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Preface

Welcome to the 11th edition of Brenner & Rector’s The Kidney. 
Like the summer Olympic games, which it generally precedes 
by a few months, the emergence of each new edition of The 
Kidney follows a 4-year cycle, which is short enough to keep 
up with major advances in the field, but just long enough 
to complete the arduous editorial process. The purpose of 
this book remains unchanged from what Barry M. Brenner 
and Floyd C. Rector, Jr. conceived originally in 1973; namely 
to serve as a compendium of nephrology, from basic science 
to clinical diagnosis and treatment of kidney disease. The 
intended audience, now truly international, includes medical 
students, residents, nephrology fellows and practitioners, 
adult and pediatric renal scientists, and anyone else fascinated 
by the mysteries of the kidney. For those of us belonging to 
a certain generation, the raison d’être for The Kidney needs 
no justification. We grew up with it, considering it the defini-
tive text of nephrology. But the modern era of medicine has 
been marked by a proliferation of readily accessible online 
digital tools that promise timely and partially digested answers 
to highly focused questions, catering to trainees and young 
physicians accustomed to the rapid pace of the modern digital 
age, and to established, harried clinicians with limited time 
for reading. While these tools are invaluable, and I confess 
that I, too, use them on occasion, there is clearly a place for 
a more considered exposition of the many complex topics 
in nephrology, that has both breadth and depth, combining 
intellectual rigor with the excitement of fresh discoveries.

The 11th edition, as with the previous two, is now edited 
by an international team of editors, a monumental task that 
remarkably was once managed singlehandedly by Barry M. 
Brenner. To introduce fresh perspective, we have added a 
new editor to the team, Valérie A. Luyckx from University 
of Zürich and the Brigham and Women’s Hospital in Boston, 
a world-renowned expert in global health and management 
of kidney disease in underserved populations, and an advisor 
to the International Society of Nephrology and the World 
Health Organization on global health-related ethics issues. 
Almost one third of the chapters in this edition have been 
rewritten by new authors. In addition, we commissioned four 
entirely new chapters that address emerging areas in nephrol-
ogy and are written by authoritative experts in those areas, 
namely “Cardiorenal Syndromes,” “Supportive Care in 
Advanced Kidney Disease,” “Considerations in Live Kidney 
Donation,” and “Global Challenges and Initiatives in Kidney 
Health.” To enhance the reader experience, we have intro-
duced a listing of “Key Points” that appear at the beginning 
of the chapters, to summarize and highlight the important 

new information. In addition, some of the chapters that are 
focused on physiology have “Clinical Relevance” boxes to 
highlight points in the text that have specific relevance to 
clinical practice.

While some of us will look forward to the tactile experience 
of opening the two physical volumes of this new edition 
when it comes out, many of our readers will inevitably prefer 
the convenience of perusing our enhanced eBook online. 
These readers will be rewarded with additional material absent 
from the print version (a necessity so as to avoid occupational 
injury while removing from the shelf), including the full list 
of references for every chapter, board review-style multiple 
choice questions to encourage active learning and help 
prepare for certification or recertification, and periodic 
updates to the content, all of which are fully searchable.

Needless to say, an undertaking of this magnitude requires 
the combined effort of countless individuals. First and 
foremost, on behalf of the entire editorial team I would like 
to express deep gratitude to the 184 authors of the chapters 
in this edition, all of whom committed time out of their busy 
schedules as clinicians, scientists, and academic leaders to 
contribute to this project. I wish to thank my fellow editors, 
Glenn Chertow, Valérie Luyckx, Phil Marsden, Karl Skorecki, 
and Maarten Taal for their sterling work, and for entrusting 
me with the leadership of this edition. I also thank Walter 
Wasser, who has now come to our rescue twice, at short 
notice, to assist the editorial team finalize manuscripts, both 
for this edition and the previous one. All of us, in turn, are 
grateful to the many staff at Elsevier for shepherding this 
project along. Joan Ryan, a veteran of many editions of The 
Kidney, was superb as our senior content development special-
ist, until she had to take a leave of absence and Joanie Milnes 
graciously stepped in to take over. Nancy Duffy, and before 
her Maureen Ianuzzi, served expertly as our content strategist, 
and Rachel McMullen served as our senior project manager.

I would like to thank my family, as well as my trainees, 
colleagues, and coworkers at the University of Kansas Medical 
Center, for their patience during the past two years, during 
which this project consumed far too much of my attention 
and took me away from spending time with them. Finally, I 
would like to thank Barry M. Brenner, whose spirit of scientific 
rigor and exacting intellectual standards continue to guide 
The Kidney. I hope that readers will share our excitement in 
this new edition and savor all that it has to offer.

Alan S.L. Yu, MB, BChir
Kansas City, Kansas
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MAMMALIAN KIDNEY DEVELOPMENT

ANATOMIC OVERVIEW OF THE  

MAMMALIAN KIDNEY

The kidney is a sophisticated, highly vascularized organ that 
plays a central role in overall body homeostasis. In humans, 
the kidneys filter as much as 180 liters of blood per day, 
receiving as much as ~20% of the total cardiac output. Renal 
filtration of blood removes metabolic waste products (e.g., 
urea, ammonia, and by-products of bile from the liver) as 
urine while concomitantly adjusting the levels of water, 
electrolytes, and pH of tissue fluids. Additionally, the kidneys 
regulate blood pressure via the renin-angiotensin-aldosterone 
system, secrete erythropoietin that stimulates erythrocyte 
production, and contribute to the activation of vitamin D to 
control calcium and phosphate balance.

The filtration function of the kidneys is accomplished by 
basic units called nephrons (Fig. 1.1). Humans on average 
have 1 million nephrons per adult kidney but the range of 
total nephrons is highly variable across human populations.4 
Each mouse kidney may contain up to 12,000–16,000 nephrons 
depending on the strain.5 This wide range in nephron number 
is influenced by genetic background, fetal nutrition and 
environment, and maturity at birth.6,7 Nephron endowment 
can be clinically important as markedly reduced nephron 
numbers raises the susceptibility risk to hypertension and 
chronic kidney disease.1–3,8,9 At the core of the nephron is the 
renal corpuscle or glomerulus (see Fig. 1.1). The glomerulus 
consists of a porous and highly convoluted capillary bed 
composed of highly fenestrated glomerular endothelial cells. 
These glomerular capillaries are circumscribed by morpho-
logically elaborate and interdigitating cells called podocytes. 
These capillaries are further structurally supported by pericytes 

CHAPTER OUTLINE

MAMMALIAN KIDNEY DEVELOPMENT, 2

MODEL SYSTEMS TO STUDY KIDNEY 
DEVELOPMENT, 8

GENETIC ANALYSIS OF MAMMALIAN 
KIDNEY DEVELOPMENT, 15

MOLECULAR GENETICS OF 
NEPHROGENESIS, 22

KEY POINTS

• The development of the kidney relies on reciprocal signaling and inductive interactions 
between neighboring cells.

• Epithelial cells that comprise the tubular structures of the kidney are derived from two distinct 
cell lineages: the ureteric epithelia lineage that branches and gives rise to collecting ducts 
and the nephrogenic mesenchyme lineage that undergoes mesenchyme to epithelial 
transition to form connecting tubules, distal tubules, the loop of Henle, proximal tubules, 
parietal epithelial cells, and podocytes.

• Nephrogenesis and nephron endowment requires an epigenetically regulated balance 
between nephron progenitor self-renewal and epithelial differentiation.

• The timing of incorporation of nephron progenitor cells into nascent nephrons predicts their 
positional identity within the highly patterned mature nephron.

