 
apparatus in, 20f, 24

ultrastructure of nephron in, 17–20, 
18f–19f

at cellular level, 19b
Kussmaul respiration, 145b

L
Laboratory values, normal, 185
Lacis cells, 20f, 23–24
Lactate

concentration in proximal tubule of, 52f
in intravenous solutions, 11t

Lactated Ringer solution, 11t
Lateral intercellular spaces, in 

transepithelial solute and water 
transport, 49, 49f

Liddle syndrome, 47t, 67b
Lixivaptan, mechanism of action of, 173
Loop diuretics, 172

and Ca++ reabsorption and excretion, 
159t, 160

effect on excretion of water and solutes 
of, 169t, 173–176

mechanism of action of, 170b, 172
site of action of, 168, 168f

Loop of Henle. See Henle’s loop.
Losartan, 41b

Low-pressure cardiopulmonary circuit, 
volume sensors in, 96–97

Lungs, water loss through, 74t
Lymphatic obstruction, edema due to, 

110–111
Lymphatic vessels, and capillary fluid 

exchange, 9

M
Macula densa

anatomy of, 17, 20f, 24
delivery of NaCl to, and renin secretion, 

99
in tubuloglomerular feedback, 34–35, 

35f–36f
Magnesium (Mg++), in urine, 46t
Major calyces, 15–16, 16f
Mannitol

for cerebral edema, 10b
mechanism of action of, 171

Mass balance relationship, 27, 28f
Medulla, renal, 15–16, 16f
Medullary collecting duct, 17
Medullary rays, 16f
Medullary sponge kidney, distal renal 

tubular acidosis due to, 142b–143b
Megalin, 56b
Membrane transport, 46–48

ABC transporters in, 48
active, 48

secondary, 48
antiport in, 48
coupled, 48
endocytosis in, 48
facilitated diffusion in, 48
osmosis in, 46–48
passive, 46–48
solvent drag in, 46–48
symport in, 48
uniport in, 48

Mesangial cells, 23–24, 23f
extraglomerular, 20f, 23–24
in immune complex–mediated 

glomerular disease, 24b
Mesangial matrix, 23–24
Mesangium, 23–24, 23f
Metabolic acid-base disorders,  

143–144
respiratory vs., 148, 149f

Metabolic acidosis, 146–147, 147t
and H+ secretion, 138, 138b
in insulin-dependent diabetes, 145b
and K+ excretion, 127–129, 128f
and plasma K+, 119
response of kidneys to, 138

Metabolic alkalosis, 147, 147t
and K+ excretion, 129
due to loss of gastric contents, 145b
and plasma K+, 119

Metolazone, mechanism of action of, 
172–173

Mg++ (magnesium), in urine, 46t
Minor calyx, 15–16, 16f
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Mixed acid-base disorders, 148–149
Molarity, 1–2
Muscle excitability, effect of Ca++ on, 

154–155, 155f
Myogenic mechanism, 34

N
Na+. See Sodium (Na+)
NaCl. See Sodium chloride (NaCl).
NaHCO3 (sodium bicarbonate), 

reabsorption of, 50–52, 51f
Nasogastric suction, metabolic alkalosis 

due to, 145b
Natriuresis, 95, 167

site of action of diuretics and magnitude 
of, 168, 169t

Natriuretic peptides
actions of, 102
in regulation of ECF volume, 96–97, 

102–103
in regulation of NaCl and water 

reabsorption, 64–66, 64t
in regulation of renal blood flow and 

glomerular filtration rate, 40
volume sensors and, 96–97

NBC1 (HCO−
3  transporter), 51f

NBC1 (Na+-HCO−
3  symporter), 51f

in HCO−
3  reabsorption, along thick 

ascending limb of loop of Henle, 136
in metabolic acidosis, 138b

NCC (Na+-Cl− symporter), 61
and aldosterone, 65b, 66f

NCX1 (Na+-Ca++ exchanger), 155, 
158–159, 158f

NEAP (net endogenous acid production), 
132–133

Negative Na+ balance, 95
Negative water balance, 74, 75f
NEPH-1

mutations in, 23b
in podocytes, 22, 22f

Nephrin
mutations in, 23b
in podocytes, 22, 22f

Nephrogenic diabetes insipidus, 81b
type 2, 47t

Nephrogenic syndrome of inappropriate 
antidiuresis, 81b

Nephrolithiasis, X-linked, 47t
Nephron(s)

