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Preface to the third edition

The am of the first edition of this book (The Kidney at a
Glance) was to provide a concise and up-to-date account of the
renal system in health and disease. Since that edition in 2000,
there have been many exciting new developmentsin our under-
standing of the kidney, renal and urinary system and diseases
affecting them, and this edition has been completely revised to
incorporate these developments.

New developments include the role of new ion channels,
transporters and associated molecules, such as barttin, the role
of glomerular dlit pore proteins such as nephrin and podocin in
proteinuria, the function of the polycystin complex in polycys-
tic kidney diseases, the role of WNK kinases in hyperkalemic
hypertension, phosphatonins in renal phosphate excretion,
and the role of flow-activated BK potassium channels in the
kidney. In addition, new drugs and therapies are becoming
available such as direct renin inhibitors, calcimimetics, phos-
phate-binding resins, and new approaches to immunosuppres-
sion. Thelatest guidance and approaches to acute kidney injury,
chronic kidney disease, and rena replacement therapy have
been incorporated where appropriate. There is aso a new
chapter on chronic kidney disease and kidney disease in the

elderly and more new clinical cases for self-assessment. The
nomenclature and abbreviations for ion channels, genes, mol-
ecules, diseases, and other terms have been completely updated
throughout.

This book aims to synthesize all this new information and
make sense of it. The book is principally aimed at students, but
as with previous editions, it should also be useful to doctors,
nurses, or other heath-care professionals who wish to learn
about or update themselves on the kidney and renal system in
health and disease. This approach has proved very popular, and
the book has been circulated worldwide and has been translated
into various languages including Chinese, Greek, and Japanese.
Feedback from many readers of the previous editions has
guided the writing of this edition and | am grateful to all those
who have written to me with their comments. | am also espe-
cialy grateful for the support and advice of Professor Barry
Brenner of Harvard University who co-authored thefirst edition
with me and to many other fine colleagues who have taught me
about the renal system over the years.

Chris O’ Callaghan

Preface to the first edition

The last few years have seen huge advances in our under-
standing of how the kidney works and how abnormalities of
renal function can affect the whole body. These developments
have often resulted from the application of molecular biology,
which has led to the cloning of the major transport molecules,
channels, and receptors in the kidney, and from careful physi-
ologic studies of the function of these molecules in health and
disease. These advances in basic science have transformed the
field into one that is highly rational and understandable at all
levels from molecular studies of the transporter proteins, to
clinical studies of patients. As an example, although drugs such
as loop diuretics have been prescribed for many years, we now
know the precise transporter molecules, which they inhibit, and
we can now teach, study, and understand their actions on
patients in a completely rational manner. Unfortunately, much
of this new information has remained in specidist journals in
apiecemeal fashion that makesit difficult for students or physi-
cians to access or put into context.

Our intention isto bring this science in a clear manner to all
who need to understand it. We believe that all medical students,
doctors, and other health-care providers need to understand the
kidney, which is the site of action of so many commonly pre-
scribed drugs and plays akey role in the pathophysiology of so
many common disorders, including congestive heart failure and
hypertension. We have written this book to draw all this new
information together and integrate it with the traditional con-
cepts of renal function and disease. We hope that this new
approach, which integrates all the relevant disciplines, includ-
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ing molecular biology, physiology, and clinical medicine will
be of use to al whose work involves the actions of the kidney.
We believe that this applies to all students of medicine and
al physicians. We also hope that this book will provide the
information necessary for others, such as nurses, or non-clinical
scientists to rapidly familiarize themselves with the parts of the
subject which they need to know.

We have particularly emphasized an understanding of
the normal mechanisms and the pathophysiology of the
renal system. Although new drugs and treatments may be
developed, they must act on the same systems and the same
diseases, so knowledge of basic renal function and patho-
physiology will stand the reader in good stead for many years
to come. Thisis an exciting field and to do it justice, we have
set up a companion website, which will provide a range of
supplementary information, including self-assessment material
and keypoint summaries. Do please visit the site at www.
ataglanceseries.com/renal system.

We are very grateful to our publishers for their enthusiasm
and support; without them, this work would not have been pos-
sible. Lastly, we would like to thank our families for their
support and all those who have kindly commented on the manu-
script, especialy Dr C.G. Winearls, Dr J.D. Firth and Dr R.M.
Hilton. Their advice has been extremely helpful, and any defi-
ciencies that remain are entirely our own.

Chris O’ Callaghan
Barry M. Brenner



Introduction and how to use this book

Thisbook providesacomprehensive coursein the major aspects
of renal and urinary system science and disease, which is suit-
able for students of medicine and other life sciences. It should
also be a valuable learning and revision tool for those in more
advanced training and a handy reference book for more experi-
enced clinicians. In particular, the incorporation of the very
latest molecular renal physiology makes this book idea for
those familiar with traditional renal science to update them-
selves with this new information. Other health-care workers,
especially nursesand pharmacists, may find the book hel pful too.

Although most doctors are not renal physicians, thekidney is
involved in many conditions. Almost all doctors prescribe drugs
that act on the kidney, such as diuretics, on aregular basis, and
are involved in assessing and adjusting fluid and electrolyte
balance. It is now recognized that around 5-10% of the popula-
tion have chronic kidney disease. For this reason, aclear under-
standing of renal scienceisessential for al who carefor patients,
and this book should provide the basis for such an understand-
ing. As well as detailing specific renal diseases, there is full
coverage of the mgjor fluid and electrolyte disturbances.

A strong emphasis has been placed on explaining the mecha-
nisms of disease because, unlike drugs or even clinical inves-
tigations, the mechanisms of a disease will be the same
throughout a clinician’s career. A good understanding of renal
and electrolyte abnormalities will last a professional lifetime.

Renal science has undergone dramatic transformations over
recent years, especially with the cloning of the major transport-
ers and ion channels, and this makes the whole subject much
easier to understand. We now know the precise molecular
mechanisms of action of a number of key drugs, such as furo-
semide and the other diuretics, and it is now possible to give a
clear explanation of their precise actions in away that was not
previously possible.

The subject chapters are grouped into four sections, and each
chapter deals with a different topic. The first section provides
ageneral introduction and essential background to the renal and
urinary system; the second section deals with basic rend
science; the third section deals with metabolic regulation and
clinical disorders of fluid and electrolyte status; and the fourth
section deals with specific conditions affecting the kidney,

with the common presentations of rena disease, and with
approaches to the various modalities of acute and chronic renal
replacement therapy. In general, each chapter is self-sufficient,
but clearly, cross-reference may be helpful. So, for example, it
may be useful to review the chapters from the second section
on renal sodium and water handling when studying the chapter
in the third section on disorders of body sodium and water
metabolism.

The individua chapters are arranged so that the essentia
material is encapsulated in the pictures, and in general, it will
not be necessary to try to memorize material that is not in the
pictures. The text provides an explanation of the subject to
accompany the pictures. Reading a rational explanation of the
subject matter should make it easy to understand the material
and subsequently to use the pictures as quick revision aids.
Generally, if a subject is not understood properly, it is very
difficult to learn, and the text should help learning by providing
arational explanation of all that is presented. Some readers find
it helpful to add their own annotations to the pictures when
studying or revising.

Several topics have been included for completeness and
for more advanced readers, such as those training in internal
medicine, pediatrics, and nephrology, or those aiming for par-
ticularly high marks in their examinations. A good example
would be renal tubular acidosis. Recommended International
Non-proprietary Names (rINNs) have been used for drugs
throughout the text, but older commonly used names are aso
given.

Diagrams

The diagrams of ion movement are al drawn to the same style.
In each case, the yellow left side of the image and, therefore,
of the cell, is the tubular lumen, and the blue right side of the
image and, therefore, of the cell, is the renal interstitium which
leads on to the blood. The Na'/K*ATPase is aways shown in
yellow. In addition, other transporter molecules are drawn as
pink circles if they mediate active transport or as blue circles
if they mediate passive transport. lon channels are shown as
two straight lines (see Chapter 2).

Introduction and how to use this book 7



Abbreviations

ACE
ACEI
ADH
ADPKD
AE1
AGBM
AKI
ANA
ANCA
Angll
ANP
AQP
ARB
ARPKD
ASOT/ASLO
AT1
ATN
ATP
AVP
BK
BJP
BNP
BP
BUN
C3

C4

CA
CAMP
CaR
CDh2

CD2AP
CD25
cGMP
CKD
CNP
CRP
CT/CAT
DCT
DMSA

dsDNA
DTPA

ECaCl
ECG/EKG
EDTA
ENaC
EPO
EpoR
ESR

FF

FIH1
FK506

angiotensin-converting enzyme
angiotensin-converting enzyme inhibitor
antidiuretic hormone or vasopressin

autosomal dominant polycystic kidney disease

anion exchanger 1

antiglomerular basement membrane antibody

acute kidney injury

antinuclear antibody

antineutrophil cytoplasmic antibody
angiotensin 11

atrial natriuretic peptide

aquaporin

angiotensin |1 receptor blocker

autosomal recessive polycystic kidney disease

anti-streptolysin O titre

type 1 angiotensin || receptor

acute tubular necrosis

adenosine triphosphate

vasopressin (ADH)

big potassium channel = maxi K channel
Bence Jones protein

brain natriuretic peptide

blood pressure

blood urea nitrogen

a component of the common complement
cascade, lowered by both classic and aterna-
tive complement activation

a component of the alternative complement
cascade

carbonic anhydrase

cyclic adenosine monophosphate
calcium-sensing receptor = CaSR

protein number 2 in the CD (cluster of
differentiation) classification
CD2-associated protein

interleukin 2 receptor alpha chain

cyclic guanosine monophosphate

chronic kidney disease

C-type natriuretic peptide

C-reactive protein

computed tomography

distal convoluted tubule
dimercaptosuccinic acid — used for
radionuclide studies of rena function
double-stranded DNA
diethylenetriaminepenta-acetic acid — used
for radionuclide studies of renal perfusion
epithelial calcium channel 1 = TRPV5
electrocardiography
ethylenediaminetetra-acetic acid

epithelial sodium channel — amiloride sensitive

erythropoietin

erythropoietin receptor
erythrocyte sedimentation rate
filtration fraction

factor inhibiting HIF1o
tacrolimus
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FKBP
FMD
GBM
GDNF
GFR
HIF1a
JGA
KCC
MAG3
MDR1
MR/MRI
NaDC3
NPT2
NBC
NCC

NCX
NHE3
NKCC2

NO

NPs
NPR-A
NSAIDs
OAT
OCT
PAH
PGE2
PCT
PGI2

pH

PHD
pKa

PKD
PMCA
PSA
PTH
pVHL
RAS
RBF
ROMK
RPF
RTA
RVH
SEP
SGLT2
SLE
TAL
TRPV5

TRPM6
URAT1
UT-Al
VMA

FK506 (tacrolimus) binding protein
fibromuscular dysplasia

glomerular basement membrane
glia-derived neurotrophic factor
glomerular filtration rate
hypoxia-inducible factor 1 apha
juxtaglomerular apparatus

potassium chloride co-transporter
mercaptoacetyl-triglycine

multidrug resistance ATPase

magnetic resonance imaging

sodium dicarboxylate co-transporter 3
sodium phosphate co-transporter 2
sodium bicarbonate co-transporter
sodium chloride co-transporter — thiazide
sensitive

sodium calcium exchanger
sodium/hydrogen (Na'/H*) exchanger 3
sodium potassium chloride co-transporter
channel 2 — furosemide sensitive
nitric oxide

natriuretic peptides

natriuretic peptide receptor A
non-steroidal anti-inflammatory drugs
organic anion transporter

organic cation transporter
p-aminohippuric acid

prostaglandin E2

proximal convoluted tubule
prostaglandin 12

negative logarithm of the hydrogen ion
concentration

prolyl hydroxylase domain enzyme

the dissociation constant for an acid—base
couple

polycystic kidney disease

plasma membrane Ca?* ATPase
prostate-specific antigen

parathyroid hormone

von Hippel—Lindau tumor suppressor protein
rena artery stenosis

renal blood flow

renal potassium channel

renal plasma flow

renal tubular acidosis

renovascular hypertension

sclerosing encapsulating peritonitis
sodium glucose transporter 2

systemic lupus erythematosus

thick ascending loop of Henle
epithelial calcium channel, previously called
ECaCl

epithelial magnesium channel

urate transporter

urea transporter A1

vanillylmandelic acid



Glossary

Active transport. A transport process requiring energy in the
form of ATP.

Aldosterone. A steroid produced by the adrenal cortex
promoting sodium reabsorption in the collecting ducts.

Angiotensin II. A protein that is a potent vasoconstrictor; it
acts via aldosterone and directly on the nephron to promote
salt retention.

Antidiuretic hormone (ADH or vasopressin). See
vasopressin.

Antiport. The same as counter-transport.

Anuria. The complete absence of urine.

Apoptosis. Programmed cell death.

Atrial natriuretic peptide (ANP). A peptide produced by
cardiac cells causing enhanced sodium excretion.

Bence Jones protein (BJP). Antibody light chains produced
by B-cell dysplasias such as myeloma, which are present in
the urine and may cause renal disease.

Bowman’s capsule. The tubular epithelial component of the
glomerulus, which envelops the glomerular capillaries to
form a space, Bowman’s space, into which the filtrate
passes.

Calyces. Divisions of the renal pelvis. The major calyces
split into minor calyces and the renal papillae project into
the minor calyces.

Carbonic anhydrase. An enzyme catalyzing the reaction of
carbon dioxide and water.

Casts. Cylindrical aggregates of cells or protein debris
formed in the distal tubules or collecting ducts.

Cloaca. The primitive excretory region in the fetus shared by
both the urinary and gut drainage systems.

Collagen. A key protein in connective tissue.

Complement. A series of proteins triggered by infection or
inflammation which promote tissue inflammation and
destruction. C4 is a component of the alternative comple-
ment cascade. C3 is a component of the common comple-
ment cascade, lowered by both classic and alternative
complement activation.

Cortex. The outer renal tissue containing the glomeruli and
most of the proximal and distal tubules.

Co-transport. Transport of two molecules or ions in the same
direction.

Counter-transport. Transport of two molecules or ions in
opposite directions.

Creatine kinase. An enzyme released from damaged muscle.

Creatinine. A metabolic product of creatine metabolism
filtered and secreted by the kidney.

Cytokines. Soluble molecules that can alter cellular
behavior and attributes, particularly during inflammatory
processes.

Doppler studies. Clinical studies that measure flow in
vessels by the Doppler effect on ultrasound waves.

Efficacy. The effectiveness of treatment.

End-stage renal disease. A loss of renal function so severe
that life cannot be maintained without renal replacement
therapy.

Erythropoietin. A protein produced in the kKidney that
promotes red blood cell formation.

Filtration fraction. This is the ratio GFR/RPF and is a
measure of the proportion of plasma passing through the
glomerular capillaries that is filtered.

Fundoscopy. Looking at the retina, usually with an
ophthalmoscope.

Glomerulonephritis. Disease of the glomeruli, usually with
inflammation.

Hematocrit. The proportion of the blood that is made up of
red blood cells.

Hematuria. Blood in the urine. Frank hematuria means
visible blood in the urine.

Homeostasis. The maintenance of normal body conditions.

Hydrostatic pressure. The physical pressure of water —
equivalent to hydraulic pressure.

Immunostaining, immunoperoxidase, immunofluores-
cence. Histological methods using synthetically labeled
antibodies to detect the presence of proteins or natural
antibodies in tissue specimens.

Interstitial cells. Renal cells that support the matrix of the
kidney but are not part of the nephron.

Interstitium. Connective tissue; in the kidney, the tissue that
is not composed of vessels, nephrons, ducts, or other
specialized components.

Inulin. A substance freely filtered but neither reabsorbed nor
secreted, which can be used to estimate glomerular
filtration rate.

Iso-osmotic. A process that occurs without causing a change
in osmolality. 1so-osmotic reabsorption of sodium from
the filtrate means that the sodium brings water with it,
so that there is no overall change in the osmolality of the
filtrate.

Juxtaglomerular apparatus (JGA). The combination of the
tubular cells of the macula densa, granular afferent
arteriolar cells that secrete renin, and extraglomerular
mesangial cells.

Lateral. Away from the midline. Medial is toward the
midline.

Macula densa. A patch of columnar tubular epithelial cells
that forms part of the JGA and may sense tubular ion
concentration. It is situated at the junction of the thick
ascending limb of the loop of Henle and the early distal
tubule.

Medial. Toward the midline. Lateral is away from the
midline.

Medulla. The inner kidney constituting the renal pyramids
and containing the loops of Henle, the medullary and
papillary collecting ducts, and the vasa recta.
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Mesangial cells. Renal cells in the glomerulus that support
the glomerular capillary walls and may have some
contractile function.

Mesonephric duct. The duct that forms the ejaculatory duct
in men.

Mesonephros. The second fetal kidney.

Metanephros. The final fetal kidney which forms the adult
kidney.

Myoglobin. A muscle protein with oxygen-binding capacity,
which is toxic to renal tubules.

Myoglobinuria. Myoglobin in urine.

Nephrin. A major filtration slit pore protein.

Nephritic syndrome. Acute glomerulonephritis with hyper-
tension, renal impairment, and often edema.

Nephrocalcinosis. The diffuse deposition of calcium in the
renal tissue.

Nephrolithiasis. The formation of renal stones.

Nephron. The basic excretory unit consisting of the glomer-
ulus and its tubules.

Nephrotic syndrome. Proteinuria sufficient to cause a low
serum albumin and peripheral edema.

Oncotic pressure. Colloid osmotic pressure.

Ontogeny. The pathway of cell differentiation.

Osmolality. The concentration of solutes in a given weight of
water.