• Stromal cells and their derivatives coregulate ureteric branching morphogenesis, 
nephrogenesis, and vascular development.

• Endothelial cells track the development of the ureteric epithelia and establish the renal 
vasculature through a combination of vasculogenic and angiogenic processes.

• Collecting duct epithelia have an inherent plasticity enabling them to switch between 
principal and intercalated cell identities.
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called mesangial cells. Blood filtration occurs through this 
capillary tuft, generating primary urine that collects within the 
Bowman capsule, an enclosure formed by parietal epithelial 
cells. From the Bowman capsule, urine drains through a 
series of tubules starting with the proximal tubules, the loop 
of Henle, the distal tubules, and the collecting ducts. These 
tubules are responsible for dynamic resorption and secretion 
processes that help recycle filtered small molecules; they also 
adjust water, electrolyte, and acid–base balance by fine-tuning 
the composition of the final urine output before it exits the 
ureter and is excreted via the bladder. Supporting the main 
functions of the nephrons are interstitial fibroblasts and a 
heterogenous network of extraglomerular vasculature.

DEVELOPMENT OF THE UROGENITAL SYSTEM

The vertebrate kidney derives from the intermediate meso-
derm of the urogenital ridge, a structure found along the 
posterior wall of the abdomen in the developing fetus.10,11 
Mammalian kidneys develop in three successive stages, 
generating three distinct excretory structures known as the 
pronephros, the mesonephros, and the metanephros (Fig. 
1.2). The pronephros and mesonephros are vestigial structures 
in mammals and degenerate before birth; the metanephros 
is the definitive mammalian kidney. The early stages of kidney 
development are required for the development of the adrenal 
glands and gonads that also form within the urogenital ridge. 
Furthermore, many of the signaling pathways and genes that 
play important roles in the metanephric kidney appear to 
play parallel roles during the development of the pronephros 

Fig. 1.1 Anatomic organization of the kidney. (A) Spatial distribution of nephron within the metanephric kidney. Glomeruli, the filtration 

compartments of the nephrons, are found in the cortex. (B) Segmental structure of nephrons. The vascularized glomerulus is found at the 

proximal end and is connected through a series of renal tubules where urinary filtrate composition is refined through resorption and secretion. 

(C) Cellular organization of the glomeruli. AA, Afferent arteriole; BS, Bowman space; CD, Collecting duct; DT, distal tubule; EA, efferent arteriole; 

GEC, glomerular endothelial cell; LOH, loop of Henle; MC, mesangial cell; PEC, parietal epithelial cell; Pod, podocyte; PT, proximal tubule. 

Reproduced with permission from Scott RP, Quaggin SE. The cell biology of renal filtation. J Cell Biol. 2015;209:100–210.

Fig. 1.2 Three stages of mammalian kidney development. The 

pronephros and mesonephros develop in a rostral-to-caudal direction 

and the tubules are aligned adjacent to the wolffian or nephric duct 

(WD). The metanephros develops from an outgrowth of the distal end 

of the wolffian duct known as the ureteric bud epithelium (UB) and a 

cluster of cells known as the metanephric mesenchyme (MM). The 

pronephros and mesonephros are vestigial structures in mice and 

humans and are regressed by the time the metanephros is well 

developed. 
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the epithelial ureteric bud (UB) at the caudal end of the 
urogenital ridge. The UB is first visible as an outgrowth at 
the distal end of the wolffian duct approximately between 
the fourth and fifth week of gestation in humans or E10.5 
in mice. The MM becomes histologically distinct from the 
surrounding mesenchyme and is found adjacent to the UB. 
Upon invasion of the MM by the UB, signals from the MM 
cause the UB to branch into a T-tubule (at around E11.5 in 
mice) and then to undergo iterative dichotomous branching, 
giving rise to the urinary collecting duct system (Fig. 1.3). 
Simultaneously, the UB sends reciprocal signals to the MM, 
which is induced to condense along the surface of the bud. 
Following condensation, a subset of MM cells aggregates 
adjacent and inferior to the tips of the branching UB. These 
collections of cells, known as pretubular aggregates, undergo 
mesenchymal-to-epithelial conversion to become the renal 
vesicle (Fig. 1.4).

URETERIC BRANCHING MORPHOGENESIS

The collecting duct system is composed of hundreds of tubules 
through which the filtrate produced by the nephrons is 
conducted out of the kidney, to the ureter, and then to the 
bladder. Water and salt resorption and excretion, ammonia 
transport, and H+ ion secretion required for acid–base 
homeostasis also occur in the collecting ducts, under different 
regulatory mechanisms, and using different transporters and 
channels than are active along tubular portions of the 
nephron. The collecting ducts are all derived from the original 

and mesonephros. The pronephros consists of pronephric 
tubules and the pronephric duct (also known as the precursor 
to the wolffian duct) and develops from the rostral-most 
region of the urogenital ridge at 22 days of gestation in 
humans and 8 days post coitum (embryonic stage E8) in 
mice (Table 1.1). Throughout the rest of this chapter, most 
timelines of kidney development are with reference to the 
mouse. The pronephros serves as the principal excretory 
organ of the larval stages of fishes and amphibians. The 
mesonephros develops caudal to the pronephric tubules in 
the midsection of the urogenital ridge. The mesonephros 
becomes the functional excretory apparatus in lower verte-
brates (adult fish and amphibians) and may perform a filtering 
function during embryonic life in mammals. Prior to its 
degeneration, endothelial, peritubular myoid, and steroido-
genic cells from the mesonephros migrate into the adjacent 
adrenogonadal primordia, which ultimately form the adrenal 
gland and gonads.12 Abnormal mesonephric migration leads 
to gonadal dysgenesis, a fact that underscores the intricate 
association between these organ systems during development 
and explains the common association of gonadal and renal 
defects in congenital syndromes.13,14

DEVELOPMENT OF THE METANEPHROS

The metanephros is the third and final stage, representing 
the definitive adult kidney of higher vertebrates. It results 
from a series of reciprocal inductive interactions that 
occur between the metanephric mesenchyme (MM) and 

Fig. 1.3 Ureteric branching morphogenesis. Rapid reiterative branching of the UB within a 5-day period in mice as imaged with a pan-

cytokeratin antibody using optical projection tomography. By E16.5, the renal pelvis, formed by the widening and coalescence of the earliest 

branches of the ureteric tree, is already apparent. Reproduced with permission from Short KM, Smuth I. Imaging, analyzing and interpreting 

branching morphogenesis in the developing kidney. Results Probl Cell Differ. 2017;60:233–256.
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UB (Fig. 1.5). Whereas each nephron is an individual unit 
separately induced and originating from a distinct pretubular 
aggregate, the collecting ducts are the product of branching 
morphogenesis from the UB. Considerable remodeling is 
involved in forming collecting ducts from branches of the 
UB.15 The branching is highly patterned, with the first several 
rounds of branching being somewhat symmetric, followed 
by additional rounds of asymmetric branching, in which a 
main trunk of the collecting duct continues to extend toward 
the nephrogenic zone, while smaller buds branch as they 
induce new nephrons within the nephrogenic zone. Originally, 
the UB derivatives are branching within a surrounding 
mesenchyme. Ultimately, they form a funnel-shaped structure 
in which cone-shaped groupings of ducts or papillae sit within 
a funnel or calyx that drains into the ureter. The mouse 
kidney has a single papilla and calyx, whereas a human kidney 
has 8 to 10 papillae, each of which drains into a minor calyx, 
with several minor calyces draining into a smaller number 
of major calyces.