function of, 187–190
by segment, 193–194
by transport process, 191–193

gross anatomy of, 15–16, 16f
juxtamedullary, 18f, 19
number of, 17
superficial, 18f, 19
ultrastructure of, 17–20, 18f–19f

at cellular level, 19b
Nephrotic syndrome, 23b

edema in, 110b–111b
Nerve excitability, effect of Ca++ on, 

154–155, 155f

Net endogenous acid production (NEAP), 
132–133
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2Cl−) channel gene (SLC12A1), 61b

Sodium-potassium-chloride (Na+-K+-
2Cl−) symporter (NKCC2), 59, 60f

Soluble adenylyl cyclase, HCO−
3  and, 139b

Solute(s)
excretion of, 46t
filtration of, 46t
reabsorption of, 45–46, 46t

in proximal tubule, 54, 55f
Solute transport, transepithelial, 49–50

lateral intercellular spaces in, 49, 49f
paracellular pathway in, 49–50, 49f
solvent drag as, 50
tight junction in, 49, 49f, 50b
transcellular pathway in, 49–50, 49f

Solute-free water, 89
effect of diuretics on excretion and 

reabsorption of, 169t, 174
Solvent drag, 46–48, 50
Specific gravity, 4, 9b
Spironolactone, mechanism of action of, 

173
ST segment, 116b, 117f
Starling forces, 7, 8f

and capillary fluid exchange, 9
in edema, 109–111

in clinical practice, 110b–111b
decrease in plasma oncotic pressure 

as, 110
increase in capillary hydrostatic 

pressure as, 110
increase in capillary permeability as, 

111
due to lymphatic obstruction, 

110–111
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and glomerular filtration rate, 32–33, 

33f
in regulation of NaCl and water 

reabsorption, 68, 69f
Steady state, diuretics and, 171
Stellate veins, 16f
Subfornical organ, 82
Superficial nephron, 18f, 19
Supraoptic nuclei, 76, 77f
Sweat, water loss through, 73, 74t
Sympathetic nerves

in regulation of ECF volume, 98–99, 
99b

in regulation of NaCl and water 
reabsorption, 64t, 67

in regulation of renal blood flow and 
glomerular filtration rate, 37, 39b

and renin secretion, 99
Symport mechanism, 48
Syndrome of inappropriate antidiuretic 

hormone secretion (SIADH), 79b, 
173

Syndrome of inappropriate arginine 
vasopressin secretion (SIAVP), 79b, 
173

T
Tamm-Horsfall glycoprotein, 56b
TBW (total body water), 5, 6f

 (tubular conservation of water), 89
Tetany, 154–155

hypocalcemic, 157b
Thiazide diuretics, 172–173

effect on excretion of water and solutes 
of, 169t, 173–176

effect on Na+ and Ca++ reabsorption of, 
158–160, 159t

mechanism of action of, 170b,  
172–173

site of action of, 168, 168f
Thick ascending limb

anatomy of, 18f
HCO−

3  reabsorption along, 135–136, 
135f

NaCl reabsorption in, 59, 60f
Thin ascending limb

anatomy of, 18f
NaCl reabsorption in, 58

Thin descending limb, 18f
Third space, 6
Thirst, 82, 83b
Thirst center, 82
Tight junctions

proteins in, 60b
in transepithelial solute and water 

transport, 49, 49f, 50b
Titratable acid, 134

in formation of new HCO−
3 , 139–140, 

140f
Tolvaptan, mechanism of action of, 173
Tonicity, 3–4
Torsemide, mechanism of action of, 172

Total body water (TBW), 5, 6f
Total osmolar clearance (Cosm), 90b
Total solute excretion, AVP and, 75–76, 

76f
Total urine output, 89
Transcellular transport pathway, 49–50, 

49f
NaCl reabsorption via, 52, 53f

Transepithelial solute and water transport, 
49–50

lateral intercellular spaces in, 49, 49f
paracellular pathway in, 49–50, 49f
solvent drag as, 50
tight junction in, 49, 49f, 50b
transcellular pathway in, 49–50, 49f

Transport, membrane. See Membrane 
transport.