Osmosis. The movement of water through a semipermeable
membrane from a solution of low osmotic strength (low
concentration) to one of high osmotic strength (high
concentration).

Ostial lesion. Lesion at the opening of a vessel.

Papillary ducts. Ducts into which collecting ducts drain and
which open out at the tip of the renal papilla into a minor
calyx.

PAH. p-aminohippurate: a substance completely cleared by a
single pass through the kidney, which can be used to
estimate renal blood flow.

Paracellular. Around the side of cells.

Paramesonephric duct. The duct that forms the female
reproductive tract.

Paraprotein. A protein that is present at high concentrations
and is usually an antibody produced by a B-cell dysplasia,
such as myeloma.

Parathyroid hormone. A protein produced by the parathyroid
gland; it acts on the kidney to promote phosphate excre-
tion, calcium reabsorption, and vitamin D production, and
it promotes calcium and phosphate release from bone.

Paresthesia. Tingling numbness in the extremities.

Passive transport. A transport process that does not require
energy.

Podocalyxin. A negatively charged glycoprotein that covers
the pores in the glomerular capillary endothelial cells and
forms part of the glomerular basement membrane.

Podocin. A filtration slit pore protein.
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Podocytes. The thin tubular epithelial cells which form part
of the glomerular filtration barrier and cover the urinary
aspect of the glomerular capillaries.

Polycythemia. Excess red blood cells in the blood.

Polydipsia. Excess water intake.

Polyuria. Excess urine volume.

Pontine myelinolysis. Destruction of neural tissue in the
pons when there is rapid correction of disordered
osmolality.

Pronephros. The earliest fetal kidney which is
non-functional.

Renal hilus. The medial aspect of the kidney containing the
entrance sites of the renal artery and vein and the renal
pelvis.

Renal pelvis. The upper portion of the ureter leading into the
calyces.

Renal replacement therapy. Treatment that takes over the
function of the kidneys, usually dialysis, hemofiltration, or
transplantation.

Renin. An enzyme released by the JGA, which results in the
formation of angiotensin II.

Reticulocyte. A nucleated red blood cell precursor.

Rhabdomyolysis. Muscle damage or destruction causing the
release of nephrotoxic myoglobin.

Slit diaphragm. The tight junctions between adjacent
podocytes which form part of the glomerular filtration
barrier.

Tamm-Horsfall protein. A protein secreted by tubular cells,
especially in the thick ascending limb of the loop of Henle.
It helps to hold together casts which can form in the
tubules.

Transepithelial gradient. An electrical or concentration
gradient across the tubular epithelium.

Urea. A waste product of protein catabolism made by the
liver and filtered and reabsorbed by the Kidney.

Uricosuric. Causing uric acid excretion in the urine.

Uroplakin. Protein lining urinary epithelium, which forms a
barrier between the cell and urine.

Vasa recta. Paired descending and ascending blood vessels,
which travel from the cortex to the medulla and back into
the cortex with the loops of Henle.

Vasculitis. A disease process causing vessel inflammation
and damage.

Vasopressin. A polypeptide released by the posterior
pituitary gland causing water reabsorption in the collecting
duct.

Vesical. Relating to the bladder, e.g. ureterovesical.

Vitamin D. A steroid hormone metabolized in the kidney to
the active form 1,25-dihydroxycholecalciferol, which
promotes calcium and phosphate absorption from the gut
as a principal action.

Wolffian duct. The same as the mesonephric duct.



Nomenclature

USA and UK differences in spelling

and nomenclature

The main differences relate to the use of ‘a€’ inthe UK and ‘€’

in the USA.

USA

anemia
diarrhea
edema
hematocrit
hemoglobin
hypercalcemia
hyperkalemia
hyponatremia
hypernatremia
paresthesia
polycythemia

UK

anaemia
diarrhoea
oedema
haematocrit
haemoglobin
hypercalcaemia
hyperkalaemia
hyponatraemia
hypernatraemia
paraesthesia
polycythaemia

Inthe USA, conventional units such asmg/dL are used, whereas
in Europe and most other countries, the SI (Systéme
International) units such as mmol/L are used. For creatinine, to
convert from mmol/L to mg/dL, divide by 88.4.

A number of terms differ, in particular:

USA
cyclosporine
epinephrine

furosemide
vasopressin

UK

ciclosporin

adrenaline (although in the UK epinephrine
isincreasingly used)

frusemide

antidiuretic hormone (ADH)

Nomenclature 11



a The kidney: structural overview

Ferinephric fat
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(not to scale)
e

Major calyx
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Gross anatomy

The kidney

The kidneys lie behind the peritoneum at the back of the
abdominal cavity, extending from the twelfth thoracic vertebra
(T12) to the third lumbar vertebra (L3). The right kidney is
lower than the left because of the presence of the liver. During
inspiration, both kidneys are pushed down as the diaphragm
contracts. Each kidney is covered by a fibrous capsule. This
is further surrounded by perinephric fat and then by the peri-
nephric (perirenal) fascia, which also enclose the adrenal gland.
The rena cortex is the outer zone of the kidney and the renal
medulla is the inner zone made up of the renal pyramids. The
cortex contains al the glomeruli, and the medulla contains the
loops of Henle, the vasa recta, and the final portions of the col-
lecting ducts.

Vessels and nerves

Blood vessels and the ureter connect with the kidney at the
rena hilus. The rena artery arises from the aorta and usually
dividesinto three branches. Two passin front of the ureter and
one goes behind it. Five or six small veins come together to
form the renal vein, which leaves the kidney in front of the
anterior branch of the renal artery and enters the inferior vena
cava. The position of the lymphatics and the renal sympathetic
nerves is variable. The lymphatics drain to the lateral aortic
lymph nodes. Sympathetic nerves supply the renal vasculature
and juxtaglomerular apparatus, and to a lesser extent the rest
of the nephron. Afferent fibers enter the spinal cord at T10, T11,
and T12.

The draining system for urine

Within the kidney, the pelvis of the ureter divides into two or
three major calyces, each of which subdividesinto two or three
minor calyces. Each minor calyx contains arenal papilla, which
is the apex of a medullary pyramid. The ureter passes out
of the kidney behind the peritoneum on the psoas muscle
and then enters the pelvis in front of the sacroiliac joint. It
moves down the lateral pelvic wall toward the ischia spine and
then turns forward and medially to enter the bladder. It passes
through the bladder wall for 2cm before opening into the
bladder. Urine passes along the ureter by peristalsis. The ureter
has three constrictions where kidney stones can become lodged
(see Chapter 48). Afferent nerves from the ureter enter the
spinal cord at T11, T12, L1, and L2. The bladder is innervated
by S3, $4, and Sb.

Microanatomy

The nephron

The nephron is the basic unit of the kidney. Each kidney has
400000-800000 nephrons, athough this number falls with
age. A nephron consists of the glomerulus and the associated
tubule that leadsto the collecting duct. Urineisformed by filtra-
tion in the glomerulus; it is then modified in the tubules by the
reabsorption and secretion of substances. Cortical nephrons

occur throughout the renal cortex and have short loops of
Henle; juxtamedullary nephrons begin near the corticomedul-
lary junction and have long loops of Henle, which descend
deep into the medulla and enable them to concentrate urine
effectively. Cortical nephrons outnumber juxtamedullary
nephrons by 7: 1.

Interstitial cells in the kidney

The cortex contains two types of interstitial cell: phagocytic
and fibroblast-like cells. Erythropoietin is made in the
fibroblast-like cells. Three types of medullary interstitial cells
have been identified. One type contains lipid droplets, which
may provide precursors for synthesis of prostaglandins in the
kidneys.

The glomerulus as a filtration barrier
The glomerulus is a ball of capillaries surrounded by the
Bowman's capsule, a hollow capsule of the tubular epithelium
into which urine is filtered. The space into which the urine
is filtered is known as Bowman's space. The glomerulus
also contains mesangia cells, which provide a scaffold to
support capillary loops and have contractile and phagocytic
properties. Blood enters the glomerular capillaries from an
afferent arteriole and leaves through an efferent arteriole, rather
than a venule. Vasoconstriction of this efferent arteriole creates
a high hydrostatic pressure in the glomerular capillary, forcing
water, ions, and small molecules through the filtration barrier
into Bowman's space. Whether a substance is filtered depends
on both its molecular size and charge. The filtration barrier has
three layers, all of which have a negative charge:

1 Endothelial cells. The endothelial cells of the glomerular
capillary wall are thin, with numerous 70-nm pores filled with
negatively charged glycoprotein, mostly podocalyxin.

2 Glomerular basement membrane. This speciaized capillary
basement membrane also contains negatively charged glyco-
proteins. It hastwo layers, made up of type |V collagen, heparan
sulfate proteoglycans, laminin, podocalyxin and low levels of
type Il and V collagen, fibronectin, and entactin. Type IV col-
lagen forms helical strands which are arranged into a three-
dimensional framework onto which the other components are
attached.

3 Epithelial cells of Bowman's capsule. The epithelial cells
or podocytes have long projections from which foot processes
arise and attach to the urinary side of the glomerular basement
membrane. Foot processes from different podocytes interdigi-
tate, leaving filtration dlits of 25-65nm between them. Across
these dlits, a protein network forms ‘dlit pores. The major dlit
pore protein is nephrin, which interacts with other proteins
including NEPH1, P-cadherin, and FAT1. These proteins are
transmembrane proteins that communicate with the actin cyto-
skeleton of the podocyte foot processes or with other molecules
such as podocin, CD2AP, ZO-1 or signaling molecules. The
pores are the key selectivity barrier in the filtration process and
prevent the passage of larger molecules such as albumin.
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e The kidney: functional overview

Factors influencing renal function

&

Water retention

Sodium
excretion )
Phosphate excretion

Calcium reabsorption
Vitamin D synthesis

Renal effects on other systems

N

Osmosis

Semi-permeable
membrane

Water

Osmotic particles

Active transport

SNa+

Fassive transport
(down a concentration
gradient)

K+
Vasoconstriction K+

Counter transport  Co-transport

> Na+
H+

Sodium
reabaorption)

Bone

Bone marrow /\’# Red blood cells

Y
OOoo

Calcium H+
absorption
@ Phosphate Linked transport using
absorption concentration gradient

Movement down an
electrical gradient

Na+

Na+
s Na+@ X
Ca release

PO, release Na+

The kidney maintains a stable extracellular environment, which
supports the function of all body cells. It controls water and
ionic balance by regulating the excretion of water, sodium,
potassium, chloride, calcium, magnesium, phosphate, and many
other substances, and by managing acid—base status.

Tubular function
The urinary filtrate is formed in the glomerulus and passes into
the tubules where its volume and content are altered by reab-

sorption or secretion. Most solute reabsorption occurs in the
proximal tubules, and fine adjustments to urine composition are
then made in the distal tubule and collecting ducts. The loop of
Henle serves to concentrate urine.

The tubular epithelium is only one cell thick. Tubular cells
have tight junctions at their apical or luminal edges which sepa-
rate tubular fluid from peritubular plasma, allowing transport
processes to establish concentration gradients across the tubular
epithelium. The movement of molecules through these tight
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junctions is termed ‘paracellular movement” and is controlled
by the properties of proteins called claudins, which form the
main barrier to movement, but can form pores that have size
and charge selectivity. In Bowman’s capsule, the cells are thin
squamous epithelial cells, but in the tubules, the cells are mainly
columnar epithelial cells, which are specialized for transport
processes.

Proximal tubule

The proximal tubule is initially convoluted and then straightens
out as it leads down to the loop of Henle. The tubular cells
are tall, columnar epithelial cells with many microvilli, a
high surface area, and a well-developed luminal endocytic
apparatus. Many substances are actively reabsorbed in the
proximal tubule, including sodium, potassium, calcium, phos-
phate, glucose, amino acids, and water. This reabsorption
reduces the volume of filtrate but, because water moves osmoti-
cally with the reabsorbed solutes, the filtrate is not concentrated
(i.e. iso-osmotic reabsorption). There is also endocytic uptake
of filtered proteins by the proximal tubules. Filtered proteins
bind to the endocytic receptors megalin and cubulin and are
then endocytosed.

Loop of Henle

As the straight proximal tubule becomes the thin descending
limb of the loop of Henle, the cells become flatter with fewer
microvilli. Next comes the thin ascending limb, followed by
the thick ascending limb, which contains predominantly cuboi-
dal cells. The thick ascending limb passes up toward the glom-
erulus from which it arose, ending at the macula densa (see
Chapters 1 and 13).

Juxtaglomerular apparatus

The juxtaglomerular apparatus is a compound structure that
consists of three main cell types: a patch of tubular cells termed
the macula densa, extraglomerular mesangial cells, and granu-
lar cells. The granular cells are mainly in the afferent arteriolar
wall and secrete renin (see Chapter 13).

Distal tubule

Beyond the macula densa is the distal convoluted tubule. This
leads to the collecting tubule, which drains into the collecting
duct. The collecting duct has three sections, named according
to their depth in the kidney: the cortical collecting duct, the
outer medullary collecting duct, and the inner medullary col-
lecting duct. The inner medullary collecting duct flows into a
papillary duct, which opens out on a renal papilla into a minor
calyx.

Urinary system

The ureters and bladder are lined with epithelial cells. The
surface of these cells, which contacts urine, forms a robust
permeability barrier and is coated with an organized array of
uroplakin molecules. Mutations in these uroplakins are associ-
ated with urinary tract malformations.

Blood vessels associated with the
loop of Henle

The efferent arterioles in cortical nephrons form a second
capillary bed, the peritubular capillaries, which surround the
rest of the tubular system. However, in the juxtamedullary
nephrons, the efferent arterioles first form vascular bundles that
give rise to both the peritubular capillaries and the straight
vessels, which in turn form the vasa recta. The descending vasa
recta go down into the inner medulla with the loop of Henle.
At this level, the vessel branches to form a capillary network,
which leads on to the ascending vasa recta. These veins travel
upward in close proximity to the descending vasa recta. The
vasa recta are the sole blood supply to the medulla (see Chapters
11 and 13).

Transport processes in the tubules
Active transport requires energy expenditure in the form of
ATP (e.g. Na'/K* ATPase). lons or molecules can move by
passive transport down an electrical or concentration gradient.
Water molecules cannot be pumped directly; they move by
osmosis when there is a concentration gradient of ions or mol-
ecules across a semipermeable membrane. If charged particles
are moved, electroneutrality is maintained either by co-trans-
port in the same direction of a particle of opposite charge or by
counter-transport in the opposite direction of a particle of the
same charge. Molecules can move by linked transport to
another molecule which is itself moving down an electrical or
concentration gradient.

Hormones acting on the kidney

» Vasopressin (antidiuretic hormone or ADH). This is a
peptide released by the posterior pituitary gland; it promotes
water reabsorption in the collecting ducts.

e Aldosterone. This is a steroid hormone produced by the
adrenal cortex; it promotes sodium reabsorption in the collect-
ing ducts.

» Natriuretic peptides (NPs). These are produced by cardiac
cells and promote sodium excretion in the collecting ducts.
 Parathyroid hormone (PTH). This is a protein produced by
the parathyroid gland; it promotes renal phosphate excretion,
calcium reabsorption, and vitamin D production.

Hormones produced by the kidney

* Renin. This is a protein released by the juxtaglomerular
apparatus; it results in the formation of angiotensin Il. Angio-
tensin 11 acts directly on the proximal tubules and via aldoste-
rone on the distal tubules to promote sodium retention, and is
also a potent vasoconstrictor.

 Vitamin D. This is a steroid hormone metabolized in the
kidney to the active form 1,25-dihydroxycholecalciferol, which
promotes calcium and phosphate absorption from the gut as a
principal action.

» Erythropoietin. This is a protein produced in the kidney; it
promotes red blood cell formation in bone marrow.
 Prostaglandins. These are produced in the kidney; they have
various effects, especially on renal vessel tone.
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Therena and genital systems both develop from the intermedi-
ate mesoderm, a collection of cells at the back of the fetal
abdominal cavity. Both systems initially drain into the same
space, the fetal cloaca. During development, the intermediate
mesoderm first forms the pronephros in the cervical region,
then second the mesonephros below this, and last the metaneph-
ros in the pelvic region. The pronephros and mesonephros
regress and do not form part of the adult kidney. The metaneph-

ros forms the final adult kidney and becomes functional in the
second half of pregnancy. Although the fetus swallows amni-
otic fluid, digests it, and excretes urine into the amniotic fluid,
it isthe placentathat removes feta waste products for excretion
by the mother’s kidneys.

The development of al three kidney systems requires the
induction of mesenchyme to become epithelium. In the meta-
nephros, the ureteric bud induces the mesenchyme around its
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tipsto form nephrons. This metanephric mesenchyme formsthe
tubular system from the glomerulus to the distal nephron,
whereas the ureteric bud forms the collecting duct and draining
system.

Kidney formation in detail

Around week 4 of gestation, clusters of cellsin theintermediate
mesoderm form very primitive glomeruli in the cervical region.
Together, these form the non-functional pronephros which later
regresses. However, the lateral portions of the cell clusters at
each level fuse to form the mesonephric (or Wolffian) duct,
which grows downward and enters the cloaca. As the proneph-
ros regresses, the intermediate mesoderm below it forms the
mesonephros. Thismay function briefly, draining into the meso-
nephric duct, but it regresses by the end of the second month.

Nephron formation in the metanephros

From week 5 onward, the metanephros formsfrom intermediate
mesoderm cells in the pelvis. Just above the entrance of the
mesonephric duct into the cloaca, an outgrowth of the duct
caled the ureteric bud invades the metanephric tissue mass.
The bud dilates to form the renal pelvis, splits progressively to
form the calyces, and then small branches elongate to form the
collecting tubules. Metanephric tissue at the tips of these col-
lecting ducts aggregates and forms vesicles that develop into
tubules. Capillaries invaginate one end of each tubule to form
a glomerulus. The newly formed tubule lengthens to form the
proximal tubule, loop of Henle, and distal tubule. At the other
end, the tubule connects to the collecting tubule that induced
its formation.