DEVELOPMENT OF THE NEPHRON

The renal vesicle undergoes patterned segmentation and 
proceeds through a series of morphologic changes that 
include gradual recruitment of mesenchymal progenitors to 
form the glomerulus and components of the nephrogenic 
tubules from the proximal convoluted tubule, the loop of 
Henle, and the distal tubule. The renal vesicles undergo 
differentiation, passing through morphologically distinct 
stages starting from the comma-shaped and proceeding to 
the S-shaped body, capillary loop, and mature stage, each 
step involving precise proximal-to-distal patterning and 
structural transformations (see Fig. 1.4). Remarkably, this 
process is repeated 600,000 to 1 million times in each develop-
ing human kidney as new nephrons are sequentially born 
at the tips of the UB throughout fetal life.

The glomerulus develops from the most proximal end of 
the renal vesicle that is furthest from the UB tip.16,17 Distinct 
cell types of the glomerulus can first be identified in the 
S-shaped stage, where presumptive podocytes appear as a 
columnar-shaped epithelial cell layer. A vascular cleft develops 
and separates the presumptive podocyte layer from more 
distal cells that will form the proximal tubule. Parietal epi-
thelial cells differentiate and flatten to form the Bowman 
capsule, a structure that surrounds the urinary space and is 
continuous with the proximal tubular epithelium. Concur-
rently, endothelial cells migrate into the vascular cleft. 
Together with podocytes, the endothelial cells produce the 
glomerular basement membrane, a major component of the 
mature filtration barrier. Initially the podocytes are connected 
by intercellular tightjunctions at their apical surface.18 As 
glomerulogenesis proceeds, the podocytes flatten and spread 
out to cover the increased surface area of the growing glo-
merular capillary bed. They develop microtubular-based 
primary processes and actin-based secondary foot processes.19–21 
Foot processes of neighboring podocytes interdigitate and 
elongate. As podocytes mature, intercellular epithelial tight 
junctions linking become restricted to the basal aspect of 
the podocyte, relocate from the cell body to the foot processes, 
and are eventually replaced by a modified adherens junction-
like structure known as the slit diaphragm.18,22 The slit dia-
phragms are signaling hubs serving as the final layer of the 
glomerular filtration barrier.23 Mesangial cell ingrowth follows 

Table 1.1 Timelines of Human and Mouse 
Kidney Development

Stage/Event Humana Mouseb

Pronephros

• Emergence

• Disappearance by

22nd day

25th day

E9

E10

Mesonephros

• Emergence

• Disappearance by

24th day

16th week

E10

E14

Metanephros

• Ureteric bud induction

• Nephrogenesis

• Glomerulogenesis

• Cessation of nephrogenesis

28th–32nd day

44th day

8th–9th week

36th week

E10.5

E13

E14

P3

Gestation (Total Length) 40 weeks 19–21 days

aHuman timelines refer to gestational periods.
bMouse timelines are indicated as either embryonic days post 

coitum (E) or postnatal (P).

A

B C

D

Fig. 1.4 The collecting duct system. The branching ureteric epithelia 

gives rise to the collecting duct system. (A) E12.5 mouse embryonic 

kidney explant grown for 2 days and (B) neonatal mouse kidney section 

stained for the ureteric epithelium and collecting ducts (pan-cytokeratin, 

red) and proximal tubules (Lotus lectin, green). (C) Scanning electron 

micrograph of a hemisected adult mouse kidney showing the funnel-

shaped renal papilla. (D) Scanning electron micrograph of a collecting 

duct showing smooth principal cells and reticulated intercalated cells. 
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The distal tubule is contiguous with the collecting duct, a 
derivative of the UB. Imaging and fate mapping studies reveal 
that this interconnection results from the invasion of the 
UB by cells from the distal segments of nascent nephrons 
(around the S-shaped body stage).25

Although all segments of the nephron are present at birth 
and filtration occurs prior to birth, maturation of the tubule 
continues in the postnatal period. Increased expression levels 
of transporters, switches in transporter isoforms, alterations 
in paracellular transport mechanisms, and permeability and 
biophysical properties of tubular membranes have all been 
observed to occur postnatally.26 These observations emphasize 
the importance of considering the developmental stage of 
the nephron in interpretation of renal transport and may 
explain the age of onset of symptoms in inherited transport 
disorders.

THE NEPHROGENIC ZONE

After the first few rounds of branching of the UB, and the 
concomitant induction of nephrons from the MM, the kidney 
subdivides into two major compartments: an outer region 
called the cortex and an inner region called the medulla. 
The glomeruli and proximal and distal tubules localize within 

the migration of endothelial cells and is required for develop-
ment and patterning of the capillary loops that are found 
in normal glomeruli. The endothelial cells also flatten 
considerably and capillary lumens are formed due to apoptosis 
of a subset of endothelial cells.24 At the capillary loop stage, 
glomerular endothelial cells develop fenestrae, which are 
semipermeable transcellular pores common in capillary beds 
exposed to high hemodynamic flux.

In the mature stage glomerulus, the podocytes, fenestrated 
endothelial cells, and intervening glomerular basement 
membrane comprise the filtration barrier that separates the 
urinary from the blood space. Together, these components 
provide a size- and charge-selective barrier that permits free 
passage of small solutes and water but prevents the loss of 
larger molecules such as proteins. The mesangial cells are 
found between the capillary loops where they are required 
to provide ongoing structural support to the capillaries and 
possess smooth-muscle cell-like characteristics that have the 
capacity to contract, which may account for some of the 
dynamic properties of the glomerulus. The tubular portion 
of the nephron becomes segmented in a proximal–distal 
order, into the proximal convoluted tubule, the descending 
and ascending loops of Henle, and distal convoluted tubule. 

A

B

C

D

E

F

Ureter

Pelvis

P
a
p
ill

a

Medulla

Cortex

NZ

PA

UB

CSB
EC

SSB

UB

CT
DT

PT

BC

EC

LH

CD

PT
CT

DT

CM
UB

GC

BC

RV

Fig. 1.5 Overview of nephrogenesis. (A) Gross kidney histoarchitecture. (B–E) As described in the text, reciprocal interaction between the 

ureteric bud and metanephric mesenchyme results in a series of well-defined morphologic stages leading to formation of the nephron, including 

the branching of the UB epithelium and the epithelialization of the metanephric mesenchyme into a highly patterned nephron. (F) Distinctive 

segmentation of the S-shaped body defines the patterning of the nephron. BC, Bowman capsule; CD, collecting duct; CM, cap mesenchyme; 

CSB, comma-shaped body; CT, connecting tubule; DT, distal tubule; EC, endothelial cells; LH, loop of Henle; NZ, nephrogenic zone; PA, 

pretubular aggregate; PT, proximal tubule; SSB, S-shaped body; UB, ureteric bud. 



 CHAPTER 1 — EMBRYOLOGY OF THE KIDNEY 7

veins, and capillaries. Both processes are involved in develop-
ment of the renal vasculature. At E11.5 in mice, the UB is 
tracked by a primitive vessel that elaborates in synchrony 
with both UB branching and nephrogenesis. A rich capillary 
network is identifiable by E12.5 while the presence of endo-
thelial cell-containing glomeruli becomes apparent at E14.5.