Transport proteins, 45–46, 48
monogenic renal diseases involving, 

45–46, 47t
Triamterene, mechanism of action of, 173
Trimethoprim, hyperkalemia due to, 

173b
TRPVS (Ca++-permeable ion channel), 

158–159, 158f
Tubular conservation of water ( ), 89
Tubular fluid flow rate, and K+ excretion, 

125–127, 126f, 127b
Tubuloglomerular feedback, 34–35, 34b, 

35f–36f
and renin secretion, 99

Tumor lysis syndrome, 120
Tumor-induced osteomalacia, 164b

U
Ultrafiltrate composition, 31

determinants of, 31–32
Ultrafiltration, 31–33

defined, 20
dynamics of, 32–33
in urine formation, 45–46

Ultrafiltration coefficient (Kf), and 
glomerular filtration rate, 32, 32b

Urea
in dilution and concentration of urine, 

87–88, 88b
excretion of, 46t
filtration of, 46t
reabsorption of, 46t

AVP and, 80
Urea nitrogen, normal values for, 187t
Urea transporters (UTs), 88b
Ureter, 15–16, 16f
Urinalysis, 56b
Urinary bladder, 15–16
Urinary buffers, 134

in formation of new HCO−
3 , 139–140, 

140f
Urinary excretion rate, 28
Urinary net charge, 142b
Urine

composition of, 45–46, 46t
concentrated, 75–76

Urine (Continued)
dilute, 75–76, 79b
formation of, 45–46
hyperosmotic, 74, 83
hypoosmotic, 74, 83
renal mechanisms for dilution and 

concentration of, 82–89, 85f
assessment of, 89–90, 90b
at cellular level, 87b–88b
role of urea in, 87–88, 88b
vasa recta function in, 88–89

specific gravity of, 5b
water loss through, 74t

Urine anion gap, 142b
Urine flow rate, AVP and, 75–76, 76f
Urine osmolality, 46t, 74

AVP and, 75–76, 76f
normal range of, 89

Urine output
maximum, 83b
total, 89

Urine volume, normal range of, 89
Urodilatin

in regulation of ECF volume, 102
in regulation of NaCl and water 

reabsorption, 64t, 66–67
Uroguanylin

in NaCl excretion, 94b
in regulation of NaCl and water 

reabsorption, 64t, 67
in volume sensing, 102

UT(s) (urea transporters), 88b

V
V2 (vasopressin 2) receptor

action of AVP through, 79–80, 80f
gene for, 81b
in nephrogenic diabetes insipidus, 81b

van’t Hoff’s law, 2
Vasa recta

anatomy of, 16f, 19–20
in dilution and concentration of urine, 

85f, 88–89
Vascular endothelial cells, in regulation 

of renal blood flow and glomerular 
filtration rate, 40–41, 41f

Vasoconstriction, in tubuloglomerular 
feedback, 34–35, 36f

Vasodilation, in tubuloglomerular 
feedback, 34–35

Vasopressin 2 (V2) receptor
action of AVP through, 79–80, 80f
gene for, 81b
in nephrogenic diabetes insipidus, 81b

Venous pressure, and capillary fluid 
exchange, 8

Ventilatory rate, and PCO2, 144–145
Ventricular fibrillation, 117f
Visceral layer, of glomerulus, 20, 20f
Vitamin D3

and Ca++ absorption, 156
in integrative review of Ca++ and Pi 

homeostasis, 164, 166f
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and Pi homeostasis, 161, 161f
and plasma Ca++, 154–155