Renal position and

congenital anomalies

In the pelvis, the metanephric kidney receives its blood supply
from pelvic branches of the aorta. As the kidneys move upward
to their final posterior abdominal position, these origina arter-
ies regress and the kidneys are vascularized by the renal arter-
ies, which come off the aorta at a higher level. It is common
for some of the earlier arteriesto persist as supernumerary renal
arteries. It is aso possible for one or both kidneys to remain
permanently in the pelvis. If both kidneys stay in the pelvis,
they can be forced together and fuse at the lower poles to form
a horseshoe kidney, which cannot then rise because of the
inferior mesenteric artery above it. If the ureteric bud splits
early, the result can be two ureters or two rena pelvices con-
necting to one ureter.

Bladder and urethra formation

The cloacais split by a septum into a posterior anorectal region
and an anterior urogenital sinus. The ureteric buds form the
ureters, which drain into the mesonephric ducts; these then
drain into the urogenital sinus. The lower part of the mesoneph-
ric ducts becomes absorbed into the wall of the urogenital sinus
to form the trigone area of the bladder. This meansthat, eventu-
ally, the mesonephric ducts and the ureters enter the sinus sepa-
rately. As the kidneys ascend, the openings of the ureters move
up the urogenital sinusinto the zone that they will occupy when
that part of the urogenital sinus becomes the bladder. The lower
part of the urogenital sinus forms part of the urethra in both
sexes and, in females, it also forms part of the vestibule. In
males, the mesonephric ducts form the gaculatory ducts. A
paramesonephric duct also forms and, in females, developsinto
much of the female upper reproductive tract.

On either side of the anterior cloaca, swellings form into
urethral folds, which meet above the cloaca as a genital tuber-
cle. In females, the urethral folds develop into the labia minora.
In males, the genital tubercle grows to form a phallus, pulling
the urethral folds along to form the lateral walls of a groove
below the future glans penis. The folds close over to form the
penile urethra. Incomplete fusion of the folds causes hypo-
spadias with a urethral opening along the inferior aspect of the
penis. The fina distal part of the male urethrais formed by an
ingrowth of cells, which form the externa urethral meatus.

Molecules implicated in

renal development

WT-1, the Wilm's tumor gene-1, is a transcription factor
expressed at high levels in metanephric mesenchyme (see
Chapter 49). In WT-1 knockout mice, no metanephric kidney
or gonads form. N-myc, a proto-oncogene, and the transcription
factors Pax2 and Pax8, are all expressed in the developing
metanephric kidney. Other molecules that may play a role in
metanephric development include vascular endothelial growth
factor (VEGF), the forkhead transcription factors Foxcl and
Foxc2, the transcription factors Slit2, Robo2, Podl, and HNF1,
the oncogene bcl-2, a secreted glycoprotein Wnt-4, the TGF-[3
(transforming growth factor-f8) family molecules BMP4 and
BMP7, the PDGF (platelet-derived growth factor) family pro-
teins, GDNF, and the RET tyrosine kinases. Wnt-4 mutations
cause severe rena hypoplasia. Mutations in HNF1 cause a
syndrome with renal cysts and pancreatic malformations.
Abnormalities produced by polycystic kidney disease genes are
considered in Chapter 38.
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Clinical features of kidney disease
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of the bladder or urethra, usually as a result of infection, can
cause dysuria (discomfort on micturition). Rarely, glomerular
disease can cause a dull lumbar ache.

Urine appearance and volume

Proteinuria can produce frothy urine and frank hematuria is
obvious as red or pink urine. Dark urine can also occur with
the myoglobinuria of rhabdomyolysis or the hemoglobinuria
of hemolysis. Recurrent intermittent frank hematuria suggests
immunoglobulin A (IgA) glomerulonephritis in young people
or rena tract cancer in elderly people. Glomerular bleeding is
present throughout the stream, whereas hematuria only at the
beginning of the stream suggests urethral bleeding and hema-
turia only late in the stream suggests bladder or prostate
bleeding.

Increased urinary frequency is an increase in the frequency
of micturition. Polyuria is an increase in total urine volume.
Increased urinary frequency, especialy at night, can suggest
prostatic enlargement in men or urinary tract infection. Polyuria
suggests a defect of renal urine-concentrating mechanisms or
excess water ingestion. Prostatic enlargement can also cause
hesitancy and terminal dribbling as well as obstruction and
urinary retention. Total anuria is rare and usualy suggests
urethral or bilateral ureteric obstruction, a severe rapidly pro-
gressive glomerulonephritis, or aortic or bilateral renal arterial
occlusion.

General history

Always take a full history. Establish whether the patient has a
previous history of hypertension, diabetes mellitus, malig-
nancy, or other systemic diseases. Any recent infection, but
typically a streptococcal throat infection, can trigger a post-
infective glomerulonephritis. The drug history may indicate use
of nephrotoxic drugs, especially analgesics or non-steroidal
anti-inflammatory drugs. A family history of renal disease can
suggest a hereditary disorder, especially polycystic kidney
disease. Symptoms of itching, muscle cramps, anorexia, nausesa,
and even confusion are consistent with chronic renal impair-
ment. Hemoptysis suggests a vasculitic disease, particularly
Goodpasture's syndrome.

Examination

Carry out a full examination including blood pressure mea-
surement, fundoscopy, examination for edema, and rectal and
vaginal examinations where appropriate. Check for a distended
bladder. Look for signs of systemic disease in al systems,
especially neurological and rheumatological signs. Cardiac
valve lesions raise the possibility of glomerulonephritis associ-
ated with infective endocarditis. Peripheral bruits or absent
peripheral pulsesindicate vascular disease and such patients are
at risk of rena artery stenosis, which may result in rena artery
bruits.

Kidneys
Enlarged kidneys may be palpable. The right kidney, which lies
lower than the left because of the liver, is sometimes palpable

when normal. To palpate the kidneys, place the right hand over
the upper abdomen on the relevant side. On the same side, place
the left hand with the fingers in the rena angle formed by the
lateral margin of the lumbar muscles and the twelfth rib. Asthe
patient inspires, push the fingers of the left hand anteriorly
severa times. You will feel an enlarged kidney with the right
hand as it moves down the abdominal cavity during inspiration
and is pushed anteriorly by the fingers of your left hand.

Fluid status

It is important to determine whether the patient has an excess
or adeficiency of body water. Useful physical signsto look for
include peripheral pitting edema, detectable especialy at the
ankles and sacrum, signs of pulmonary edema, effusions, the
jugular venous pulse pressure (JVP), and skin turgor. A cardiac
gdlop rhythm may suggest hypervolemia. A low blood pres-
sure, especially with a postural drop (orthostatic hypertension),
indicates hypovolemia.

Bedside investigation of urine

Dipstick test urine for hematuria, proteinuria, and glucosuria.
Use amicroscope, ideally with phase contrast, to examine fresh
urine. If possible, centrifuge the urine and discard most of the
supernatant to concentrate cells or casts.

Red cells. These can arise from anywhere in the urinary tract,
but deformed (dysmorphic) red cells indicate glomerular
bleeding.

White cells. These suggest inflammation, resulting from bacte-
rial infection if they are polymorphonuclear cells or interstitial
nephritis if they are eosinophils or lymphocytes.

Casts. These are cylindrical aggregates formed in the distal
tubule or collecting ducts. Red cell casts indicate glomerular
bleeding, usualy due to glomerulonephritis. White cell casts
suggest acute infection, usually bacterial. Hyaline castsand fine
granular casts are normal findings. Hyaline casts are mainly
protein and may be increased in proteinuria. Granular casts are
also mainly protein. Fatty casts can occur in the nephrotic
syndrome. Waxy casts are large and occur in dilated tubulesin
chronic rena failure.

Crystals. These may indicate a stone-forming tendency, but are
not always of pathological significance because they can form
after urine collection. Ideally, examine urine for crystals when
itisfresh and at 37°C.

Infectious agents. Nitrites and leukocyte esterases on dipstick
analysis suggest infection. Take a midstream urine sample for
microscopy and culture.

Proteinuria. Quantify any proteinuria with a spot urine
protein:creatinine ratio or a 24-h urine collection. A spot
albumin: creatinine ratio may be more accurate, and this may
be important at low levels of proteinuria.
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Blood tests

Take venous blood for routine biochemistry and hematology.
A priority is to check that the serum potassium level is not
dangerously elevated (see Chapter 22).

Estimating the glomerular

filtration rate

Serum urea and creatinine

As urea and creatinine are excreted by the kidneys, they
accumulate in the blood when renal function is impaired.
However, because there is excess renal capacity, neither sub-

K, kidney; Cy, cyst

stance rises substantially until the glomerular filtration rate
(GFR) fallsto around 30mL/min from anormal value of around
120mL/min. Urea levels rise with a high protein intake or
a catabolic state and fall with liver disease or overhydration.
Ureais freely filtered, but there is a'so some tubular reabsorp-
tion, which is increased (along with sodium reabsorption) by
dehydration or reduced renal perfusion, causing agreater eleva-
tion of ureathan of creatinine. Creatinineisfreely filtered, but
there is also some tubular secretion. Creatinine is produced
in muscle, and people with large muscle bulk can have higher
values.
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Clearance methods

When a substance is filtered, the initial concentration in the
filtrate is the same as that in the plasma. If there is neither
reabsorption nor secretion, then the quantity of the substance
excreted in the final urine, in 1min, is equal to the quantity
removed from the plasma by filtration in 1min. The amount
excreted is calculated by multiplying the urine concentration by
the urine flow rate per minute. Thisvalue must equal the plasma
concentration multiplied by the GFR (volume of filtrate formed
in 1min). By measuring the plasma and urine concentration of
a substance and the urine flow rate per minute, the GFR can be
estimated.

Creatinine clearance provides a routine estimate of the
GFR. A 24-h urine collection indicates urine flow rate in mil-
liliters per minute. Creatinine clearance slightly overestimates
the GFR because of tubular creatinine secretion. This secretion,
and consequently the error, increase when the GFR is low.
Cimetidine and trimethoprim inhibit creatinine secretion and so
raise blood creatinine levels and reduce measured creatinine
clearance. Inulin is neither secreted nor reabsorbed and is used
to determine GFR accurately for research purposes. Algorithms
such as the modification of diet in renal disease (MDRD) and
Cockcroft—Gault algorithms can predict creatinine clearance
with useful accuracy from plasma creatinine and variables such
as the patient’s age, weight, and gender. These estimated GFRs
(eGFRs) are discussed in Chapter 41.

Radio-isotope methods

GFR can be estimated by following the fall in blood concentra-
tion of an injected substance such as *'Cr-EDTA (chromium-
51-labeled ethylenediaminetetra-acetic acid) or *™Tc-DTPA
(technetium-99m-labeled diethylenetriaminepenta-acetic acid).
These substances are removed only by the kidney. The rate of
removal is estimated from serial plasma measurements and
reflects the GFR.

Other biochemical investigations

Serum albumin levels are low in the nephrotic syndrome as a
result of urinary protein loss. The nephrotic syndrome aso
causes hyperlipidemia. Electrophoresis of plasma proteins
can demonstrate excess monoclonal immunoglobulins consis-
tent with myeloma and other B-cell disorders. Urine electro-
phoresis may show |eakage of freeimmunoglobulin light chains
into the urine. Myoglobin in the blood or urine suggests rhab-
domyolysis and free hemoglobin in the blood or urine suggests
hemolysis. Free myoglobin and hemoglobin are both toxic to
rena tubules. Arterial blood gases will revea any acid—base
disturbances.

Immunological investigations
A range of immunological and microbiological tests can be
useful (see Chapters 29 and 40). Antineutrophil cytoplasmic

The kidney: laboratory investigations and diagnostic imaging

antibodies suggest vasculitis and antiglomerular basement
membrane antibodies suggest Goodpasture’'s syndrome.
Antinuclear antibodies, antibodies to double-stranded DNA,
and low complement levels suggest systemic lupus
erythematosus.

Renal imaging

Ultrasonography provides information about renal size and
anatomy, including the presence of cysts or calyceal dilation,
suggesting obstruction. Doppler studies can be used to assess
flow in the renal arteries and veins. Computed tomography
(CT) and magnetic resonance imaging (MRI) can also visualize
the renal system.

Plain radiography may reveal the renal size and detect radio-
opague stones. Intravenous contrast will produce an intrave-
nous urogram (IVU), showing the renal outlines and the urinary
tract. Unfortunately, the contrast can occasionally be nephro-
toxic, particularly in dehydrated patients. Spiral CT scanning
with intravenous contrast can produce excellent images of the
entire rena tract, which are sometimes referred to as CT
urograms.

The urinary tract can also be studied by injecting contrast up
the ureters via the urethra and bladder or down the ureters by
percutaneous puncture of the renal pelvis. Renal angiography
can be performed using an arterial catheter inserted via the
brachial or femoral artery to inject radio-opague contrast into
the renal arteries to visualize them.

Nuclear imaging
Scans using *™Tc-DTPA provide dynamic information about
rena blood flow; scans with DM SA (dimercaptosuccinic acid)
provide static information about localized renal function.
“mTc-DTPA is rapidly excreted by renal filtration and, after
an intravenous bolus injection, the rise and fall of radioactivity
over the kidney are detected and quantified with a gamma
camera. The kinetics of these changes provide a good index of
rena blood flow (see Chapter 37).
9mTc-DMSA localizes to proximal tubular cells, which take
up succinate after intravenous injection; gamma cameraimages
show the localization, shape, and function of each kidney

separately.

Renal biopsy

Any histological diagnosis of renal disease requires rena
biopsy. Percutaneous biopsy is performed with a long cutting
needle through the back, usually with ultrasonic guidance. The
major complication is bleeding. Rarely, an open biopsy is per-
formed. The tissue obtained is examined by light microscopy,
immunostaining using antibodies to complement or immuno-
globulins, and often electron microscopy.
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Sodium is the major extracellular cation and its concentration
is tightly controlled. Sodium and chloride ions are freely
filtered in the glomerulus, so the concentration of theseionsin
the filtrate is similar to that in blood (135-145mmol/L for
sodium). Daily dietary sodium chlorideintake isusually 2-10g,
but the daily filtrate volume of around 200L contains about 2kg
of sodium chloride. The kidney therefore reabsorbs a huge
amount of salt in the proximal tubules and the loop of Henle.

The little that is left is reabsorbed in a precisely regulated
manner by the distal tubules and collecting ducts, to maintain
accurate salt balance. About 5% of the salt intake is lost in
swest and feces.

The basolateral membranes of the tubular cells contain Na'/
K* ATPases that actively pump sodium into the peritubular
plasma. From here, sodium ions pass freely into the blood to
complete the reabsorption process. The continual pumping of
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sodium out of the cells and its subsequent removal by the blood
creates a Na* gradient between the tubular filtrate and the cell
cytoplasm. This gradient allows Na* from the filtrate to enter
the cells passively at their apical membrane, provided that suit-
able channels or transporters are present.

Sodium handling along the nephron
Proximal tubule

Of the filtered sodium, 65% is reabsorbed in the proximal
tubule. In the early proximal tubule, alarge amount of reabsorp-
tion takes place, but the cell junctions are slightly leaky, limit-
ing the concentration gradient that can be established between
the filtrate and the peritubular plasma. In the late proximal
tubule, the transport rate is lower, but tight junctions allow a
larger gradient to be established.

In the early tubule, the sodium gradient drives the co-
transport of sodium with bicarbonate, amino acids, glucose, or
other organic molecules. The Na'/H" exchanger (NHE3) uses
the sodium gradient to drive sodium reabsorption from the fil-
trate and H* secretion into the filtrate. As carbonic anhydrase
is present in the cell cytoplasm and tubular lumen, the secretion
of H" is equivalent to the reabsorption of bicarbonate (HCO3)
(see Chapters 8 and 9). The apical secretion of H* is balanced
by the basolatera exit of bicarbonate with sodium. Chloride
concentration rises along the proximal tubule. When the posi-
tively charged sodium ions|eave the lumen with neutral organic
molecules, the lumen is left with a negative charge. This repels
negatively charged chloride ions, which leave the lumen
through the paracellular route between the cells.

By the time thefiltrate reaches the |ate proximal tubule, most
organic molecules and bicarbonate have already been removed
and sodium ions are reabsorbed mainly with chlorideions. The
Na'/H* exchanger works in parallel to a chloride/base anion
exchanger (AE1) and, as the base — usualy bicarbonate,
formate, or oxalate — is recycled across the apical membrane,
the overall effect isthat sodium chlorideisreabsorbed. Chloride
ions leave the cell alone or in exchange for another negatively
charged ion or in co-transport with potassium. The higher
tubular chloride concentration promotes chloride-coupled
reabsorption.

The loop of Henle
The thin and thick ascending portions of the loop of Henle
together reabsorb 25% of the filtered sodium.

Thin segments

Cellsin the walls of the thin segments of the loop are thin and
flat epithelia cells. No active transport occurs here and there
are few mitochondria. The thin descending segment is

permeable to water but not to sodium, so water leaves the
tubule passively to enter the hypertonic medullary interstitium.
In contrast, the thin ascending limb is permeable to sodium
but not to water. As the filtrate loses water in the descending
limb, there is a high concentration of sodium and chloride ions
in the lumen of the thin ascending limb, and both ions diffuse
out.

Thick ascending limb

The cells of the thick segment of the loop are large, with mul-
tiple mitochondria that generate energy for the active transport
of sodium ions.