Transplantation experiments support a model where 
endogenous endothelial progenitors within the MM give rise 
to renal vessels in situ through angiogenesis, although the 
origin of large blood vessels is still not clear.30–35 At E13, 
capillaries form networks around the developing nephric 
tubules and by E14, the hilar artery and first-order interlobar 
renal artery branches can be identified. These branches will 
form the corticomedullary arcades and interlobular arteries 
that branch from these arcades. Further branching produces 
the glomerular afferent arterioles. From E13.5 onward, 
endothelial cells migrate into the vascular cleft of developing 
glomeruli, where they undergo differentiation to form the 

the cortex, together with the distal part of the nephron that 
connects directly to the collecting ducts. The loop of Henle 
and the rest of the collecting duct network comprise the 
epithelial structures found in the medulla. Kidney growth 
and nephrogenesis occurs in a radial fashion with new 
branches of the ureteric tree and newer nephrons added at 
the outermost periphery of the developing cortex which is 
called the nephrogenic zone. The nephrogenic zone is 
morphologically identifiable as a narrow band beneath the 
renal capsule where the branching UB tips are found together 
with nascent nephrons (pretubular aggregates, renal vesicles, 
comma-shaped bodies, and S-shaped bodies) and self-renewing 
nephron progenitors. Within the developing kidney, the most 
mature nephrons are found in the innermost layers of the 
cortex, and the most immature nephrons in the most 
peripheral regions. The nephrogenic zone, therefore, rep-
resents an active site of nephrogenesis. The nephrogenic 
zone progressively thins out with the gradual depletion of 
nephrogenic precursors and disappears once the remaining 
nephron progenitors have completely epithelialized.

RENAL STROMA AND INTERSTITIAL  
CELL POPULATIONS

For decades in classic embryologic studies of kidney develop-
ment, emphasis has been placed on the reciprocal inductive 
signals between MM and UB. However, in recent years, interest 
in the stromal cell as a key regulator of nephrogenesis has 
arisen.17,27–29 Stromal cells also derive from the MM but are 
not induced to condense by the UB. Two distinct populations 
of stromal cells have been described: cortical stromal cells 
exist as a thin layer beneath the renal capsule while medullary 
stromal cells populate the interstitial space between the 
collecting ducts and tubules (Fig. 1.6). Cortical stromal cells 
also surround the MM condensates and provide signals 
required for UB branching and patterning of the developing 
kidney. Disruption or loss of these stromal cells leads to 
impairment of UB branching, reduction in nephron number, 
disrupted nephron patterning with failure of cortical–
medullary boundary formation, and maldevelopment of the 
renal vasculature. A reciprocal signaling loop from the UB 
exists to properly pattern stromal cell populations. Loss of 
these UB-derived signals leads to a buildup of stromal cells 
beneath the capsule that are several layers thick. As nephro-
genesis proceeds, stromal cells differentiate into peritubular 
interstitial cells and pericytes that are required for vascular 
remodeling and the production of extracellular matrix 
responsible for proper nephric formation.29 These cells 
migrate from their position around the condensates to areas 
between the developing nephrons within the medulla.

THE RENAL VASCULATURE

The microcirculations of the kidney include the specialized 
glomerular capillary system responsible for production of 
the ultrafiltrate, and the vasa recta bundles and peritubular 
capillaries involved in the countercurrent mechanism for 
urine osmoregulation (Fig. 1.7). Vasculogenesis and angio-
genesis have been described as two distinct processes in blood 
vessel formation (Fig. 1.8). Vasculogenesis is the de novo 
differentiation of previously nonvascular endothelial cell 
precursors into structures that resemble capillary beds, 
whereas angiogenesis refers to sprouting from these early 
beds to form mature vessel structures, including arteries, 

Fig. 1.6 The nephrogenic and stromal mesenchyme. Lineage 

tracing analysis in E14.5 mouse kidneys showing nephrogenic deriva-

tives of Six2-expressing condensing mesenchyme (A, C, and E) and 

the Foxd1-expressing stromal mesenchyme (B, D, and F), stained for 

β-galactosidase activity (blue). a, Adrenal gland; cd, collecting duct; 

ci, renal cortical interstitium; cm, cap mesenchyme; cs, renal cortical 

stroma; gal, galactosidase; gc, glomerular capillary; k, kidney; mi, 

renal medullary interstitium; ms, mesangium; nt, nephrogenic tubule; 

pe, parietal epithelium; rv, renal vesicle; sb, S-shaped body; ue, ureter 

epithelium; um, ureter mesenchyme; ut, ureteric tip; ve, visceral 

epithelium (podocyte). Reproduced with permission from Kobayashi A, 

Mugford JW, Krautzberger Am, et al. Identification of a multipotent 

self-renewing stromal progenitor population during mammalian kidney 

organogenesis. Stem Cell Reports. 2014;3:650–662.
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maturation is largely restricted in embryonic kidney explants, 
in vitro cultured kidneys display remarkable recapitulation 
of ureteric branching and epithelialization and segmental 
patterning of the MM (Fig. 1.10). Historically, kidney explant 
cultures provided crucial proof for the principle of reciprocal 
tissue induction in organogenesis. It was used to demonstrate 
that the UB and the MM exchange inductive cues, driving 
branching morphogenesis of the UB and epithelialization 
of the MM.10,38

As originally shown by Grobstein, Saxen, and colleagues, 
the two major components of the metanephric kidney, the 
MM and the UB, could be separated from each other, and 
the isolated mesenchyme could be induced to form nephron-
like tubules by a selected set of other embryonic tissues, the 
best example of which is the embryonic neural tube.10,38 When 
the neural tube is used to induce the separated mesenchyme, 
there is terminal differentiation of the mesenchyme into 
tubules, but not significant tissue expansion. In contrast, 
intact metanephric rudiments can grow more extensively, 

glomerular capillary loops. The efferent arterioles carry blood 
away from the glomerulus to a system of fenestrated peritu-
bular capillaries that are in close contact with the adjacent 
tubules and receive filtered water and solutes reabsorbed 
from the filtrate.36 These capillaries have few pericytes. In 
comparison, the vasa rectae, which surround the medullary 
tubules and are involved in urinary concentration, are also 
fenestrated but have more pericytes. They arise from the 
efferent arterioles of deep glomeruli.37 The peritubular 
capillary system surrounding the proximal tubules is well 
developed in the late fetal period, whereas the vasa rectae 
mature 1 to 3 weeks postnatally.

MODEL SYSTEMS TO STUDY KIDNEY 
DEVELOPMENT

THE KIDNEY ORGAN CULTURE SYSTEM

From the late 1950s, the method of growing mouse embryonic 
kidneys as floating cultures on top of filters (Fig. 1.9), a 
technique pioneered by Clifford Grobstein and improved 
by Lauri Saxen, accelerated the advancement of the kidney 
developmental biology field. This classic method, which 
remains widely in use to this day, has the advantages that 
the kidney explants are cultivated within an easily manipu-
lated, controlled environment, and there is a possibility of 
visualizing the pattern of kidney growth by real-time fluo-
rescence microscopy. Although vascularization and functional 

Fig. 1.7 The renal vasculature. (A) Visualization of the renal vascular 

network in a reporter mouse strain expressing prokaryotic β- 

galactosidase through the promoter of the vascular-specific phos-

phatase gene Ptprb. (B) Higher magnification of the renal cortex in 

(A) showing endothelial cell distribution in glomeruli (yellow arrowheads), 

arterioles, peritubular capillaries, and arcuate arteries. (C) Corrosion 

resin cast of the renal vasculature revealing the highly convoluted 

assembly of the glomerular capillaries (g). (D) Scanning electron 

micrograph of a glomerulus with an exposed endothelial lumen (dashed 

outline) revealing fenestrations. EC, Endothelial cell; Pod, podocytes. 