Volatile acid, 132
Volume contraction, 95

and aldosterone, 62–64, 65b, 66f
and calcium reabsorption and excretion, 

160
control of renal NaCl excretion with, 

107–109, 108f
and H+ secretion, 139

Volume expansion, 95
and Ca++ reabsorption and excretion, 

159t, 160
control of renal NaCl excretion with, 

105–107, 106f
in regulation of Pi excretion, 163–164, 

163t
Volume sensors, 96–103, 96b

CNS, 98
hepatic, 97–98
in high-pressure arterial circuit, 97, 97b
in low-pressure cardiopulmonary 

circuit, 96–97
signals from, 98, 98b

Vomiting, metabolic alkalosis due to, 145b

W
Water

diffusion of, 46–48
excretion of, 45–46, 46t

effect of diuretics on, 169t, 174
with volume expansion, 106f, 107

filtration of, 45–46, 46t
reabsorption of, 46t, 191t

aquaporins in, 54, 55b
along distal tubule and collecting 

duct, 61–62
effect of diuretics on, 169t
along Henle’s loop, 58
along proximal tubule, 54, 55f, 64t

amount of, 46t
aquaporins in, 54, 55b
with volume contraction, 108f, 109

Water (Continued)
quantity of, 46t, 50
regulation of, 62–69, 64t, 66f

adrenomedullin in, 67–68
aldosterone in, 62–64, 64t, 65b, 66f
aldosterone-sensitive distal 

nephron in, 62–64
angiotensin II in, 62, 64t
atrial natriuretic peptide in, 64–66, 

64t
AVP in, 64t, 68
brain natriuretic peptide in, 64–66, 

64t
catecholamines in, 64t, 67
dopamine in, 64t, 67
filtration fraction in, 68
glomerulotubular balance in, 68
guanylin in, 64t, 67
in Liddle syndrome, 67b
in pseudohypoaldosteronism type 

1, 67b
serum glucocorticoid-stimulated 

kinase in, 65b
Starling forces in, 68, 69f
sympathetic nerves in, 64t, 67
urodilatin in, 64t, 66–67
uroguanylin in, 64t, 67

with volume contraction, 108f, 109
solute-free, 89
transepithelial transport of, 49–50

lateral intercellular spaces in, 49, 49f
paracellular pathway in, 49–50, 49f
solvent drag as, 50
tight junction in, 49, 49f, 50b
transcellular pathway in, 49–50, 49f

transport along nephron of, 64t
tubular conservation of, 89

Water balance
disorders of, 74–75, 74b
negative, 74, 75f
positive, 74, 75f
regulation of, 73–92

ADH (AVP) in, 75–82
actions on kidneys of, 78–82, 80f

Water balance (Continued)
at cellular level, 76b, 81b
in clinical practice, 79b
hemodynamic control of secretion 

of, 77–78, 78f–79f
osmotic control of secretion of, 

76–77, 78f–79f
pathway for secretion of, 76, 77f
and urine osmolality, urine 

flow rate, and total solute 
excretion, 75–76, 76f

renal mechanisms for dilution and 
concentration of urine in, 82–89, 
85f

assessment of, 89–90, 90b
at cellular level, 87b–88b
role of urea in, 87–88, 88b
vasa recta function in, 88–89

thirst in, 82, 83b
response to changes in, 74–75, 75f

Water channels, 9, 9b
classification of, 55b
in osmosis, 46–48
in reabsorption of water along proximal 

tubule, 54, 55b
in urine concentration, 87b

Water diuresis, 75–76, 84, 85f, 167
Water gain, normal routes of, 73, 74t
Water intake, 73, 74t

effect of environmental temperature and 
exercise on, 74t

Water loss
effect of environmental temperature and 

exercise on, 74t
insensible, 73, 74t
normal routes of, 73, 74t

WNK, and aldosterone, 65b, 66f

X
X-linked nephrolithiasis, 47t

Z
Zonula occludens, proteins in, 60b
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