The key transport moleculeisthe NK CC2 transporter, which
uses the sodium gradient for the co-transport of one sodium,
one potassium, and two chloride ions. As the potassium ion
can re-enter the tubule viaan ROMK channel, the net effect is
the removal of one sodium and two chloride ions, leaving the
tubular lumen positively charged. This positive potential drives
the paracellular transport of positively charged ions, including
sodium, potassium, calcium, magnesium, and ammonium. The
NKCC2 transporter has multiple transmembrane domains and
is inhibited by the diuretic furosemide (see Chapter 15).

Distal tubule

The distal tubule reabsorbs a further 5% of the filtered sodium.
This transport occurs via the NCC, sodium chloride co-trans-
port protein that is inhibited by the thiazide diuretics. As the
fluid in the lumen in this portion of the nephron is negative,
there is also some paracellular movement of negatively charged
chloride ions.

Collecting tubules and ducts
Around 2-5% of filtered sodium is reabsorbed in the collecting
ducts, which contain two characteristic cell types.
» Theprincipal cells. Sodium enters these cells viathe epithe-
lia sodium channel (ENaC), leaving the lumen negatively
charged. This negative charge drives the paracel lular movement
of chloride. The ENaC is composed of three homologous sub-
units and is inhibited by the diuretic drug amiloride.
» ThetypeB intercalated cells. These have no Na'/K* ATPase
but do have an H* ATPase, which establishes a hydrogen ion
gradient. The energy required for the transport function of these
cells is derived from this H* gradient instead of the usual Na
gradient. As H* ions are removed from the cell, the net result
is the secretion of bicarbonate coupled to the reabsorption of
chloride (see Chapter 9).

Sodium reabsorption by principal cells and chloride reab-
sorption by the intercalated cells are the final stage in sodium
chloride reabsorption before urine leaves the kidney.
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including the cardiac muscle, potassium levels must be pre-
cisely controlled within safe limits.

The average daily intake of potassium in the diet is around
40-120mmol, but the kidneys filter around 800 mmol each day.
To maintain potassium balance, the kidney therefore excretes
only 5-15% of the filtered potassium. Potassium, like sodium,
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is freely filtered in the glomerulus, but is handled quite differ-
ently in the tubules. Sodium ions are reabsorbed throughout the
nephron, and any sodium that is excreted is simply that which
has not been reabsorbed. In contrast, amost all the filtered
potassium isreabsorbed before thefiltrate reaches the collecting
tubules. Potassium that is to be excreted is then secreted into
the collecting duct.

Only 2% of the total body potassium is outside cells in the
extracellular fluid and, in order to maintain appropriate intracel -
lular potassium concentrations, all cells use a pump-eak
mechanism. This consists of the Na’/K* ATPase pump, which
actively transports potassium into the cell, balanced by various
channels, which alow potassum to leak out of the cell.
Intracellular potassium can be controlled by changing the
activity of the pump or by altering the number or the permeabil -
ity of the potassium channels. In tubular cells, the cell mem-
brane is divided into apical and basolateral portions, each of
which has different populations of pumps and channels. This
allows the pump-leak system to be used to transport potassium
across the tubular epithelium. As with sodium handling, the
major driving force behind potassium movement is the Na'/K*
ATPase.

Potassium channels in the kidney

All cell types have potassium channels, and there are different
types of potassium channels, even within the kidney. The basic
structure of al K* channelsisatetramer of membrane-spanning
subunits with a central pore. The ROMK channel is present in
all nephron segments except the proximal tubule and is the key
secretory channel in the principal cells of the cortical collecting
ducts. The channels are generally open, and are said to be
inwardly rectifying because they favor potassium flow out of
the cell. In the distal nephron apical BK channels play arole
in potassium secretion and consist of a pore-forming alpha unit
and a regulatory beta unit. BK channels are generally closed,
but high flow rates trigger a rise in intracellular calcium that
causes the channels to open.

Potassium handling along

the nephron

Proximal tubule

Of the filtered potassium ions, 65% are reabsorbed in the proxi-
mal tubule. No specific potassium channels for this reabsorp-
tion have been identified. Potassium reabsorption is tightly
linked to that of sodium and water, with similar proportions
of the filtered sodium, water, and potassium being reabsorbed
in this segment. The reabsorption of sodium drives that of
water, which may carry some potassium with it. The potassium
gradient resulting from the reabsorption of water from the
tubular lumen drives the paracellular reabsorption of potassium
and may be enhanced by the removal of potassium from the
paracellular space viathe Na'/K*™ ATPase. In the later proximal
tubule, the positive potential in the lumen a so drives potassium
reabsorption through the paracellular route.

Loop of Henle

Thin segments

Some potassium moves into the filtrate in the thin descending
limb of the loop of Henle, but thisis counterbalanced by move-
ment of potassium out of the loop and into the medullary col-
lecting ducts. The net result is some recycling of this potassium
across the medullary interstitium.

Thick ascending limb

Around 30% of the filtered potassium is reabsorbed in the thick
ascending limb of the loop of Henle. Asin the proximal tubule,
this potassium reabsorption is linked to sodium reabsorption.
This is mediated by the NKCC2 transporter, but there is aso
significant paracellular reabsorption, encouraged by the posi-
tive potentia in the tubular lumen.

Distal tubule

The distal tubule can reabsorb more potassium and 95% of the
filtered potassium is reabsorbed in a sodium-dependent fashion
before the filtrate reaches the collecting ducts.

Collecting tubule and ducts

The principal cells secrete potassium whereas the intercalated
cells reabsorb potassium. Generaly, potassium secretion far
outweighsits reabsorption in this part of the nephron. The regu-
lation of potassium excretion occurs here and is mainly the
result of changes in potassium secretion by the principal cells,
rather than changes in potassium reabsorption by the interca-
lated cells.

e Principal cells. The Na'/K* ATPase drives potassium secre-
tion in principal cells by pumping potassium into the cells at
the basolateral surface. The basolateral surface is not very per-
meable to potassium, but at the apical surface, potassium ions
can leave the cell through potassium channels or in co-transport
with chloride via KCC channels. The negative potential in the
tubular lumen due to sodium reabsorption aso promotes potas-
sium secretion. As potassium secretion is occurring down a
concentration gradient, it can continue only if the concentration
of potassium in the filtrate is kept low. A high flow rate carries
away the secreted potassium and, the higher the flow rate, the
greater the amount of potassium that can be secreted and
excreted. In addition, as flow rates increase, BK channels open
to increase the flow of potassium into the tubules.

» TypeA intercalated cells. The reabsorption of potassium by
the intercalated cells is driven by the apical H/K* ATPase
which actively pumps potassium into the cell. Potassium ions
leave the cells through the basolateral potassium channels and
so are reabsorbed.

Medullary collecting ducts

There is some potassium reabsorption in the medullary collect-
ing ducts, but potassium reaching the medullary interstitium is
largely recycled by reabsorption into the thin descending loop
of Henle.
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o Renal acid-base and buffer concepts
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Metabolic acid production and dietary H* intake must be bal-
anced by acid excretion. Carbon dioxide produced by oxidative
metabolism is excreted by the lungs, but other acids, such as
sulfuric and phosphoric acids, are excreted by the kidneys.
Protein metabolism produces 40-80 mmol of hydrogen ions per
day, but normal extracellular pH is 7.35-7.45 or 35-45nmol/L.
As acid production is in the millimolar (10 mol/L) range, and
yet plasma levels are regulated at the nanomolar (10~°mol/L)
level, buffers are needed to prevent huge swings in free hydro-
gen ion concentration. Buffers can bind H* and so protect the
body from the effects of any excess H*. Nevertheless, buffers
do not alter the body’s overall H" load, which must ultimately
be excreted if the buffering capacity of the body is not to be
exceeded and a dangerous pH reached.

Physiological buffers

Buffers in both blood and urine reduce the concentration of free
H* ions. Buffers are weak acids or weak bases that are not fully
dissociated. An acid can donate H* ions and a base can accept
them. At a given H* concentration, a defined amount of buffer
exists as acid (HA) and a defined amount as base (A”). The ratio
of buffer acid to buffer base at a given H" concentration is
defined by the dissociation constant for an acid-base couple
(pK). For a given acid-base pair, altering the ratio of the acid
to the base alters the pH.

Different buffer pairs within the body are in equilibrium with
each other. The main extracellular buffer is the bicarbonate
system; the main intracellular buffers are sodium phosphate
(Na,HPO,/NaH,PO,) and proteins. Proteins can act as acids or
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bases because they contain both acidic and basic amino acid
side chains. As these buffer systems are all in equilibrium,
altering the bicarbonate system will change body pH, which
resets the ratio of acid to base in the other buffers. The lungs
alter the bicarbonate system by altering the carbon dioxide
partial pressure (Pco,) and the Kidneys by altering the HCO3
concentration.

Acid excretion

The body can excrete acid by the urinary loss of H* ions associ-
ated with a buffer or by the excretion of H" ions as ammonium
ions (NH7). As hydrogen secretion into urine is inhibited below
pH 4.4, this is the minimum urine pH that can be obtained. The
presence of buffers in the urine allows far greater quantities of
H* ions to be excreted above this pH than would be possible if
only free H" ions were excreted. This is because most of the
excreted H* are bound by the buffers and do not have a major
effect on the urine pH. The major independent urinary buffer
is sodium phosphate. Phosphate that is not bound to protein is
freely filtered in the glomerulus and around 75% is reabsorbed.
The rest is available for buffering in the urine. Nevertheless,
phosphate excretion cannot be increased indefinitely and as the
pK, of phosphate is 6.8, around 90% of its buffering capacity
is used up before the urinary pH drops below 5.7. Consequently,

most acid excretion occurs as a result of ammonium ion
excretion.

Charge and permeability

A number of compounds such as CO,, H,O, and NH; can cross
cell membranes relatively easily. However, if they are con-
verted into their charged counterparts, such as HCO3, NH;j,
H*, OH, etc., these charged particles are much less able to
diffuse across the cell membrane.

Carbonic anhydrase
Carbonic anhydrase (CA) catalyzes the reaction

OH~+CO, = HCO;

As water must first dissociate to form H* and OH™ for this reac-
tion, it is usually written as

H,0+CO,=H,CO;=H"+HCO;

The active site of the enzyme is a cone-shaped cavity with a
zinc ion at its narrowest point. There are multiple isoforms of
carbonic anhydrase. In the kidney, 95% of the carbonic anhy-
drase is carbonic anhydrase type 2, which is free in the cytosol,
and 5% is membrane associated (mainly type 4 at the apical
luminal membrane).
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Bicarbonate reabsorption

Bicarbonate is freely filtered in the glomerulus, but most of the
filtered bicarbonate is subsequently reabsorbed to maintain
normal plasma bicarbonate concentration and therefore the
plasma pH. Bicarbonate reabsorption depends on the secretion
of H" ions into the lumen of the tubule. These H* ions are
recycled by carbonic anhydrase (see Chapter 8) and there is no
net acid excreted.

Hydrogen ion secretion and

its effects

* When secreted H* ions interact with bicarbonate in the fil-
trate, the end result is bicarbonate reabsorption.

e When secreted H* ions interact with a urinary buffer
(mainly phosphate or NH,), the end result is the excretion of
acid. When buffered acid excretion occurs, the new bicarbonate
generated in the renal cells by carbonic anhydrase is added to
the blood.

Early in the nephron, secreted H* ions are used to reabsorb
bicarbonate. In the more distal nephron, when this bicarbonate
reabsorption is complete, secreted H* ions interact with phos-
phate buffers and net acid excretion occurs. This happens
because the pK, of the bicarbonate system is 6.1, whereas that
of the phosphate system is 6.8. At the initid filtrate pH of
around 7.4 (similar to plasma), there is a much greater supply
of bicarbonate base (HCO3) than of phosphate base (HPO?").
As bicarbonate is reabsorbed, urinary pH fals and the buffers
accept H* ions.

Ammonia handling and

acid-base balance

Tubular cells, principally those in the proximal tubule,
metabolize glutamine to produce ammonia and, ultimately,
glucose and bicarbonate. The bicarbonate enters the blood and
the NH} ions (which effectively carry a H* ion) are excreted
in the urine. NH; enters the filtrate from the tubular cells by
simple diffusion and is protonated in the lumen to form NH;,
which cannot diffuse out of the tubules. The NHE3 Na'/H*
exchanger can aso transport NH; into the tubule. In the thick
ascending limb of the loop of Henle, NH} can be transported
out of the lumen in place of K* on the NKCC2 co-transporter.
Also, as the tip of the loop of Henle is akaline, NH; in the
filtrate dissociates to form NH; and this diffuses into the inter-
stitium. Subsequently, ammonia can diffuse back from both
these sites into the thin descending limb, to be recycled in a
counter-current fashion. It can also diffuse into the acidified
distal tubules where it is protonated to NH} and excreted in
the urine.

Tubular handling of H* and HCO;
Proximal tubule

Of the filtered bicarbonate, 80% is reabsorbed in the proximal
tubule. Most proximal tubule H* secretion serves this purpose
and does not contribute to net acid excretion. Carbonic anhy-
drase in the proximal tubule cell cytoplasm and the tubular
lumen facilitates the reabsorption of bicarbonate by recycling
the secreted H* ions.

Most H* ionsenter thefiltrate viathe NHE3 Na'/H" exchanger
at the apical membrane of the tubular cells. This protein is one
of a family of molecules with 10-12 transmembrane regions,
and isinhibited by cCAMP and protein kinase A-mediated phos-
phorylation of its cytoplasmic tail. Na'/H" exchangeislinked to
sodium reabsorption and is dependent ultimately on the activity
of the basolateral Na'/K* ATPase. The basolateral Na*/3HCO;
co-transporter (NBC) carries most of the bicarbonate out of the
cell and into the peritubular plasma. Some sodium-dependent
(HCO3)/CI™ counter-transport may aso occur.

Loop of Henle

A further 10-15% of filtered bicarbonate is reabsorbed in the
thick ascending limb of the loop of Henle. The mechanisms
responsible are similar to those in the proximal tubule and again
involve carbonic anhydrase.

Distal nephron

Here, secreted H* ions either contribute to the reabsorption of
any remaining bicarbonate or interact with urinary buffers to
allow acid excretion. H* ions are buffered by phosphate and
NHa, which diffusesin from the medullary interstitium. Secreted
H* ions that interact with buffers are not recycled and the new
bicarbonate formed in the cell enters the blood. In the early
distal tubule, Na'/H* exchange still mediates most H* secretion
but, more distally, the H* ATPase performs this role. The con-
necting tubule and cortical collecting duct contain two types of
intercalated cells that are rich in carbonic anhydrase.

» TypeA intercalated cells secrete H* ions. Principaly, thisis
performed by an apical H™ ATPase, but also to a lesser extent
by a H*/K* ATPase similar to that in the stomach (see Chapter
7). The bicarbonate generated in the cell exits basolaterally via
the AE1 HCOj3;/Cl~ anion exchanger.

» Type B intercalated cells are similar to functionaly inverted
type A cells with a basolateral H* ATPase and an apical AE1
HCO3/Cl~ exchanger. Present only in the connecting tubule
and cortical collecting duct, these cells secrete bicarbonate, but
their role in normal acid—base homeostasis is unclear.

The principal cells play no direct role in acid—base handling,
but their reabsorption of sodium generates a negative potential
in the lumen, promoting H* secretion by type A intercalated
cells.
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Calcium is the most prevalent divalent cation in the body, fol-
lowed by magnesium; phosphate is the mgjor divalent anion.
All three occur mainly in bone. Most bone is being continu-
ously resorbed and rebuilt at a slow rate. A more rapid bone
surface exchange of calcium, phosphate and, to a lesser extent,

magnesium, maintains plasma levels of these ions. Plasma
calcium and phosphate concentrations are close to the satura-
tion product (calcium ion concentration times the phosphate ion
concentration or [Ca?*] x [PO%7]) at which calcium phosphate
complexes precipitate out of solution onto the bone matrix.
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Plasma values of the two ions are therefore inversely related
because arisein [Ca?*] or [ PO3 "] causes some precipitation of
calcium phosphate into bone with a fall in [PO3 ] or [C&],
respectively.

Inside cells, calcium regulates many processes. Intracellular
calcium ion concentrations are kept very low; most calcium is
bound to proteins or sequestered in the endoplasmic reticulum
and mitochondria.

In plasma, calcium, phosphate, and magnesium can bind to
proteins, complex with other ions (forming calcium phosphate
or magnesium phosphate), or exist as free ions. Only protein-
bound ions are not filtered in the glomerulus.

Calcium levels are mainly regulated by bone turnover and
gut absorption, magnesium levels are regulated by renal han-
dling, and phosphate levels by all three mechanisms.

Calcium

Of dietary calcium, 25-30% is absorbed by the gut, mainly in
the duodenum and proximal jejunum. Absorption occurs by a
transcellular process involving intracellular calcium-binding
proteins caled calbindins. Gut absorption is increased by
vitamin D and during pregnancy. Total plasma calcium concen-
tration is around 2.5mmol/L, of which 45% is protein bound,
5% is complexed to other ions, and 50% (1.25mmol/L) is free
ionized Ca®.

Renal handling of calcium
In the glomerulus, calcium that is not protein bound is freely
filtered and there is reabsorption along the nephron.

Of filtered calcium, 70% is reabsorbed in the proximal tubule
and a further 20% in the thick ascending limb of the loop of
Henle. Thisreabsorptionismainly passive and paracellular, and
driven by sodium reabsorption. Sodium reabsorption causes
water reabsorption, which raises tubular calcium concentration,
causing calcium to diffuse out of the tubules. The positive
lumen potential also encourages calcium to leave the tubule.
The thin segments of the loop of Henle are impermeable to
calcium.