Corrosion cast electron micrograph courtesy Fred Hossler, Department 

of Anatomy and Cell Biology, East Tennessee State University.
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Fig. 1.8 Angiogenesis and vasculogenesis in renal vascular 

development. Schematic overview of early development of the renal 

vasculature. (A) Angiogenesis generates major blood vessels through 

sprouting and branching of pioneer vessels (red) that follow the 

branching ureteric bud (brown). (B) Scattered endothelial progenitor 

cells (yellow) are distinctly present as early as E11.5 at the periphery 

of the developing metanephric kidney (blue). These sporadic endothelial 

cells coalesce and organize into a primitive capillary plexus (yellow) 

by E12.5. (C) Major vessels formed via angiogenesis and capillaries 

that arise by vasculogenesis become interconnected to establish the 

elaborate renal vascular network. Adapted from Stolz DB, Sims-Lucas 

S. Unwrapping the origins and roles of the renal endothelium. Pediatr 

Nephrol. 2015;30:865–872.
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Fig. 1.9 Metanephric organ explants. (A, B) Top and (C) lateral view of a kidney organ culture. Embryonic kidney explants are grown at the 

air–growth medium interface on top of a floating porous polycarbonate filter (dashed lines in A) supported on a metal mesh. (D) Kidneys grown 

after 4 days of culture. Reproduced with permission from Cold Spring Harbor Protocols.741

BA
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C

Fig. 1.10 Recapitulation of branching and nephrogenesis in renal explant cultures. (A) Ureteric tree stained for cytokeratin 8 (Cyk8). (B) 

Condensed metanephric mesenchyme stained for WT1. (C) Epithelial derivatives of the metanephric mesenchyme stained for E-cadherin (Cdh1). 

(D) Proximal tubules stained with Lotus tetraglobulus lectin (LTL). (E) Merged image of A–D. (F) WT1-expressing cells represent the nephron 

progenitor cells that surround the UB. (G) Cdh1-expression marks the mesenchyme-to-epithelial transformation of nephron progenitor cells. 

(H) Early patterning of nascent nephrons along a proximodistal axis. Reproduced with permission from Cold Spring Harbor Protocols.741

displaying both sustained UB branching and early induction 
of nephrons even when cultured for a week. The isolated 
mesenchyme experiment has proven useful in the analysis 
of renal agenesis phenotypes, where there is no outgrowth 
of the UB. In these cases, the mesenchyme can be placed 
in contact with the neural tube to determine whether it has 
the intrinsic ability to differentiate. Most often, when renal 
agenesis is due to the mutation of a transcription factor, 

tubular induction is not rescued by the neural tube, as could 
be predicted for transcription factors, which would be 
expected to act in a cell-autonomous fashion.39 In the converse 
situation, in which renal agenesis is caused by loss of a gene 
function in the UB (e.g., Emx2), it is usually possible for the 
embryonic neural tube to induce tubule formation in isolated 
mesenchymes.40 Therefore the organ culture induction assay 
can be used to test hypotheses concerning whether a particular 
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Six2, Foxd1, and Nphs2 promoters are among the most highly 
cited gene excision drivers for targeted genetic inactivation 
in the ureteric, nephrogenic, stromal, and podocyte cell 
lineages.59–64 Lately, the introduction of the more precise 
CRISPR-Cas9 gene editing tool, an ingenious application of 
the adaptive immune response of prokaryotes against bac-
teriophages, is facilitating the way researchers create custom-
ized mutant cells and animal models to study various aspects 
of renal development (Fig. 1.12).65–68

The discovery of new kidney-relevant genes or signaling 
pathways has also been achieved by random chemical muta-
genesis in mice. The alkylating agent N-ethyl-N-nitrosourea 
(ENU) is routinely used to introduce random point mutations 
in mouse spermatogonia. The introduced mutations can 
result in loss or gain of function and are either recessive or 

gene is required in the UB or the MM. Recently, as chemical 
inhibitors specific for various signal transduction pathways 
have been synthesized and become available, it has been 
possible to add these to organ cultures and observe effects 
that are informative about the roles of specific pathways in 
development of the kidney. Examples are the use of drugs 
to block the ERK/MAP kinase, PI3K/Akt, Notch signaling, 
and Wnt signaling pathways in renal explant cultures.41–45 
Synthetic antisense oligonucleotides and small interfering 
or silencing RNA (siRNA) have also been successfully used 
to inhibit gene expression in kidney organ cultures.45–55

GENETIC MOUSE MODELS

Many of the genetic pathways regulating many aspects of 
development are strongly conserved between mice and 
humans. Due to the relative ease of manipulating the 
genome of the mouse, its small size, and shorter gestation 
period, the mouse has become the primary model organism 
for the study of mechanism of human development and 
diseases. Anatomic and functional features of the human 
kidney are for the most part highly similar in the mouse, 
albeit at a smaller scale, while a number of genes identi-
fied as essential for normal mouse kidney development are 
also known to be associated with congenital anomalies of 
the kidney and urinary tract (CAKUT) and other kidney  
diseases.56–58

The wealth of our understanding of metanephric kidney 
development over the past two decades is owed to the harness-
ing of homologous gene recombination to introduce targeted 
mutations and novel alleles into specific genes in cultured 
mouse embryonic stem cells. This paved the way for the 
creation of numerous genetically engineered mice that have 
become highly valuable tools for the study of renal develop-
mental biology and the etiology of certain genetic diseases 
of the kidneys and the urinary tract (Table e1.2). The technol-
ogy is applied in many ways. In its simplest is the creation 
of null mutations within the germline that generate gene 
knockout mouse models. The limitation of this method is 
that certain genes are essential for early development and 
their inactivation in the germline can cause premature 
lethality, thus precluding the analysis of the function of those 
genes in organogenesis. A novel improvement to this is the 
use of a conditional gene-targeting strategy, allowing for the 
creation of conditional alleles. This involves introducing small 
recognition sites for recombinase enzymes of which the Cre 
recombinase is the most routine now (Fig. 1.11). A conditional 
“floxed” allele of the target gene locus is created by incorporat-
ing two loxP sites within two separate introns, flanking the 
exons that can be excised or recombined. In principle, normal 
transcription from the locus is expected prior to recombina-
tion of the floxed allele and should effectively promote a 
wild type phenotype. The Cre recombinase itself is engineered 
under the control of a tissue-specific promoter. Breeding 
between tissue-specific transgenic Cre animals and those 
harboring a conditional allele for a particular gene ultimately 
results in a cell- or tissue-type specific inactivation of the 
gene of interest. This strategy has also been refined in some 
cases, so that the Cre expression is also temporally regulated 
by the use of a drug such as doxycycline or tamoxifen. A 
number of Cre lines are now available to target genes specifi-
cally within different subpopulations of renal cells and 
progenitors. The transgenic Cre lines driven by the Hoxb7, 

Fig. 1.11 Cre-lox homologous gene recombination system. Simpli-

fied overview of Cre recombinase–mediated homologous recombination 

for generation of tissue-specific conditional null mutations of a target 

gene. Cre recombinase expression is engineered to be driven under 

the control of tissue specific promoter (promoterTS). The target gene 

(or typically certain exons within the target chromosomal locus) are 

flanked with loxP sites (recognition sites for Cre recombinase). Cre 

activity in specific cell types mediates the excision of the loxP-flanked 

(floxed) target gene, creating a null allele. 
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Table e1.2 Summary of Knockout and Transgenic Models for Kidney Development

Gene Mutation or 

Knockout Phenotype Associated Human Diseases References

Renal Agenesis

Celsr1 Renal agenesis, hydroureter, 

hydronephrosis

Spina bifida, unilateral renal 

agenesis, hydronephrosis

331

Ctnnb1 (β-catenin) Renal agenesis or severe renal 

hypoplasia, premature differentiation 

of UB epithelia (UB-selective)