A further 5-10% of filtered calcium is reabsorbed in the
distal tubules, and there is only minor reabsorption in the col-
lecting ducts. Calcium reabsorption in the distal tubules is
active and transcellular, and is the major target for hormonal
control. Asthe intracellular calcium concentration must be kept
low, transcellular calcium movement occurs via calcium-bind-
ing proteins, asin the gut. Calcium enters the cells through the
TRPVS5 epithelial Ca?* channels that are activated by parathy-
roid hormone (PTH). It is transported across the cell by cal-
cium-binding proteins, includingthecal bindinsand parval bumin.
The expression of these proteins is upregulated by vitamin D.
At the basolateral surface, calcium istransported out of the cell
by the plasma membrane Ca?* ATPase (PM CA) and by a3Na'/
Ce?* exchanger (NCX). The Ca®* ATPase is regulated by
vitamin D and PTH. If the urine becomes very acidic, this
reduces the expression of the TRPV5 channels and so increases
urine calcium loss.

Phosphate

About 65% of dietary phosphate is absorbed, mainly in the
duodenum and jejunum by a transcellular process which is
enhanced by vitamin D. Of plasma phosphate, 55% exists as
free phosphate in the forms HPO3~ and H,PO;. These ions
form a buffer pair (see Chapters 8 and 9).

Renal phosphate handling

In the glomerulus, all phosphate that is not protein bound is
freely filtered and there is reabsorption along the nephron. The
maximum rate of reabsorption is limited and excess filtered
phosphate above a threshold level (the Tmg) is excreted. Of
filtered phosphate, 80% is reabsorbed in the proximal tubules
by a transcellular process that relies on sodium reabsorption.
Apical phosphate entry is by co-transport with sodium via the
sodium phosphate co-transporter (NPT2). This transporter is
downregulated by PTH. How phosphate gets out of the cell is
unclear.

There is no significant phosphate transport in the loop of
Henle, but the distal tubules reabsorb a further 10% of the
filtered phosphate and the collecting ducts a further 2-3%. The
mechanism of distal phosphate reabsorption appears to be
similar to that in the proximal tubules.

Magnesium

Of the body magnesium, 54% is in bone, 45% in soft tissues,
and just 1% in the extracellular fluid. In the glomerulus, mag-
nesium that is not protein bound is freely filtered and there is
reabsorption aong the nephron. Only 30% is reabsorbed in the
proximal tubule. The mgjority, 65%, is reabsorbed in the thick
ascending limb by passive paracellular movement driven by the
transepithelial potential. A further 5% isreabsorbed in the distal
tubules. Active magnesium reabsorption occurs in the distal
tubules where there are basol ateral Mg?* ATPases and an apical
magnesium channel TRPM6. The permeability of TRPM®6 is
regulated by intracellular magnesium levels. Mutations in
TRPM6 cause hypomagnesemia.

Factors influencing magnesium secretion

PTH and calcitonin increase paracellular magnesium reabsorp-
tion, possibly by influencing the permeability of the epithelial
tight junctions. Both loop diuretics and thiazides increase mag-
nesium excretion. Magnesium handling in the distal tubule and
loop of Henle is directly influenced by the action of plasma
magnesium ions on the Ca®*/Mg? sensing receptor (CaR) on
the capillary side of the tubular cells.

Drug effects on calcium excretion

Passive proximal calcium reabsorption depends on sodium
reabsorption, so diuretics such as furosemide, which inhibit
proximal or thick ascending loop sodium reabsorption, inhibit
calcium reabsorption. In contrast, thiazides, which inhibit
distal sodium reabsorption, do not inhibit active transcellular
distal calcium reabsorption and can even enhance calcium
reabsorption.
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Renal handling of water
The kidney regulates body water and sodium content in parallel
to maintain body volume and osmolality (normally 285—
295mosmol/kg) (see Chapter 17). The maximum urine osmo-
lality is 1400 mosmol/kg and, as 600 mosmol of waste products
must be excreted daily, the minimal daily urine volume is
600/1400 = 0.43L. The kidney can produce urine with an osmo-
lality that is higher or lower than that of plasma

In the glomerulus, water and ions are freely filtered. As the
filtrate moves along the tubules, ions are reabsorbed and water
follows by osmosis. Water reabsorption is influenced by the
water permeability of the tubular epithelium and the osmotic
gradient across the epithelium. Water leaves and enters cells
through aguaporin (AQP) water channels.

Proximal tubule

The proximal tubule is highly water permeable. As ions are
reabsorbed, water follows by osmosis. This isotonic (or iso-
osmotic) reabsorption reduces the filtrate volume, but does not
alter its osmolality. Around 65% of the filtrate is reabsorbed,
driven by active sodium transport.

Loop of Henle

The descending limb is permeable to water, but not ions,
whereas the ascending limb (both thick and thin sections)
is permeable to ions, but not water. Sodium and chloride are
transported out of the thick ascending limb into the medullary
interstitium. Thisraisesthe osmolality in theinterstitium, which
promotes water movement out of the descending limb. Within
the loop, the transport of water and ions is separated with
reabsorption of 25% of filtered sodium and chloride, but only
10% of filtered water. This produces a dilute urine and a hyper-
tonic medullary interstitium. The movement of ions and water
between the descending and ascending limbs creates a gradient
of osmolality, which increases with depth in the medulla.

Distal tubules

The distal convoluted tubules have low water permeability and
do not reabsorb water. However, reabsorption of ions further
dilutes the tubular fluid.

Collecting system

The hypotonic urine passes down the collecting ducts, where
water permeability is controlled by antidiuretic hormone (ADH
or vasopressin).

« If the permesability of the collecting ducts is low, there is no
water reabsorption, but sodium chloride reabsorption continues,
which further dilutes the urine.

« If the permeability of the collecting ducts is high, water
moves out of the hypotonic tubular fluid into the surrounding
interstitium. In the cortical collecting duct, tubular fluid equili-
brateswith the cortical interstitium, whichisat plasmaosmolal-
ity. In the deeper medullary collecting duct, tubular fluid then
equilibrates with the high osmolality of the medullary intersti-
tium, producing a concentrated urine.

Overdl, sodium and chloride transport out of the ascending
limb of the loop of Henle creates a hypertonic medullary inter-
stitium, which drives water reabsorption from the descending
limb and the medullary collecting duct. All collecting ducts
pass through the medulla, so even nephrons without long loops
of Henle can benefit from the hypertonic medulla

Role of urea

Although urea is passively reabsorbed in the proximal tubule,
the nephron beyond is impermeable to urea up to the inner
medullary collecting duct. As water is removed aong the
nephron, tubular urea concentration rises. In the inner medul-
lary collecting duct, urea is passively reabsorbed by urea
transporters (especially UT-A1 and -A3) which are activated
by vasopressin. This reabsorbed urea accounts for half of
the medullary interstitial osmolality that drives water reab-
sorption from the descending limb and medullary collecting
duct.

Vasa recta and counter-current exchange

If the medulla had normal blood capillaries, the interstitium
would equilibrate with plasma. However, the only blood vessels
supplying the medulla are the paired descending and ascending
vessels called the vasa recta, which function as counter-current
exchangers. As the vessels descend into the medulla, water
diffuses out and solutes into the vessels. As the vessels ascend
out of the medulla, water diffuses back in and solutes out of the
vessels. The result is no net change in medullary water and
solute content — the medullary osmolality therefore stays high.
The vasa recta contain UT-B urea transporters that help to
maintain medullary urea concentrations.

Vasopressin and water regulation
Vasopressin is a nine-amino-acid peptide made in the sup-
raoptic and paraventricular nuclei of the hypothalamus. It is
packaged into granules, which pass down axons to the posterior
pituitary and are released by exocytosis. Osmoreceptors in
the hypothalamus detect a rise in plasma osmolality above
280mosmol/kg and trigger vasopressin release. Other stimuli
to vasopressin secretion include volume depletion, angiotensin
I, hypoxia, hypercapnia, epinephrine (adrenaline), cortisol,
sex steroids, pain, trauma, temperature, and psychogenic
stimuli.

Vasopressin binds V, receptors on collecting duct cells. This
stimulates adenyl cyclase, raising CAMP levels and causing
intracellular vesicles to fuse with the apical membrane. In their
membrane, these vesicles contain water channels, especially the
29-kDa aguaporin protein, AQP2. Vasopressin also bindsto V,
receptors on vascular smooth muscle, causing vasoconstriction
and enhancing the effect of aldosterone on sodium reabsorption
in the distal tubule. AQPL, a related protein in erythrocytes,
forms hourglass-shaped water channels from membrane-
spanning o. helices. Amino acidsin the narrow central part form
a narrow channel that allows only water molecules to pass
through.
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The kidney is the main source of erythropoietin, the hemato-
poietic growth factor that promotes red blood cell formation.
Erythropoietin increases reticulocyte production and early
release of reticulocytes from the bone marrow. In chronic renal
failure, erythropoietin production is inadequate and there is
usually anemia.

Mature erythropoietin (EPO) is a heavily glycosylated
protein consisting of 165 amino acids. It interacts with the
erythropoietin receptor (EpoR), which is homologous to other
growth factor receptors. Binding of erythropoietin to its recep-

tor resultsin receptor internalization, and subsequent signaling
events include tyrosine phosphorylation and calcium entry. The
receptor is expressed on early erythroid progenitor cells and the
level of expression increases during red cell development.
Withdrawal of erythropoietin from these precursor cells causes
apoptotic cell death.

Erythropoietin production
The major site of erythropoietin production in the adult is the
kidney. A small amount is also produced by the liver in some
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hepatocytes and in fibroblastoid Ito cells; the liver is the major
site of production in the fetus and neonate. In the kidney, eryth-
ropoietin is made in type | fibroblastoid cells in the peritubular
interstitium of the cortex and outer medulla. There is normally
a low basal level of erythropoietin production by the kidney,
but thisisenhanced by anemiaor afall in arterial Po,, situations
that both cause tissue hypoxia. Hypoxia initiadly stimulates
erythropoietin mRNA synthesisin cells in the deep cortex, but
as hypoxia progresses, cells in more superficial sites aso
produce erythropoietin. This distribution reflects advancing
hypoxia as there is a gradient of hypoxia from the cortex to the
inner medulla because the medullareceives all its blood supply
from the vasa recta.

Low erythropoietin levels in response to anemia are found
in chronic rena failure, inflammatory disease, malignancy, aci-
dosis, and starvation, or with the use of angiotensin-converting
enzyme inhibitors. Acidosis reduces the oxygen affinity of
hemoglobin, which can promote tissue oxygenation and so
reduce the stimulus to erythropoietin production. In inflamma-
tory disease, cytokines such as tumor necrosis factor-o. reduce
erythropoietin production, and cytokines such as interferon-f3
suppress the erythropoietic response to erythropoietin.

Hypoxic stimulation of

erythropoietin production

When oxygen levels are low, the transcription factor protein
HIF1 (hypoxia inducible factor 1) binds to the erythropoietin
gene to promote its expression. HIF1 consists of two compo-
nents, HIFlo and HIF1B. However, when oxygen levels are
normal, oxygen-dependent prolyl hydroxylase domain enzymes
(PHDs) add hydroxyl groups to proline residues in the HIFlo
protein. These hydroxy prolines are recognized by the VHL
(von Hippel-Lindau) protein which, in complex with other
proteins, can then attach ubiquitin groups to HIF1o, triggering
its destruction by the proteasome. Thus, when oxygen levels
arenormal, HIF1o israpidly degraded, but when oxygen levels
are low, proline hydroxylation does not occur and HIFlo is
stable and can combine with HIF1J to activate the erythropoi-
etin gene. In addition, normal oxygen levels also promote
hydroxylation of asparagine residues in HIFlo by the FIH1
enzyme and this impairs HIF1o function. The PHD enzymes
require iron to function efficiently.

Erythropoietin and chronic

renal failure

Anemiais common in chronic renal disease, but most patients
do not have araised erythropoietin level. Chronic renal disease
often causes interstitial changes, and the type | erythropoietin-
producing cells become more myofibroblastoid with less poten-
tial for erythropoietin production. Although there may be some
destruction of these erythropoietin-producing cells, the main

problem is a failure of the cells to produce enough erythropoi-
etin in response to the anemia. An exception is polycystic
kidney disease, where erythropoietin production is often pre-
served or even elevated and erythropoietin production has been
demonstrated in cyst wall cells.

Other factors in chronic renal disease, such as reduced red
cell survival, can contribute to the anemia, which is character-
istically normocytic/normochromic. However, it is always
important to exclude iron deficiency resulting from poor intake
or blood loss and to exclude folate deficiency or, less com-
monly, vitamin B, deficiency. The serum ferritin level should
be measured to exclude iron deficiency, but can be spuriously
elevated if there isinflammation. Aluminum toxicity can cause
a microcytic anemia like that of iron deficiency, and can be a
problem in patients who have used auminum-containing phos-
phate-binding agents.

Erythropoietin therapy

Rena transplantation restores normal erythropoietin produc-
tion, athough continued erythropoietin production from the
native kidneys can cause polycythemia. Generaly, patients on
peritoneal dialysis have less anemia than those on hemodialy-
sis, but in both cases, erythropoietin is given to maintain a
normal hemoglobin level.

Subcutaneous administration gives a more sustained rise in
erythropoietin level than intravenous administration and is
usually given one to three times weekly. Darbepoetin is aform
of erythropoietin that has extra glycosylation and can be given
just once weekly because the extra sugar content increases its
half-life. Erythropoietin can cause hypertension or polycythe-
mia, so the blood count and blood pressure are checked every
2weeks. The dose is adjusted upward if there is no response
by 4weeks. When the target hemoglobin is reached, it may be
possible to reduce the dose. It is important that sufficient iron
isavailable during erythropoietin therapy — ferritin, transferrin
saturation, and the appearance of hypochromic cells on the
blood film are useful guides to iron levels. A good response to
therapy isfirst indicated by arise in the reticulocyte count.

The major complications are polycythemia, hypertension,
and thrombosis of vascular access sites used for diaysis.
Resistance to erythropoietin therapy often reflects iron defi-
ciency, inflammation, or malignancy. Severe hyperparathyroid-
ism can blunt the response to erythropoietin, possibly because
of bone marrow fibrosis.

Acute renal failure

In acute renal failure, anemia usually represents blood loss
or hemolysis. Although erythropoietin levels often fail to
rise appropriately, the patients are usualy unwell, often with
ongoing sepsis or inflammation, which render erythropoietin
ineffective.
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Each kidney is supplied by a renal artery arising from the aorta.
Within the kidney, the renal artery divides into two or three
segmental arteries, which further subdivide into interlobar
arteries and then into arcuate arteries. The arcuate arteries
curve parallel to the outer surface of the kidney, giving rise
to the interlobular arteries, which ascend through the cortex
and give off the afferent arterioles that supply the glomerular
capillary bed. Beyond the glomeruli, the capillaries regroup as

efferent arterioles. In the outer cortex, these give rise to peritu-
bular capillaries which surround the tubules. Efferent arterioles
arising from the juxtamedullary nephrons descend into the
medulla and give rise to the vasa recta, which descend and
re-ascend in close proximity to the loops of Henle. Blood leaves
the kidney in veins that travel with the corresponding arteries
and join to form a single renal vein, which enters the inferior
vena cava.
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Renal blood flow

Together the kidneys receive a renal blood flow (RBF) of
1000 mL/min, which is 20% of the cardiac output. The normal
hematocrit is 0.45, so red cells account for 45% of RBF, and
the renal plasma flow (RPF) is 550mL/min. The glomerular
filtration rate (GFR) is about 120 mL/min, so the filtration frac-
tion (FF = GFR/RPF), which is the proportion of plasma that
is filtered, is around 20%. Renal vascular resistance arises
mainly from the afferent and efferent arterioles. High pressure
in the glomerular capillaries forces filtrate through the filtration
barrier. This pressure is reduced by afferent arteriolar constric-
tion and increased by efferent arteriolar constriction.

Measuring renal blood and

plasma flow

The amount of a substance removed from plasma by the kidneys
in 1min (arterial-venous concentration x RPF) equals the
amount appearing in the urine in 1min (urine flow/min x urine
concentration). If arterial, venous and urinary concentration and
urine flow are measured, RPF can be calculated. This can be
done after an injection of p-aminohippuric acid (PAH), which
is fully removed after a single pass through the kidney. RBF
can be calculated from the RPF if the hematocrit is known:

RBF = RPF/(1- Hematocrit)

%mTc-labeled DTPA (diethylenetriaminepenta-acetic acid) and
MAG3 (mercaptoacetyl-triglycine) are both removed by the
kidney so, in clinical practice, they can be detected by a gamma
camera to estimate RBF.

Regulation of renal blood flow
Autoregulation

» Myogenicreflex. Arise in pressure stretches the blood vessel,
causing reflex vasoconstriction, which reduces flow.

» Tubuloglomerular feedback. A rise in glomerular pressure
increases GFR and, therefore, tubular flow rate. This reduces
the time available for sodium and chloride reabsorption in the
ascending loop of Henle.

The higher tubular sodium and chloride concentrations
detected by the macula densa cause the juxtaglomerular
apparatus (JGA) to release adenosine. Adenosine acts pre-
dominantly on Al receptors to cause afferent arteriolar vaso-
constriction, which reduces GFR. Adenosine also promotes
proximal tubule sodium reabsorption.

Renin—angiotensin Il system

The JGA releases renin in response to a drop in afferent arterio-
lar pressure, a fall in tubular flow rate, or a fall in tubular
sodium and chloride concentration at the macula densa. Other
stimuli include sympathetic nerve stimulation of (3;-adrenergic

receptors on granular cells and a fall in angiotensin 11 (Angll)
levels. Renin promotes production of Angll which acts via
AT1 (type 1 angiotensin Il receptors) to vasoconstrict afferent
and efferent arterioles. The dominant effect is on efferent arte-
riolar constriction, so the GFR is increased.