Mental retardation, multiple 

cancers, eye defects

181, 185

Emx2 Renal agenesis Schizencephaly (cerebral cleft 

abnormalities)

40

Emx2, Pax2 Duplicated kidneys and ureter, ureteral 

obstruction

CAKUT, VUR 531

Esrp1 Renal agenesis, renal hypoplasia 532

Etv4, Etv5 Renal agenesis or severe renal 

hypodysplasia

210, 212

Eya1 Renal agenesis Branchiootorenal syndrome 

(brachial fistulae, deafness)

136, 150

Fgf9, Fgf20 Renal agenesis 305

Fgf10, Gdnf, Gfra1 Renal agenesis 222

Fgfr1, Fgfr2 Renal agenesis

(MM-selective)

304

Fras1, Frem1, Frem2 UB failure, defect of GDNF expression Fraser syndrome (cryptophthalmos, 

syndactyly, CAKUT);

Manitoba-oculo-tricho-anal (MOTA) 

syndrome

165, 166, 225, 

227, 228

Gata3 Renal agenesis, gonad dysgenesis 

(null mutation)

Hypoparathyroidism, sensorineural 

deafness, and renal dysplasia 

(HDRS) syndrome; autoimmune 

disease

179, 180, 182, 

183

Gdf11 UB failure, skeletal defects 145, 533

Gdnf, Gfra1, Ret Renal agenesis or rudimentary 

kidneys, aganglionic megacolon

Hirschsprung disease,

Multiple endocrine neoplasm 

type IIA/B (MEN2A/MEN2B), 

and familial medullary thyroid 

carcinoma (FMTC)

142–144, 148, 

161, 164, 

534–537

Gen1 Renal agenesis, duplex kidneys, 

hydronephrosis, ureteral obstruction

538

Gli3 Renal agenesis, severe renal agenesis, 

absence of renal medulla and 

papilla

Pallister-Hall (PH) syndrome 

(polydactyly, imperforate anus, 

abnormal kidneys, defects in the 

gastrointestinal tract, larynx, and 

epiglottis)

265, 266

Greb1l Renal agenesis CAKUT 539–541

Grem1 Renal agenesis; apoptosis of the MM 146

Grhl2 Occasional unilateral renal agenesis, 

CD barrier dysfunction, diabetes 

insipidus

Autosomal dominant deafness, 

ectodermal dysplasia

542, 543

Grip1 Renal agenesis Fraser syndrome (cryptophthalmos, 

syndactyly, CAKUT)

229–231

Hnf1b Renal agenesis, renal hypoplasia, 

hydroureter, duplex kidneys

CAKUT, diabetes mellitus, renal 

cysts, renal carcinoma

544

Hoxa11, Hoxd11 Distal limbs, vas deferens Radioulnar synostosis 

with amegakaryocytic 

thrombocytopenia

545

Hs2st1 Lack of UB branching and 

mesenchymal condensation

546

Isl1 Renal agenesis, renal hypoplasia, 

hydroureter (MM-selective)

547

Itga8 (α8 Integrin) Renal agenesis, renal hypodysplasia Fraser syndrome (cryptophthalmos, 

syndactyly, CAKUT)

169

Continued on following page
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Gene Mutation or 

Knockout Phenotype Associated Human Diseases References

Itgb1 (β1 Integrin) Renal agenesis, disrupted UB 

branching, hypoplastic collecting 

duct system (collecting duct–

selective); podocyte dedifferentiation 

(podocyte-selective)

Fraser syndrome (cryptophthalmos, 

syndactyly, CAKUT)

177, 548, 549

Kif26b Renal agenesis, failed UB attraction to 

the MM

167

Lamc1 UB failure, delayed nephrogenesis, 

water transport defects

232

Lhx1 (Lim1) Renal agenesis (null mutant); renal 

hypoplasia, UB branching defect, 

hydronephrosis, distal ureter 

obstruction (UB-selective); arrested 

nephrogenesis, nephron patterning 

defects (MM-selective)

Mayer-Rokitansky-Küster-Hauser 

(MRKH) syndrome (müllerian 

duct agenesis)

141, 550, 551

Lrp4 Delayed UB induction, failed MM 

induction, syndactyly, oligodactyly

Cenani-Lenz syndrome 552–555

Mark2 (Par1b), Mark3 

(Par1a)

Renal hypoplasia, proximal tubule 

dilation, immature glomeruli

556

Npnt Delayed UB association with the MM 168

Osr1 Lack of MM, adrenal gland, gonads, 

defects in formation of pericardium 

and atrial septum

137, 149, 281, 

282

Pax2 Renal hypoplasia, VUR CAKUT, VUR, optic nerve 

colobomas

46, 47

Pax2, Pax8 Defect in intermediate mesoderm 

transition, failure of pronephric duct 

formation

CAKUT, VUR, optic nerve 

colobomas

557

Pbx1 Unilateral renal agenesis, expansion of 

nephrogenic precursors

CAKUT, hearing loss, abnormal 

ears

357, 558–560

Ptf1a Failure of UB induction, anal 

atresia, persistent cloaca, skeletal 

malformation

Pancreatic and cerebellar 

agenesis; diabetes mellitus

561–563

Rara, Rarb Renal hypoplasia, dysplasia, 

hydronephrosis, skeletal and 

multiple visceral abnormalities

14, 17, 88

Sall1 Renal agenesis, severe renal 

hypodysplasia

Townes-Brock syndrome (anal, 

renal, limb, ear anomalies)

140, 564

Shh Bilateral or unilateral renal agenesis, 

unilateral ectopic dysplastic 

kidney, defective ureteral stromal 

differentiation

Vertebral defects, anal 

atresia, cardiac defects, 

tracheoesophageal fistula, 

renal anomalies, and limb 

abnormalities (VACTERL) 

syndrome

59

Six1 Lack of UB branching and 

mesenchymal condensation

Branchiootorenal syndrome 136, 150

Sox8, Sox9 Renal genesis, renal hypoplasia Campomelic dysplasia (limb and 

skeletal defects, abnormal 

gonad development)

565

Tln1, Tln2 Renal agenesis 566

Wnt5a Renal agenesis, renal dysplasia, 

duplex kidneys, hydronephrosis

CAKUT 567–569

Wt1 Renal and gonadal agenesis, severe 

lung, heart, spleen, adrenal, and 

mesothelial abnormalities

Wilms tumor, aniridia, genitourinary 

abnormalities, and retardation 

(WAGR) syndrome; Denys–Drash 

syndrome

39, 48, 437, 438

Hypoplasia/Dysplasia/Low Nephron Mass

Adamts1 Hypoplasia of the renal medulla, 

hydronephrosis

319, 321

Adamts1, Adamts4 Hypoplasia of the renal medulla, 

hydronephrosis

570

Table e1.2 Summary of Knockout and Transgenic Models for Kidney Development (Cont’d)
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Gene Mutation or 

Knockout Phenotype Associated Human Diseases References

Agtr2 Various collecting duct defects CAKUT 257, 422, 423

Ald1a2 (Raldh2) Renal hypoplasia, hydronephrosis, 

ectopic ureter

182

Bmp1ra (Alk3) Hypoplasia of renal medulla, fewer UB 

branches (UB-selective)

Juvenile polyposis syndrome 254

Bmp4 Severe renal hypodysplasia Microphthalmia, orofacial cleft 242

Bmp7 Renal hypoplasia, reduced MM 

survival

294

Cask Renal hypoplasia and dysplasia, 

premature depletion of nephrogenic 

precursor cells

Microcephaly, mental retardation 308, 571

Cdc42 Renal hypoplasia, oligonephronia, 

defects in mesenchyme to epithelial 

transition (CM-selective)

355, 572

Cfl1 Renal hypodysplasia, ureter 

duplication

573

Chd4 (Mi-2β) Renal hypodysplasia Sifrim-Hitz-Weiss syndrome 

(autosomal dominant intellectual 

disability disorder with variable 

congenital defects in cardiac, 

skeletal, and urogenital systems)

318, 574

Ctnnb1 (β-catenin) Severely hypoplastic kidney, lack of 

nephrogenic zone and S-shaped 

body (CM-selective)

Mental retardation, multiple 

cancers, eye defects

289

Dchs1, Dchs2 Renal hypoplasia, impaired 

ureteric branching, expansion of 

nephrogenic precursor zone

Van Maldergem syndrome 

1—periventricular nodular 

heterotopia, intellectual 

disability, deafness, renal 

hypoplasia, tracheal anomalies, 

and skeletal dysplasia

353, 356, 575

Dicer1 Renal hypoplasia, dysplasia, cysts 

(UB-selective); renal hypoplasia 

characterized by premature 

termination of nephrogenesis 

(MM-selective)

576, 577

Dkk1 Overgrown renal papilla (renal tubule 

and collecting duct restricted)

250

Dlg1 Renal hypoplasia and dysplasia, 

premature depletion of nephrogenic 

precursor cells

308, 571

Dstn (Destrin) Renal hypodysplasia, ureter 

duplication

573

Egfr Hypoplasia of the renal papilla, 

moderate polyuria and urine 

concentration defects

248

Egln1 (Phd2), Egln3 

(Phd3)

Renal hypoplasia, oligonephronia, 

abnormal postnatal nephron 

formation, glomerulosclerosis 

(stroma-specific)

Familial erythrocytosis; abnormally 

high EPO levels; high altitude 

adaptation hemoglobin (HALAH)

578

Esrrg Agenesis of renal papilla 53

Fat4 Renal hypoplasia, impaired ureteric 

branching, failed nephrogenesis 

(mesenchyme-to-epithelial 

transition), expansion of 

nephrogenic precursor zone 

(stroma-selective)

Van Maldergem syndrome 2 

(VMLDS2): dysmorphic faces, 

tracheomalacia, microtia, 

intellectual disability, and 

skeletal dysplasia

352, 353, 356, 

575

Fgf7 Small kidneys, reduction in nephron 

number

253

Fgf8 Renal dysplasia, arrested 

nephrogenesis at pretubular 

aggregate stage (MM-selective)

Kallmann syndrome, 

hypogonadism

286, 287

Table e1.2 Summary of Knockout and Transgenic Models for Kidney Development (Cont’d)
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Gene Mutation or 

Knockout Phenotype Associated Human Diseases References

Fgf10 Renal hypoplasia, multiorgan 

developmental defects, including 

the lungs, limb, thyroid, pituitary 

and salivary glands

252

Fgfr1, Fgfr2 Renal agenesis (MM-selective) 304

Fgfr2 Renal hypoplasia, hydronephrosis 

(UB-selective)

60

Foxc2 Renal hypoplasia Lymphedema-distichiasis 

syndrome

237, 579

Foxd1 Accumulation of undifferentiated CM, 

attenuated UB branching, stromal 

patterning defects

28, 341, 343

Frs2 Mild renal hypoplasia (UB-selective) 580

Fzd4, Fzd8 Impaired UB branching, renal 

hypoplasia

581

Hdac1, Hdac2 Renal hypoplasia, renal dysplasia, 

arrest of nephrogenesis at the renal 

vesicle stage

582, 583

Lats1, Lats2 Renal hypoplasia, impaired 

UB-branching and UB tip 

specification, impaired 

nephrogenesis and renal interstitial 

differentiation

354, 584

Lgr4 Severe renal hypoplasia and 

oligonephronia; renal cysts

Aniridia-genitourinary anomalies; 

mental retardation

585, 586

Lmx1b Renal dysplasia, skeletal abnormalities Nail–patella syndrome 435, 442

Map2k1 (Mek2), Map2k 

(Mek1)

Renal hypodysplasia, megaureter Cardiofaciocutaneous syndrome 208

Mdm2 Renal hypoplasia and dysplasia, 

severely impaired UB branching 

and nephrogenesis (UB-selective); 

depletion of nephrogenic precursors 

(MM-selective)

587, 588

Mf2 Renal hypoplasia, oligonephronia 589

Mitf Oligonephronia Microphthalmia, Waardenburg 

syndrome type 2A

590

Nf2 Renal hypoplasia, renal dysplasia 584

Notch1, Notch2 Loss of nephron derivatives, nephron 

segmentation defects

Alagille syndrome (cholestatic liver 

disease, cardiac disease, kidney 

dysplasia, renal cysts, renal 

tubular acidosis)

293

Pbx1 Reduced UB branching, expansion 

of nephrogenic precursors, 

delayed mesenchyme-to-epithelial 

transformation, dysgenesis of 

adrenal gland and gonads

357, 558

Plxnb2 Renal hypoplasia and ureter 

duplication

591

Pou3f3 (Brn1) Impaired development of distal 

tubules, loop of Henle, and macula 

densa; distal nephron–patterning 

defect

320

Prr Renal hypoplasia, renal dysplasia, 

oligonephronia

592, 593

Psen1, Psen2 Severe renal hypoplasia, severe 

defects in nephrogenesis

594

Ptgs2 Oligonephronia 595

Rbpj Severe renal hypoplasia, 

oligonephronia, loss of proximal 

nephron segments, tubular cysts 

(MM-selective)

596, 597

Sall1 Severe renal hypoplasia, cystic 

dysplasia of nephrogenic derivatives 

(tubules and glomeruli)

Townes-Brocks branchiootorenal–

like syndrome

358

Table e1.2 Summary of Knockout and Transgenic Models for Kidney Development (Cont’d)
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Gene Mutation or 

Knockout Phenotype Associated Human Diseases References

Shp2 Severe impairment of UB branching, 

renal hypoplasia

207

Six1 Hydronephrosis, hydroureter, 

abnormal development of ureteral 

smooth muscle

361

Six2 Renal hypoplasia and premature 

depletion of nephrogenic precursors 

(homozygous loss); increased 

UB branching and augmentation 

of nephron endowment 

(haploinsufficiency)

278, 337

Tbx18 Hydronephrosis, hydroureter, 

abnormal development of ureteral 

smooth muscle

359, 361

Tfap2b MM failure, craniofacial and skeletal 

defects

598

Trp53 (p53) Oligonephronia, precocious depletion 

of nephrogenic precursors

Multiple cancers 599

Trps1 Impaired UB branching, renal 

hypoplasia

Trichorhinophalangeal syndrome 

(skeletal defects)

600

Vangl2 Impaired UB branching and renal 

hypoplasia

Neural tube defects 332

Wnt4 Failure of MM induction 289

Wnt7b Complete absence of medulla and 

renal papilla (UB-selective)

245

Wnt9b Vestigial kidney, failure of MM 

induction; cystic kidney 

(CD-selective)

135, 325

Wnt11 Impaired ureteric branching, renal 

hypoplasia

211

Yap Renal hypoplasia renal dysplasia, 

hydronephrosis, severe disruption 

of UB branching (UB-selective), 

oligonephronia, defects in 

mesenchyme to epithelial transition 

(CM-selective)