Prostaglandins

Many peripheral vasoconstrictors, especially Angll, vasopres-
sin, endothelin, and norepinephrine (noradrenaline) stimulate
the renal production of vasodilating prostaglandins such as
PGE2 and PGI2 (prostacyclin). This protects the kidney from
severe vasoconstriction.

Vasoactive peptides

* Bradykinin is a peptide of nine amino acids released from a
precursor kallidin by the enzyme kallikrein in the distal tubule
and glomerulus. It acts on B;- and B,-receptors, promoting
prostaglandin synthesis and vasodilation.

* Natriuretic peptides (ANP, BNP, and CNP) are released from
cardiac cells and can produce systemic vasodilation via natri-
uretic peptide receptors (NPRs).

» Endothelin is a peptide of 21 amino acids made in renal
vascular endothelial cells and tubules. It is a potent vasocon-
strictor. It acts via the phosphoinositide messenger system and
promotes calcium entry into cells. In the periphery, endothelin
acts mainly on ETx-receptors; in the kidney, it acts mainly on
ETg-receptors.

» Vasopressin  (ADH) promotes vasoconstriction via V-
receptors and antidiuretic action via V,-receptors.
 Adrenomedullin promotes renal vasodilation and is produced
in the kidney.

Other regulatory pathways

* Renal nerves contain sympathetic neurons which release nor-
epinephrine (noradrenaline). Like circulating epinephrine
(adrenaline), this acts via G-protein-linked o -receptors, causing
constriction of afferent and efferent arterioles. Renin release is
also promoted.

» Dopamine is sometimes used clinically to promote renal
blood flow. At low concentrations (1-3ug/kg/min), it has a
vasodilatory effect through DA;-receptors acting via CAMP. At
higher concentrations, dopamine causes renal vasoconstriction
via oy -receptors and through ,-receptor-mediated renin release.
* Nitric oxide (NO) is a potent vasodilator that acts via cGMP
and regulates renal vascular smooth muscle tone. It is synthe-
sized from r-arginine by NO synthases in the macula densa,
endothelium, and mesangial cells. It has a short half-life and is
upregulated in response to mechanical sheer stress.

» Adenosine produces vasoconstriction via A;-receptors and
vasodilation via A,-receptors.
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Overview of drug kinetics

Unless a drug is injected intravenously, it must be absorbed
from its site of administration (usualy the gut, skin, or muscle)
into the blood and travel to its site of action. Most oral drugs
are absorbed in the small bowel. Some drugs undergo * first-pass
metabolism’ in which they are metabolized or inactivated in the
liver, or less commonly in the gut or lung, before they reach

the systemic circulation. Once absorbed, a drug equilibrates
throughout its volume of distribution, which may include only
specific tissues.

Plasma proteins bind many drugs; abumin binds acidic
drugs, whereas o,-acid glycoprotein binds basic drugs. Drugs
bound strongly to plasmaproteinstend to stay in thecirculation.
If protein binding is low, the distribution depends on lipid

38 The Renal System at a Glance, 3e. By Chris O’Callaghan. Published 2009 by Blackwell Publishing. ISBN 978-1-4051-8472-4.



solubility. Water-soluble drugs stay in the extracellular fluid,
but lipid-soluble drugs can enter cells and can even be concen-
trated in adipose tissue.

Drugs can be metabolized, especidly in the liver, and the
activity of the metabolites may differ from that of the original
drug. Phase | reactions cause oxidation, reduction, or hydrolysis
of the drug and involve cytochrome P450 mixed function oxi-
dases. Phase Il interactions add groups such as glucuronides or
sulfates onto phase | products to increase their water solubility.
These metabolites may be excreted from the liver in bile or
from the kidney in urine. Many drugs are excreted by the
kidney, and can accumulate to toxic levels if there is rend
impairment.

Renal drug handling

Drugs bound to plasma proteins are not filtered because the
proteins are not filtered. Filtration of drugs that are not protein
bound depends on their size and charge. Organic anion and
cation transporters in the proximal tubule can secrete drugs
and are saturable. Tubular reabsorption of drugs is of little
importance.

Anions

Basolateral anion transport is fueled by the Na'/K* ATPase.
This generates a sodium gradient that drives transport of o-
ketoglutarate?” (oK G) into the cell by the sodium dicarboxylate
co-transporter (NaDC3). Basolatera OAT (organic anion
transporter) proteins then move anions into the cell in exchange
for a-ketoglutarate?”. Anions are transported across the apical
membrane by different OAT proteins along concentration
gradients.

Cationic drugs do not accumulate in tubular cells
because their apical transport out of the cell is actively driven.
However, anionic drugs can accumulate to toxic levels
because their basolateral transport into the cell is actively
driven. Probenecid inhibits the excretion of penicillins by the
OAT proteins and has been used to increase plasma penicillin
levels.

Cations

Apical cation transport is also fueled by Na'/K* ATPase. This
generates a sodium gradient that drives transport of hydrogen
out of the cell by the sodium hydrogen exchanger (NHE3).
Apical OCT (organic cation transporter) proteins then move
small cations out of the cell in exchange for hydrogen. There
is also active transport of larger cations across by apical mem-
brane by the MDR1 ATPase transporter. Cations are trans-
ported across the basolateral membrane by different OCT
proteins along concentration gradients.

Cationic drugs do not accumulate in tubular cells because
their apical transport out of the cell isactively driven. However,
anionic drugs can accumulate to toxic level s because their baso-
lateral transport into the cell is actively driven. Probenecid
inhibits the excretion of penicillins by the OAT proteins and
has been used to increase plasma penicillin levels.

Passive diffusion

Lipid-soluble drugs diffuse through cell membranes and across
tubular cells. As the urine is concentrated along the nephron,
urine drug concentrations increase and lipid-soluble drugs
diffuse back into the blood. Water-soluble drugs cannot cross
cell membranes and so stay in the urine and are more efficiently
excreted by the kidney.

Effect of urine pH

The pH of urine affects whether or not an organic acid or base
is protonated and therefore charged. A charge favors water
solubility and therefore renal excretion.

Prescribing renally excreted drugs
Rena drug excretion displays first-order kinetics. This means
that the rate of drug removal is proportiona to the plasmadrug
concentration. After asingle dose, the plasmalevel rises, peaks,
and fals. The half-life is the time taken for the peak level
to halve. During steady dosing, it takes around four half-lives
to reach a steady state. Administration of a dose equa to the
amount of drug in the body at steady state bypasses this delay.
A maintenance dose is then half the loading dose given once
every half-life. The volume of distribution is calculated by
dividing the amount of a drug administered by its plasma con-
centration. It isthe hypothetical volume of plasmathat the drug
would have to equilibrate into to produce the measured plasma
level. Steady-state levels rise with an increase in dose, dose
frequency, haf-life or drug absorption, and with a fal in the
volume of distribution.

Prescribing in renal impairment

Renal impairment reduces glomerular filtration and the tubular
secretion of drugs. Drug dosing is usualy affected if more than
50% of the normal drug elimination is renal. To avoid toxicity,
the dose is reduced or the dosing interval isincreased. If neces-
sary, drug levels are monitored. Most polypeptide hormones,
including insulin and parathyroid hormone, are metabolized by
the kidney and their clearance is reduced in rena impairment.
In chronic renal disease, protein binding of acidic drugs (such
as phenytoin and theophylline) is reduced because uremic
toxins compete for drug-binding sites on abumin. In contrast,
protein binding of basic drugs is increased in uremic patients
because levels of o,-acid glycoprotein are elevated.

Dialysis

Water-soluble drugs are better removed by diaysis than
lipid-soluble drugs. Heavily protein-bound drugs are poorly
removed. A drug such as digoxin, with a very large volume
of distribution, has a low plasma concentration and is, there-
fore, poorly removed. If adrug ismainly eliminated by dialysis,
itisusua just to give a dose after each dialysis. Hemofiltration
can remove larger molecules than hemodialysis because the
membrane pore size is larger in hemofiltration than in hemo-
dialysis. Peritonea dialysis is relatively inefficient at clearing
drugs.
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Diuretics increase urine volume. Their action increases the  Loop diuretics

amount of osmoatically active substances (usually sodium and Loop diuretics are strong diuretics and include furosemide,
chloride ions) in the tubules. This opposes water reabsorption bumetanide, and ethacrynic acid. They are highly plasma
and increases urine volume. Loop diuretics are actively secreted bound, but are secreted into the tubule by the organic anion
into the tubules by the organic anion transporter (OAT) system transporter. They bind the NKCC2 co-transporter in the thick
(see Chapter 14). ascending limb of the loop of Henle. This binding inhibits
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sodium, potassium, and chloride reabsorption, causing diuresis
with loss of these electrolytes. The transcellular voltage differ-
ence falls, and paracellular calcium and magnesium reabsorp-
tion are also reduced.

Salt reabsorption in the ascending limb normally concen-
trates the medullary interstitium. By blocking this process, loop
diuretics can reduce the ability of the kidney to concentrate
urine (see Chapter 11). Increased sodium delivery to the prin-
cipal cellsin the collecting duct increases potassium secretion
in return for sodium reabsorption.

Clinical aspects
The relationship between furosemide dose and effect is approx-
imately logarithmic and a small increase in effect requires a
large increase in dose. Usually a doubling is required. During
long-term use, distal tubule hypertrophy can reduce the efficacy
of loop diuretics, and additional inhibition of distal tubule
sodium reabsorption by thiazides (especially metolazone) can
be useful. This has been termed ‘serial nephron blockade'. In
edema states, gut edemaimpairs absorption of oral furosemide,
S0 intravenous administration can be more effective. Acute
intravenous infusion also promotes venodilation, possibly by
triggering renal prostaglandin production. Experimentally, loop
diuretics reduce energy consumption, helping tubular cells to
survive ischemia. However, they do not improve the outcome
from renal ischemia in humans.

Adver se effects include sodium, potassium, magnesium, and
water depletion. In the long term, plasma and tissue urate levels
can rise, triggering gouit.

Thiazides: the distal tubular
diuretics
Thiazides are generally weak diuretics and are secreted into
the proximal tubule. They reversibly inhibit the NCC apical
NaCl co-transporter in the early distal tubule by binding to
the chloride-binding site. More sodium is then delivered to
the principal cells of the collecting duct. Some of this excess
sodium is exchanged for potassium, causing hypokaemia
Calcium reabsorption is increased and thiazides can be used
to treat hypercalciuria. Reduced sodium reabsorption lowers
intracellular sodium concentration, promoting basolateral
sodium—calcium exchange (via NCX transporters) and there-
fore calcium reabsorption (see Chapter 10). Thiazides are aso
used to treat hypertension because they decrease periphera
resistance, but the mechanism of this action is not clear.
Secretion of thiazides into the tubules in exchange for urate
reabsorption by the organic anion transport system may con-
tribute to raised urate levels.

Adverse effects include sodium, potassium, chloride, and
magnesium depletion. Cholesterol and urate levels can rise.

Potassium-sparing collecting
duct diuretics
Amiloride and triamterene are mainly used to reduce potassium

loss caused by loop diuretics. In the principal cells of the corti-
cal collecting duct, sodium entry from the lumen viathe ENaC
(epithelial sodium channel) is associated with apical potassium
exit (see Chapter 21). Sodium reabsorption is therefore linked
to potassium secretion and both depend on the activity of the
basolateral Na'/K* ATPase. Amiloride competes with sodium
for a site in the ENaC channel and thus blocks sodium reab-
sorption and potassium secretion. Triamterene has a similar
action.

Aldosterone promotes sodium reabsorption and potassium
secretion by increasing transcription of the ENaC channel and
the Na'/K* ATPase. Spironolactone blocks aldosterone recep-
tors (type 1 mineralocorticoid receptors), so reducing sodium
reabsorption and potassium secretion.

Adver se effects of potassium-sparing diuretics include hyper-
kalemia and, in the case of spironolactone, an antiandrogenic
effect that can cause gynecomastia. The antibiotics pentamidine
and trimethoprim can cause hyperkaemia by an amiloride-like
action.

Carbonic anhydrase inhibitors

Carbonic anhydrase inhibitors block the reaction of carbon
dioxide and water and so prevent Na'/H* exchange and bicar-
bonate reabsorption (see Chapters 8 and 9). The increased
bicarbonate levels in the filtrate oppose water reabsorption.
Proximal tubule sodium reabsorption is also reduced because it
is partly dependent on bicarbonate reabsorption.

Osmotic diuretics

Osmotic diuretics, such as mannitol or glycerol, are filtered
in the glomerulus and then not reabsorbed. Asthefiltrate passes
along the nephron, water is reabsorbed, and the concentration
of the osmotic diuretic rises until its osmotic effect opposes
further reabsorption of water. Sodium is then reabsorbed
without water. Eventually, sodium reabsorption is also inhib-
ited because the sodium gradient between filtrate and plasma
increases to the point a which sodium leaks back into the
lumen.

Mannitol, an osmotic diuretic, draws water from cells osmot-
ically and is used to dehydrate brain cells in cerebral edema. It
enhances renal blood flow by increasing extracellular and
intravascular volume and reducing red cell volume and blood
viscosity. Enhanced blood flow can reduce the medullary inter-
stitial osmolality, reducing the urinary-concentrating capacity.
Mannitol infusion is sometimes given to prevent acute rend
failure in high-risk settings. Its benefit is controversia and
excess infusion can cause volume overload if renal function is
impaired.

Glucose isfiltered in the glomerulus. A high plasma glucose
level causes a high filtrate glucose level, which can exceed the
tubular capacity for its reabsorption. Glucose then acts as an
osmotic diuretic causing volume depletion during diabetic
hyperglycemia. High levels of urea from protein metabolism
can also promote an osmotic diuresis in a functioning kidney.
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Genetic mutations in the channels involved in sodium, potas-
sium, and chloride handling can produce very similar effects to
the diuretic drugs that act on the same channels.

The NKCC2 co-transporter
Mutations that impair the activity of the NKCC2 co-transporter
in the thick ascending limb of the loop of Henle cause Bartter’s

syndrome. This condition is characterized by excessive urinary
sodium, potassium, and water loss — effects similar to those of
furosemide, the diuretic that blocks this channel. The resulting
hypokalemia promotes enhanced acid secretion and metabolic
alkalosis (see Chapter 25). As the mutant protein cannot trans-
port ions, the transepithelial potential difference falls and the
fluid in the tubular lumen loses its positive charge. This reduces
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calcium reabsorption and causes hypercalciuria, which can pre-
dispose to renal stone formation. Renin and aldosterone levels
are high to conserve sodium because of volume depletion.

The ROMK and CLC-Kb/barttin channels

Bartter’s syndrome can also result from three other mutations
affecting ion transport in the thick ascending limb of the loop
of Henle — the apical ROMK potassium channel, the basolat-
eral CLC-Kb chloride channel, and barttin, a subunit of mature
CLC-Kb chloride channels. Defects in the potassium or chlor-
ide channels block the efficient exit of these ions from the cell,
and this inhibits the passive entry of sodium, potassium, and
chloride into the cell via the NKCC2 transporter. Barttin defects
can also cause deafness, as ion transport is important in auditory
function.

The NCC sodium/chloride co-transporter

Mutations in the genes encoding the NCC co-transporter in the
distal tubule produces Gitelman’s syndrome. This disorder
produces effects similar to those seen with the thiazide diuret-
ics: there is excess loss of sodium, potassium, and magnesium
in the urine. The excess urinary potassium loss is the result of
enhanced tubular flow, which increases potassium secretion
in the cortical collecting duct (see Chapter 7). Hypocalciuria
occurs because the inhibition of apical sodium entry into the
cell allows intracellular sodium levels to fall, promoting more
basolateral sodium/calcium exchange, and therefore more
apical calcium entry and greater calcium reabsorption (see
Chapters 10 and 15).

The ENaC channels
Different mutations in the ENaC sodium channel in the collect-
ing ducts can switch the channel on or off.

Activating mutations — pseudohyperaldosteronism

These mutations are dominant and leave the ENaC channel
open in an unregulated fashion, which causes excess sodium
retention, resulting in volume expansion and hypertension and
suppressing renin and aldosterone levels. These features con-
stitute Liddle's syndrome. Amiloride can be helpful because
it blocks the channel. Liddle’s syndrome causes pseudo-
hyperaldosteronism by mimicking the effects of aldosterone
and causing sodium retention and potassium loss.

Inactivating mutations — pseudohypoaldosteronism

In the ENaC sodium channel, these mutations are recessive and
cause excessive sodium loss and potassium retention. These
effects promote high renin and high aldosterone levels. The
aldosterone cannot exert its effect because of the reduced func-
tion of the ENaC channel, with resulting pseudohypoaldosteron-
ism. The condition therefore mimics aldosterone deficiency.

WNK mutations — pseudohypoaldosteronism
type 2

The WNK1 or WNK4 kinases act on the SPAK and OSR1
kinases to regulate the activity of the NCC co-transporters in
the distal tubule. Dominant mutations in WNK1 or WNK4 can
cause NCC overactivity with excess sodium reabsorption. This
reduces the available sodium for sodium/potassium exchange

in the distal tubule causing hyperkalaemia and metabolic acid-
osis. The excess sodium reabsorption is associated with hyper-
tension. This condition has the opposite effects to thiazides and
S0 is treated with thiazide diuretics.

Chloride channels and renal stone formation
Mutations in the voltage-gated chloride channels CLC-5 and
CLC-Kb cause hypercalciuric nephrolithiasis. CLC-Kb muta-
tions are discussed above. Mutations in CLC-5 CI/H" exchanger
cause Dent’s disease, X-linked recessive hypophosphatemic
rickets, and low-molecular-weight proteinuria with hyper-
calciuria and nephrocalcinosis. These diseases are basically
similar and differ mainly in severity. The main features are
reduced calcium reabsorption and hypercalciuria, causing renal
stone formation, nephrocalcinosis and, in some cases, renal
failure. CLC-5 mutations impair the acidification of endosomes
involved in proximal tubule endocytic uptake.

Water channels

Nephrogenic diabetes insipidus can result from defects in the
aquaporins or the V, ADH receptors in the collecting duct (see
Chapter 18).

Fanconi’s syndrome

There are many inherited and acquired forms of Fanconi’s
syndrome and only part of the full spectrum of proximal tubular
disorders may be present. The major components of Fanconi’s
syndrome are proximal renal tubular acidosis (caused by
reduced bicarbonate reabsorption), glucosuria, aminoaciduria,
uricosuria (urinary urate loss) with hypouricemia, citraturia,
and phosphate loss with hypophosphatemia and osteomalacia
or rickets. There may also be tubular proteinuria as a result of
a failure of tubular reabsorption of small proteins and hypo-
kalemia resulting from enhanced distal sodium delivery, which
promotes distal potassium secretion. The osmotic load may
cause an osmotic diuresis and polyuria.

The syndrome can result from any cause of proximal tubular
damage. Causes include vitamin D-dependent rickets caused by
defects in the vitamin D3 receptor or in the renal 1a-hydroxylase
enzyme involved in vitamin D synthesis. Metabolic defects
in sugar and carbohydrate metabolism, and conditions such
as Wilson’s disease with abnormal copper deposition, can also
cause proximal tubular defects. Cystinosis is a rare condition
in which there is excess cystine in the blood; cystine deposition
can cause proximal tubular damage. Within the proximal tubule
there is active endocytic uptake of proteins including albumin
in a process involving the endocytic receptors megalin and
cubulin. This process involves acidification of the endosomes
by the vacuolar H*ATPase. Disruption of these processes can
result in proximal tubular dysfunction.

Carbonic anhydrase 1l deficiency (Guibaud—Vainsel syn-
drome) impairs bicarbonate reabsorption throughout the
nephron, causing both proximal and distal renal tubular acid-
osis. Defects in the sodium/glucose transporter (SGLT2) in the
proximal tubule result in glucosuria. Defects in amino acid
reabsorption in the proximal tubule can cause aminoacidurias.
The commonest is cystinuria, which results in cystine stone
formation (see Chapter 48).
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Total body volume reflects total body water content. The body
senses osmolality and body volume, and regulates them by
altering water and sodium content, respectively. Water
can be moved only by osmosis and, as the major osmotically
active extracellular ions are sodium salts, sodium and water
regulation are tightly linked. The body directly controls the
osmolality and volume of the intravascular extracellular fluid
and this influences the osmolality and volumes of the other
compartments.

Body water exists in the extracellular and intracellular
compartments. The extracellular compartment consists of
the intravascular and extravascular spaces, which are in app-
roximate equilibrium. Sodium salts account for around 280
of the total 290 mosmol/kg H,O in the extracellular fluid. As
sodium is actively pumped out of cells, sodium salts account
for only 40 of the total 290 mosmol/kg H,O in the intracellular
fluid.

Regulation of osmolality
Unless there is a massive volume change, such as an acute
bleed, osmolality is usually maintained at the expense of
volume changes. All body compartments are in approximate
osmotic equilibrium, and there is only one set of osmoreceptors
in the anterior hypothalamus, near the supraoptic nuclei. The
osmoreceptors control water intake by altering thirst and
control renal water excretion by altering vasopressin release.
Changes in sodium concentration influence osmolality. For
example, salt ingestion raises plasma osmolality, provoking
thirst and reducing renal water excretion. This increases body
volume and reduces salt concentration and osmolality, but it
does not alter the amount of salt present. Thus, osmoregulation
controls plasma sodium concentration by altering the water
balance, but it does not control body sodium content.

Regulation of volume

If the body sodium content is altered, the osmoregulatory
system adjusts water balance and therefore the body volume
to maintain normal osmolality. Therefore, body volume can
be controlled by altering body sodium content. The kidney
controls sodium excretion and therefore body volume. Body
volume sensing is complex and there are multiple volume
receptors. This input is integrated by the nervous system to
produce a coordinated neural and endocrine response that regu-
lates renal sodium excretion.

Sensing body volume

Baroreceptors respond to vascular stretch. High-pressure arte-
rial stretch receptors detect low perfusion pressure, usually
when intravascular volume is too low. L ow-pressure venous
stretch receptors detect whether intravascular volume is too
high. Many receptors detect circulatory pressure, including

Regulation of body sodium and body water

atrial stretch receptors, the carotid baroreceptors, the juxtaglo-
merular apparatus, and various tissue mechanoreceptors. Many
of these receptors have neural links to the hypothalamus and
medulla.

Control of renal sodium excretion

Angiotensin 11 binds to AT1-receptors in the proximal tubule,
activating the phosphoinositol secondary messenger system.
This promotes apical Na*/H* exchange and therefore sodium
reabsorption. Angiotensin Il also causes thirst and stimulates
aldosterone production, vasopressin release, and renal and sys-
temic vasoconstriction. Renin is released when the total body
sodium falls. The stimulus is a fall in circulatory volume, which
increases renal sympathetic nerve activity (mediated by -
adrenergic receptors), reduces afferent arteriolar tension, and
reduces sodium chloride delivery to the macula densa.

Aldosterone diffuses into the principal cells of the collecting
duct and binds to type 1 steroid receptors in the cytosol. This
complex then migrates into the nucleus, promoting transcription
of new apical sodium channels and basolateral Na*/K* ATPases.
These changes increase sodium reabsorption. Aldosterone is
mainly regulated by the renin—angiotensin Il system.

Natriuretic peptides. Atrial natriuretic peptide (ANP) is
released from atrial cells on atrial distention and is also pro-
duced in collecting duct cells. It binds NPR-A receptors on
collecting duct cells and acts via cGMP to inactivate apical
sodium channels, so reducing sodium reabsorption. It also
inhibits aldosterone release and renin production and increases
the glomerular filtration rate by dilating afferent arterioles. BNP
has similar effects.

Vasopressin (ADH or AVP) enhances water reabsorption
in the collecting ducts (see Chapter 11). Prostaglandins pro-
duced in the medulla, especially PGE2, enhance sodium and
water excretion and are vasodilators.

Dopamine is secreted in the proximal tubule and reduces
sodium reabsorption by inhibiting Na*/H* exchange. This effect
is mediated by DA;-receptors which activate adenyl cyclase; it
is opposite to that of angiotensin Il and o-adrenergic agonists.
Dopamine is also a vasodilator.

o-Adrenergic agonists act via G proteins to enhance Na*/
H* exchange and increase sodium reabsorption in the proximal
tubule.

Extracellular fluid volume directly influences sodium excre-
tion. Proximal tubule sodium and chloride reabsorption requires
the ultimate removal of these ions from the lateral intercellular
spaces. If the extracellular fluid volume is increased, capillary
hydrostatic pressure rises and plasma proteins are diluted,
reducing the capillary osmotic pressure. These changes reduce
salt and water uptake from the interspace between tubular cells,
promoting sodium and water excretion and thus reducing the
extracellular fluid volume.
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Disordered regulation of body volume or osmolality causes  to the amount of body solute. The main solute is sodium, so
changes in body sodium or water content, respectively. too much water causes hyponatremia and too little causes
Depending on the ratio of these changes, hyponatremia or hypernatremia. Disordered sodium metabolism arises when
hypernatremia can occur, with or without a change in body volume regulation is defective and there is inappropriate
volume. Generally, hyponatremia and hypernatremia reflect sodium retention or loss, causing the body volume to be too
hypo-osmolality and hyperosmolality, respectively. To diag- high or too low. Mixed disorders with abnormal volume and
nose the cause of disordered sodium or water metabolism, try osmolality are common and alter both body sodium and water
to evaluate body volume and osmolality. content.

Diagnosis is often difficult because initial pathological
Disordered water metabolism arises when osmoregulation is  changes are atered by compensatory mechanisms. Loss of iso-
defective, resulting in too much or too little body water relative  tonic salt solution from the gut, for example, causes hypovol-
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emiaand thistriggersthirst. However, if the patient then ingests
water without salt, hyponatremia will result. Most disorders of
solute loss cause some secondary water retention due to vaso-
pressin secretion and so can cause hypo-osmolality. Extrarena
sodium or water loss can occur in body fluids such as blood,
sweat, or gut secretions, especially diarrhea.

Disorders of water metabolism and
osmolality control

Inadequate vasopressin action causes diabetes insipidus,
whereas excess vasopressin action causes the syndrome of inap-
propriate vasopressin (ADH) secretion (SIADH). Plasmahypo-
osmolality normally suppresses vasopressin secretion and the
minimum urine osmolality that can be produced is around
50mosmol/kg H,O. A urine concentration of 800mosmol/kg
H,O is proof of normal vasopressin action.

Diabetes insipidus

Central diabetes insipidus occurs when the pituitary gland
does not release enough vasopressin. It can ariseif the pituitary
or hypothalamus is damaged, particularly by trauma or a brain
tumor.

Nephrogenic diabetes insipidus occurs when the kidney
fails to respond to vasopressin. Causesinclude mutationsin the
V2 vasopressin receptor or the AQP2 channel, hypokalemia,
hypercalcemia, and drugs, such as lithium, amphotericin, or
gentamicin. Clinically, thereis polyuriaand polydipsia. Plasma
osmolality and sodium are high and urine osmolality and
sodium are low. Polydipsia and the high salt intake in Western
diets often maintain a normal plasma sodium and body volume
despite the urinary losses. However, water deprivation fails to
increase urine osmoldlity as it should.

In nephrogenic diabetes insipidus, vasopressin levels are
high and thereis no response to synthetic vasopressin. In central
diabetes insipidus, vasopressin levels are low and synthetic
vasopressin causes arise in urine osmolality. Intranasal desmo-
pressin (DDAVP), a vasopressin agonist, is therefore used as
therapy for central diabetes insipidus.

Syndrome of inappropriate vasopressin (ADH)
secretion (SIADH)

Inappropriately high vasopressin levels cause excess water
reabsorption by the kidney. This causes low plasma osmolality
and low plasma sodium concentration. Urine is inappropriately
concentrated for the low plasma osmolality. Causes include
the stress-induced vasopressin secretion that can occur pos-
toperatively and with lung cancers, especialy the small cell
type, which can secrete vasopressin. Treatment is by restriction
of water intake because even if there is excess vasopressin, the
kidney continues to excrete some water and will eventualy
eliminate the excess water. Demeclocycline causes nephro-
genic diabetesinsipidus and is sometimes used to treat SIADH.

Psychogenic polydipsia

Massive abnormal water intake as aresult of psychiatric distur-
bance can cause hypo-osmoldlity if water intake exceeds the
capacity for its excretion.

Disorders of the volume regulatory
mechanism and sodium metabolism
Inappropriate body volume control can occur if there is a
primary abnormality of renal sodium handling. It can also occur
when the kidney is normal, if there is an abnormality affecting
the volume-sensing system, which drives inappropriate renal
sodium handling.

Excess sodium excretion

Addison’s disease is caused by destruction of the adrenal
glands, usualy by an autoimmune process or tuberculosis.
As sodium reabsorption in the distal tubule is promoted by
aldosterone, a deficiency of this hormone causes hyponatremia.
Hyperkalemia also occurs because potassium secretion is
mechanistically linked to sodium reabsorption in the distal
tubule (see Chapter 15). The excess sodium excretion causes
hypovolemia. Glucocorticoid deficiency, if present, may also
cause hypoglycemia. There may be generalized pigmentation
probably caused by the melanocyte-stimulating side effects
of excess adrenocorticotrophic hormone (ACTH) produced by
the pituitary, in an attempt to drive the adrenal gland.
Autoimmune vitiligo can also occur. Treatment is with miner-
alocorticoid and glucocorticoid replacement.

Diuretics. These cause excess renal sodium excretion.

Intrinsic renal disease can cause renal salt wasting. Causes
include tubulointerstitial disease because of its effects on
tubular function and specific hereditary tubular conditions that
affect renal salt handling (see Chapter 16).

Disorders causing inadequate sodium excretion
Excess aldosterone, whatever its cause, promotes excessive
sodium reabsorption and enhanced potassium secretion in the
distal tubule, causing hypernatremia and hypokalemia. Thirst
istriggered, often causing polydipsia. Primary hyperal dosteron-
ism is usualy caused by an adrena tumor or hyperplasia
Typicaly, plasma adosterone levels are high and plasmarenin
levels are low.

Renal failure ultimately reduces the ability of the kidney to
excrete sodium or indeed other electrolytes.

The edema syndromes (congestive heart failure, cirrhotic liver
disease, and nephrotic syndrome) display an erroneously per-
ceived reduction in body volume, promoting both sodium and
water conservation (see Chapter 20).
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Abnormal plasma sodium concentration indicates an imbalance
between the amount of sodium and water in the body.
Hyponatremia is usually associated with hypo-osmolality and
hypernatremia with hyperosmolality. Plasma and extravascular
extracellular fluids are in equilibrium, so their sodium concen-
trations are the same. Sodium is the major extracellular osmo-
lyte and changes in sodium concentration cause osmotic
movement of water into or out of cells. This can impair cellular
function, especially in the nervous system. Acute changes cause
more severe symptoms than chronic changes. With chronic
changes, the cells reduce the osmotic effect on them by altering
intracellular osmolality. They do this by altering intracellular
concentrations of ions and of urea and amino acids.

To assess hyponatremia or hypernatremia, evaluate body
volume and consider al routes of fluid or electrolyte loss and
gain. It can be helpful to establish whether the kidneys are
acting appropriately to compensate for the sodium abnormality
or acting inappropriately to exacerbate the changes. This is
determined from whether the urine sodium concentration is
appropriate for the body volume, plasma sodium concentration,
and osmolality.

Hyponatremia

Hyponatremia always reflects hypo-osmolality unless there is
pseudohyponatremia or an excess of another osmolyte in the
plasma (e.g. an excess of glucose triggers a fal in plasma
sodium to maintain normal osmolality). Both these situations
are easily diagnosed because measured plasma osmolality is
normal. Pseudohyponatremia occurs when there is excess
protein or lipid in the plasma. Although the amount of sodium
in each liter of plasma water is normal, the amount of water
in each liter of total plasma is reduced because part of that
volume of plasma is made up of the excess protein or lipid.
Pseudohyponatremiais not a problem with modern ion-specific
electrodes, which directly measure the sodium concentration in
the agueous phase.

True hyponatremia usually indicates excess water retention
in relation to sodium. Apart from urine, body fluids are not
usually hypertonic, so their loss does not cause hyponatremia
directly. However, sodium and water loss in body fluids causes
hypovolemia, which triggers non-osmotic vasopressin secre-
tion. Hyponatremia then follows if volume replacement is with
water, which dilutes the body sodium and is retained as aresult
of the vasopressin.

Clinical features

Hyponatremia causes brain edema because water enters brain
cells by osmosis. Mostly it is asymptomatic, but young and
elderly people, menstruating women, and those with underlying
neurological conditions or other metabolic disorders are more
vulnerable to symptoms. Clinical manifestations are initialy
those of depressed function, including lethargy, confusion, agi-
tation, muscle cramps, nausea, and reduced tendon reflexes.
Ultimately, seizures and coma can occur, particularly when

sodium levels fall below 120mmol/L. Mortality from hypona
tremia can be high, but it is dangerous to correct hyponatremia
too rapidly, because this can cause neurological damage.

Treatment

The underlying cause should be corrected. If the body volume
is high, treatment is restriction of fluid intake to reduce excess
body water. Sometimes, diuretics can be useful, but they may
exacerbate the hyponatremia. If body volume is low, the
missing sodium and water should be replaced, usually with
isotonic saline. Plasma sodium should be regularly checked to
ensure that correction is not too rapid (aim for no more than
10-12mmol/L per day or 18 mmol in 48h). Specific antagonists
of vasopressin known as vaptans may be useful in hyponatre-
mia, principally when body volumeis high or normal. Selective
V2 receptor antagonists such as tolvaptan are not associated
with the hypotension that could arise with non-selective vaso-
pressin antagonists.

Hypernatremia

Hypernatremia usualy results from a deficiency of body
water relative to sodium, as happens in diabetes insipidus.
Hypernatremia aways causes hyperosmolality because sodium
is the major extracellular ion. However, hyperosmolality can
also result from excesses of other osmolytes, most commonly
glucose in diabetes mellitus or ureain renal failure.

Most hypernatremia arises from unreplaced water 10ss, so
the body volume is usually low. The body’s main defense
against hypernatremia is therefore thirst. Thirst is often inade-
quate in elderly people or sick patients with no access to
ora fluids. Hypernatremia can also result from excess adoste-
rone, which causes excess sodium retention. Hypernatremia
can occur if urine-concentrating mechanisms are inefficient
and urine is dilute with low sodium content. This occurs
in diabetes insipidus and tubulointerstitial disease, and with
diuretic use.

Clinical features

Hyperosmolality causes brain cells to shrink as water leaves
them by osmosis. Various neurological problems can occur,
including tearing of cerebral vessels. Early clinical features are
those of increased excitability, including irritability, muscle
twitches, brisk reflexes, and spasticity. Ultimately, seizures and
coma can occur. Children seem particularly vulnerable and
mortality can be high.

Treatment

This includes correction of water deficits and prevention of
ongoing loss, by correcting any underlying cause. Depending
on the severity, replacement iswith oral water or an intravenous
5% dextrose (glucose) solution (the dextrose is removed by
metabolism). As with hyponatremia, plasma sodium should be
regularly checked during treatment to ensure that correction is
not too rapid (aim for 12mmol/L per hour).
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The edema states: sodium and
water retention

Major mechanisms of sodium and water retention in the edema states

T/\ﬂ\\

Vasoconstriction S ZPAFA IO 2
activity

Adrenal cortex

Catecholamines <> ‘
Angiotensin-converting
enzyme inhibitors

(-]

|

()

Angiotensinogen

{
y
{

¢

Filtration
fractionT

Efferent arteriole
vasoconstriction

<

Proximal Na Distal Na
reabsorption reabsorption
\ Distal Ho0
reabsorption

50 The Renal System at a Glance, 3e. By Chris O’Callaghan. Published 2009 by Blackwell Publishing. ISBN 978-1-4051-8472-4.



Normally, the high hydrostatic pressure of arterial blood enter-
ing tissue capillary beds causes some fluid to filter through the
capillary wall into the interstitial space. Toward the venous end
of the capillary bed, hydrostatic pressure falls, and the loss of
fluid results in a rise in the plasma osmolality as a result of
plasma proteins. These changes promote fluid movement back
into the blood. Changes in capillary hydrostatic or osmotic
pressure can cause edema, the accumulation of excess fluid in
the interstitium. Venous obstruction or hypervolemia raises
hydrostatic pressure at the venous end of the capillary bed,
which reduces interstitial fluid reabsorption. A low plasma
protein concentration lowers the capillary osmotic pressure and
reduces interstitial fluid reabsorption.

Generalized edema occurs only when the body volume istoo
high. This can happen in advanced renal failure because the
kidneys cannot excrete enough sodium or water. However, the
major causes are congestive heart failure, cirrhotic liver disease,
and nephrotic syndrome. In these conditions, renal sodium-
handling mechanisms are intact, but the kidney receives neuro-
endocrine signals that promote sodium and water retention.
This occurs because the volume sensors perceive that the cir-
culation is underfilled and drive a volume-conserving response
similar to that during hemorrhage. This response includes
enhanced sympathetic and catecholamine activity, enhanced
renin—angiotensin |1—aldosterone activity, and excess vasopres-
sin secretion.

The afferent defect:

perceived hypovolemia

Arterial baroreceptors are the dominant volume sensors, and
monitor the stretching of arterial walls. In congestive heart
failure, reduced cardiac output lowersthe blood pressure, which
stimulates arterial baroreceptors. In cirrhotic liver disease, a
fall in systemic vascular resistance lowers the blood pressure
and triggers arterial baroreceptors. Low vascular resistance is
caused by splanchnic vasodilation and the devel opment of mul-
tiple arteriovenous shunts, including spider nevi inthe skin. The
vasodilation may be caused by either raised nitric oxide levels
or a failure of the diseased liver to degrade other vasoactive
substances. The volume-conserving response in nephrotic syn-
drome is less clearly understood. One possibility is that heavy
proteinuria lowers plasma protein levels, alowing fluid to leak
into the interstitium. The reduced circulating volume would
then trigger a volume-conserving response.

The efferent volume-conserving
response

Increased sympathetic activity mediated by o-adrenergic recep-
tors promotes sodium reabsorption in the proximal tubule and
reduces rena blood flow by renal vasoconstriction. This vaso-
constriction, and any fall in the blood pressure, lower afferent

arteriolar pressure, inturn promoting reninsecretion. Stimulation
of B-adrenergic receptors also promotes renin release. A raised
angiotensin Il level causes further vasoconstriction and pro-
motes proximal tubule sodium reabsorption. It also triggers
aldosterone release, which increases distal tubular sodium reab-
sorption. The non-osmotic stimulation of vasopressin secretion
promotes water retention and, if thisis excessive in relation to
the sodium retention, hyponatremia can occur. Renal hemody-
namics may berelevant. A risein thefiltration fraction increases
peritubular capillary osmotic pressure, which promotes water
and sodium reabsorption.

Hepatorenal syndrome. In severe liver disease, the efferent
response can occasionaly produce such a powerful vasocon-
strictive effect that the glomerular filtration rate falls rapidly
and acute renal failure occurs.

Location of edema

Edema fluid collects in slack tissues that are low in the body.
Here, gravity causes a high hydrostatic venous pressure, oppos-
ing interstitial fluid reabsorption. Clinicaly, edema may be
detectable as pulmonary edema in the lungs or as peripheral
edema around the ankles, sacrum, and scrotum. Excess fluid
can aso accumulate as effusions, such as pleura effusions or
ascites. Inliver cirrhosis, hepatic fibrosis causes post-sinusoidal
obstruction in the liver. This encourages fluid movement out of
the liver and into the peritoneum as ascites.

Clinical features

High body volume usually raises the venous pressure, causing
a high jugular venous pulse pressure. Outside the circulation,
there is subcutaneous pitting edema — fluid moves away from
a point where pressure is applied. Pulmonary edema can be
heard with a stethoscope as fine inspiratory crackles.

Treatment

The primary disorder should be treated if possible. Edema may
not need treatment unless it is impairing function. Initialy,
sodium restriction may be useful and water restriction is aso
appropriateif there is hyponatremia. Thiazide or loop diuretics
promote sodium excretion and, if hypokalemia is a problem,
potassium-sparing diuretics can be used. In heart failure,
angiotensin-converting enzyme inhibitors are the first-line
therapy because they block the vasoconstrictive and sodium-
retaining actions of angiotensin |1 (as do angiotensin |1 receptor
blockers). The ascites of cirrhotic liver disease dissipates
dowly, and large volumes are often drained percutaneously.
Diuretics are given concurrently to reduce the reaccumulation
of fluid, and intravenous albumin can be used to promote the
retention of fluid in the circulation. As many cirrhotic patients
have substantial hyperaldosteronism, potassium depletion is
common and spironolactone reduces potassium 10ss.
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@ Regulation of potassium metabolism

Renal potassium regulation
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Potassium shifts across the

cell membrane

The Na'/K* ATPase pumps potassium into cells, and the slow
leak of K* out of cells through K* channels generates
a negative potential inside al cells relative to the outside.
This is the resting membrane potential from which the
action potential starts in excitable cells. When extracellular
potassium falls, the potassium gradient across the cell mem-
brane is increased. In cardiac cells, this slows repolarization,
which slows the heart rate and keeps the cells nearer to
their threshold for firing for longer than usual. During this
slower repolarization, they are easily excited through triggering

of sodium channels. Hypokalemia can therefore cause
enhanced neuronal excitability and cardiac dysrhythmias.
Conversely, a rise in extracellular potassium reduces the
potassium gradient, which inactivates sodium channels and
tends to make membranes less excitable, but vulnerable to
fibrillation.

In both cases, the nature of any symptoms depends to some
extent on the duration of the potassium abnormality and the rate
of its development. Intracellular potassium levels do tend to
change to compensate for the extracellular fluctuation. Chronic
hypokaemia causes a shift of potassium out of the cells and
chronic hyperkalemia a shift into them.
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Influences on potassium movements across

cell membranes

Insulin promotes Na'/H* exchange across cell membranes, and
the rise in intracellular sodium promotes K* entry by the Na'/
K* ATPase.

B.-Adrenergic agonists activate the Na'/K* ATPase, so
blockade can increase plasma potassium whereas § agonists can
reduce it.

pH. When H* ions enter the cells, they can displace K*, so
acidosis can raise plasma K™ levels.

Thyroid hormones promote Na'/K* ATPase synthesis and
this can cause hypokalemia.

Renal potassium handling

The kidney and adrenal cortex regulate potassium levels, so
abnormal potassium levels generaly reflect renal or adrenal
abnormalities. Homeostatic control of body potassium content
is achieved by altering renal potassium handling. Although
potassium reabsorption occurs mainly in the proximal tubule
and thick ascending limb of the loop of Henle, the final potas-
sium content of urine is controlled by potassium secretion in
the cortical collecting duct.

The ROMK potassium channels in the cortical collecting
duct are freely open for potassium movement, but movement
of potassium into the filtrate requires a negative voltage in the
lumen. This negative potentia is generated by reabsorption of
Na" through the ENaC channel, which is controlled by aldoste-
rone. When sodium reabsorption isinhibited, as with amiloride,
potassium secretion is less efficient. Conversely, enhanced
delivery of sodium to the distal tubule promotes potassium
secretion.

Control of renal potassium excretion
Rena potassium excretion increases in paralel with plasma
potassium concentration. An increase in the potassium concen-
tration of extracellular fluid increases the activity of the Na*/K*
ATPase at the basolateral surface of the principa cells of the
cortical collecting ducts; this drives potassium secretion into
the lumen. The reverse occurs when the plasma concentration
fals. In addition, several other factors play important roles.

Aldosterone

A rise in the potassium concentration in the extracellular
fluid of the adrenal cortex directly stimulates adosterone
release. In the cortical collecting duct, aldosterone promotesthe
synthesis of Na"/K* ATPases and the insertion of more Na“/K*
ATPases into the basolateral membrane. Aldosterone also stim-
ulates apical sodium and potassium channel activity, increasing
sodium reabsorption and potassium secretion (see Chapters 6
and 7).

pH changes

Potassium secretion is reduced in acute acidosis and increased
in acute alkalosis. A higher pH increases the apical potassium
channel activity and the basolateral Na’/K* ATPase activity

— both changesthat promote potassium secretion. With chronic
changes in pH, compensatory changes can occur, but chronic
metabolic alkalosisis still usually associated with a low potas-
sium level.

Flow rates

Increased flow rates in the collecting duct reduce potassium
concentration in the lumen and, therefore, enhance potassium
secretion. In addition, increased flow activates BK potassium
channels causing increased potassium secretion (see Chapter 7).

Sodium delivery

If the sodium delivery to the collecting duct falls, there is less
sodium reabsorption. This reduces sodium levels in principal
cells, reducing the activity of the Na'/K* ATPase, which lowers
intracellular potassium levels and reduces the gradient for
potassium secretion. Also, as described above, sodium reab-
sorption promotes the lumen-negative potential difference,
which drives potassium secretion.

Vasopressin

Vasopressin reduces urinary flow rates that would reduce potas-
sium secretion. However, it also stimulates apical potassium
channel activity, which helps maintain normal potassium
secretion.

Magnesium

Intracellular magnesium can bind and block the pore of the
ROMK channels, thus reducing potassium secretion into the
tubules. Magnesium deficiency lowers the intracellular magne-
sium concentration in the tubular cells, which reduces this
inhibitory effect and so alows more potassium to be secreted
into the tubules. Therefore, magnesium deficiency can cause
hypokalemia. Hypokalemia associated with magnesium defi-
ciency can bedifficult to treat until magnesium levels have been
corrected.

Drugs affecting potassium excretion
The most important drugs affecting potassium excretion are
diuretics, which increase urinary flow rates. The rise in the
flow rate in the collecting ducts is the main factor in diuretic-
induced potassium loss. Individual drugs have additiona
effects.

Thiazide diuretics reduce sodium and chloride reabsorption
in the distal tubule. As potassium reabsorption in the distal
tubule depends on sodium reabsorption, there is reduced potas-
sium reabsorption.

Furosemide and the other loop diuretics inhibit potassium
reabsorption via the NKCC2 co-transporter.

Sironolactone antagonizes the effects of adosterone and so
reduces potassium secretion.

Amiloride blocks apical sodium entry into principa
cells, reducing the concentration of intracellular sodium avail-
able for the Na'/K* ATPase, which normally drives potassium
secretion.
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Abnormal plasma potassium levels can be life threatening.
Potassium is the main determinant of the resting membrane
potential of excitable cells, and disturbances of plasma potas-
sium can cause cardiac dysrhythmias or arrest. The distinction
between the electrocardiographic (ECG) abnormalities pro-
duced by hypokaemia and hyperkalemiais critical and may be
lifesaving.

Hypokalemia

Hypokalemia usually reflects loss of potassium from the gut or
kidney or, less commonly, a shift into the cells. In the kidneys,
potassium loss can result from excess aldosterone or excess
sodium delivery to the distal tubule, as can occur with loop
or thiazide diuretic use. Excess aldosterone promotes sodium
reabsorption and potassium secretion.

Causes
Loop diuretics, thiazide diuretics, and osmoatic diuretics cause
renal potassium excretion.

Hypokalemia associated with vomiting usually results
from loss of potassium through the kidneys, rather than from
the gut. Loss of acid gastric contents causes a metabolic alka-
losis, which raises the plasma bicarbonate concentration and
also the bicarbonate concentration in the filtrate. The excess
sodium delivery to the distal tubule (as sodium bicarbonate)
increases potassium secretion. There is often aso volume
depletion and aldosteronerel ease, both of which further enhance
potassium secretion.

Renal tubular acidoses can a so cause hypokal emia (Chapter
28). In proximal renal tubular acidosis, excess sodium delivery
to the distal tubule as sodium bicarbonate increases potassium
secretion. In distal rena tubular acidosis, more potassium is
excreted to maintain electroneutrality because sodium is reab-
sorbed in the distal tubule.

Other causes of hypokalemia include the following.

» Acute stress such as that of acute myocardial infarction. This
causes a [3,-adrenergic-receptor-mediated shift of potassium
into cells.

54 The Renal System at a Glance, 3e. By Chris O’Callaghan. Published 2009 by Blackwell Publishing. ISBN 978-1-4051-8472-4.



* Insulin excess or overdose.

* Magnesium depletion. This alows increased secretion of
potassium through the ROMK channels resulting in hypokale-
mia (see Chapter 21). Magnesium may also lower cellular
potassium levels probably by an effect on the Na'/K*™ ATPase.
Potassium deficiency is difficult to correct if magnesium is
deficient.

* Drugs such as penicillins, aminoglycosides, and amphotericin
can cause renal potassium loss.

» Mutations in the loop of Henle NKCC2 co-transporter, the
distal tubule NCC NaCl co-transporter, or the collecting duct
ENaC (see Chapter 16).

» Hypokaemic periodic paralysisis arare autosomal dominant
disorder characterized by periodic attacks of paraysis associ-
ated with hypokalemia.

Clinical features
Symptoms are unusual unless the potassium level is very low.
There may be muscle weakness, constipation, or gut ileus.
Polyuria and compensatory polydipsia can occur as a result of
renal vasopressin (ADH) resistance. Hypokal emia predisposes
to digitalis toxicity.

ECG changes

Hypokalemia increases automaticity and delays repolarization
of cardiac cells. This predisposes the heart to dysrhythmias
such as ectopic beats, atrioventricular block, and atrial and
ventricular fibrillation. The classic changes are progressive
lengthening of the P-R interval, S-T segment depression, flat-
tening of the T waves, and an increase in the U wave.

Treatment

Potassium administration, usually as ora or intravenous potas-
sium chloride, is the usual treatment. If a metabolic alkalosisis
present, potassium bicarbonate can be given. If the problem is
caused by adiuretic, a potassium-sparing diuretic can be added.

Hyperkalemia

Hyperkalemia usually represents reduced urinary potassium
secretion or, less commonly, acute release from cells or a
failureto enter cells. Hyperka emia does not persist unlessthere
isimpaired renal excretion. Remember that, if cellsin a blood
sampleare hemolysed, intracellular potassium has been released
into the plasma and this can cause a spuriously elevated plasma
potassium estimation.

Causes

Shiftsout of cells. During metabolic acidosis, H" ions enter cells
to be buffered and K* ions leave the cells to maintain electro-
neutrality. Insulin deficiency in diabetic ketoacidosis allows the
net movement of potassium out of the cells. Rhabdomyolysis
or tissue destruction, or lysis such as that caused by chemo-
therapy, can cause massive potassium loss from cells.

Failure of renal secretion. In renal failure, potassium accumu-
lates because of the reduced number of nephrons capable of
potassium excretion.

Other causes of hyperkalemia include the following.
o Trimethoprim and pentamidine therapy. Both can block
potassium secretion in the collecting tubule.
» Hypoaldosteronism. The hyperkalemia can result from
inadequate renin release, inadequate adosterone release, or
tubular resistance to aldosterone. Aldosterone normally stimu-
lates tubular sodium reabsorption and potassium secretion.
Hypoaldosteronism is usually caused by potassium-sparing
diuretics or hyporeninemic hypoaldosteronism. The latter
usually arises in diabetic nephropathy when there is a reduced
glomerular filtration rate and reduced renin secretion.
* Angiotensin converting enzyme inhibitors or angiotensin
receptor blockers. These drugs reduce the aldosterone release
that is normally promoted by angiotensin Il and so reduce
aldosterone-driven tubular potassium secretion.
* Pseudohypoaldosteronism. These syndromes are associated
with a high potassium level but aldosterone levels are not
raised. They are caused by inactivating mutations of the ENaC
or WNK1 or WNK4 mutations which cause overactivity of the
NCC sodium chloride co-transporter (see Chapter 16).

Clinical features

Symptoms, if present, include muscle weakness and cardiac
dysrhythmias. The key cardiac dysrhythmia — ventricular
fibrillation — causes cardiac arrest.

ECG changes

The typical ECG changes of hyperkalemia are loss of P waves,
widening of the QRS complex, loss of the ST segment, and
tall-wide T waves. As the potassium level rises, the changes
take on a sine wave appearance. The first change is the appear-
ance of a narrowed, peaked T wave (this represents rapid
repolarization); then the QRS widens into the T wave and the
P wave is lost.

Treatment

The patient should be placed on a cardiac monitor. If there are
ECG changes, urgent treatment is essential.

* Initially, calcium, given as calcium gluconate or calcium
chloride, will antagonize the effects of potassium on the cardiac
action potential, but this is short-lived.

« In the intermediate term, potassium can be shifted into cells
by administering insulin, combined with glucose, to prevent
hypoglycemia. B,-agonists can also be used for this purpose.
Administration of sodium bicarbonate produ