Coloboma, hearing impairment, 

cleft palate, cognitive deficit, 

hematuria

355, 572, 584

Mislocalized or Ectopic UB/Increased UB Branching

Bmp4 Duplex ureter, hydroureter, renal 

hypodysplasia

Microphthalmia, orofacial cleft 242

Cer1 Increased ureteric branching, altered 

spatial organization of ureteric 

branches

601

Cfl1 Renal hypodysplasia, ureter 

duplication

573

Foxc1 Duplex kidneys, ectopic ureters, 

hydronephrosis, hydroureter

237

Gata3 Ectopic ureteric budding, duplex 

kidneys, hydroureter (UB-selective)

Hypoparathyroidism, sensorineural 

deafness, and renal dysplasia 

(HDRS) syndrome; autoimmune 

disease (rheumatoid arthritis)

179, 180, 182, 183

Hnf1b, Pax2 Renal hypoplasia, duplex kidneys, 

ectopic ureters, megaureter, 

hydronephrosis

CAKUT 602

Hspb11 (Ift25) Duplex kidneys 603

Ift27 Duplex kidneys 603

Lzts2 Duplex kidneys/ureters, 

hydronephrosis, hydroureter

604

Plxnb1 Increased ureteric branching 605

Plxnb2 Renal hypoplasia and ureter 

duplication

591

Robo2 Increased UB branching CAKUT, VUR 238, 239

Table e1.2 Summary of Knockout and Transgenic Models for Kidney Development (Cont’d)
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Gene Mutation or 

Knockout Phenotype Associated Human Diseases References

Ror2 Duplex ureter, hydronephrosis Skeletal dysplasia, shortened 

limbs, brachydactyly, facial 

dysmorphia (brachydactyly, type 

B1, Robinow syndrome)

569, 606

Sema3a Increased ureteric branching 

(UB-selective)

50

Slit2 Increased UB branching CAKUT, VUR 238, 239

Spry1 Supernumerary UBs, multiple ureters 87, 218

Wnt5a Duplex ureter, hydronephrosis Robinow syndrome (skeletal 

dysplasia, shortened 

limbs, brachydactyly, facial 

dysmorphia)

569, 606

Renal Cysts

Angpt1, Angpt2 Interstitial medullary cysts, urinary 

concentration defects

407

Aqp11 Abnormal vacuolization of proximal 

tubules; polycystic kidneys

607

Arhgap35 (GRLF1) Glomerular cysts 73

Bcl2 Renal hypoplasia and cysts 608

Bicc1 Polycystic kidneys 609

Bpck Polycystic kidneys, hydrocephalus Meckel syndrome 3 610

Erbb4 Renal cysts (overexpression in renal 

tubules)

Dilated and mispolarized tubules, 

increased renal fibrosis (renal tubule 

deletion)

611

Fat4 Renal cysts, disrupted hair cell 

organization in inner ear

Van Maldergem syndrome 

(mental retardation, abnormal 

craniofacial features, deafness, 

limb malformations, renal 

hypoplasia

330, 612

Glis3 Polycystic kidney, neonatal diabetes Congenital hypothyroidism, 

diabetes mellitus, hepatic 

fibrosis, congenital glaucoma

613, 614

Gpc3 Disorganized tubules and medullary 

cysts

Simpson-Golabi-Behmel syndrome 615–617

Hnf1b Polycystic kidney disease (tubule-

selective)

CAKUT, diabetes mellitus, renal 

cysts, renal carcinoma

326, 329, 544

Ift88 (Orpk) Polycystic kidneys; defective left-right 

asymmetric patterning

ARPKD 618, 619

Ilk Medullary cysts (stroma-specific) 620

Invs Polycystic kidneys, inverted viscera Nephronophthisis 621, 622

Kif3A Polycystic kidney disease (tubule-

selective)

623

Mafb (Kreisler) Decreased glomeruli, cysts, and 

tubular dysgenesis

Musculoaponeurotic fibrosarcoma 624, 625

Mks1 Renal hypoplasia and cysts Meckel syndrome (multicystic 

dysplasia, neural tube defect)

626

Pkd1, Pkd2 Renal cysts ADPKD, ARPKD 627

Pten Abnormal ureteric bud branching, 

cysts (UB-selective)

Cowden disease, Bannayan-Riley-

Ruvalcaba syndrome, various 

tumors

209

Sall1 Nephrogenic tubule and glomerular 

cysts (stroma specific)

Townes-Brocks branchiootorenal-

like syndrome

358

Taz Polycystic kidneys, emphysema 628, 629

Tek (Tie2) Interstitial medullary cysts, urinary 

concentration defects

Cutaneous and mucosal venous 

malformation, congenital 

glaucoma

407

Vhl Renal cysts (tubule-selective) Von Hippel-Lindau syndrome 630

Xylt2 Polycystic kidneys and liver 631

Zeb2 Glomerular cysts Mowat-Wilson syndrome 

(Hirschsprung disease with 

associated mental retardation)

632
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 CHAPTER 1 — EMBRYOLOGY OF THE KIDNEY 10.e7

Continued on following page

Gene Mutation or 

Knockout Phenotype Associated Human Diseases References

Later Phenotypes (Tubular, Vascular, and Glomerular Defects)

Ace Atrophy of renal papillae, vascular 

thickening and hypertrophy, 

perivascular inflammation

Chronic systemic hypotension 258, 259

Actn4 Glomerular developmental defects, 

FSGS

SRNS 451, 452

Adam10 Loss of principal cells of the CD, 

hydronephrosis, polyuria

Alzheimer disease; reticulate 

acropigmentation of Kitamura

271

Agt Atrophy of renal papillae, vascular 

thickening and hypertrophy, 

perivascular inflammation

Chronic systemic hypotension 256, 427

Agtr1a (AT1A) Hypertrophy of juxtaglomerular 

apparatus and expansion of renin 

cell progenitors, mesangial cell 

hypertrophy

Chronic systemic hypotension 633

Agtr1a/Agtr1b (AT1A/

AT1B)

Atrophy of renal papillae, vascular 

thickening and hypertrophy, 

perivascular inflammation

Chronic systemic hypotension 261

Ampd Podocyte foot process effacement, 

proteinuria

Minimal change nephropathy 634

Angpt1 Simplification and dilation of 

glomerular capillaries; detachment 

of glomerular endothelium from the 

GBM; loss of mesangial cells; loss 

of ascending vasa recta (compound 

deletion with Angpt2)

382, 407

Angpt2 Cortical peritubular capillary 

abnormalities (null allele); apoptosis 

of glomerular capillaries, proteinuria 

(transgenic overexpression); loss of 

ascending vasa recta (compound 

deletion with Angpt1)

390, 391, 407

Arhgdia (RhoGDIα) Podocyte effacement and proteinuria SRNS, FSGS 77, 80, 635

Bmp7 Hypoplastic kidney, impaired 

maturation of nephron, reduced 

proximal tubules (podocyte-

selective)

398

Cd151 Podocyte foot process effacement, 

disorganized GBM, tubular cystic 

dilation

Nephropathy (FSGS) associated 

with pretibial epidermolysis 

bullosa and deafness

636, 637

Cd2ap Podocyte effacement, proteinuria FSGS 484

Cdc42 Congenital nephrosis; impaired 

formation of podocyte foot 

processes (podocyte-selective)

474

Cmas Congenital nephrosis; impaired 

formation of podocyte foot 

processes, defective sialylation

638

Col4a1, Col4a3, 

Col4a4, Col4a5

Disorganized GBM, proteinuria Alport syndrome 639–642

Coq6 Nephrotic syndrome and deafness SRNS, FSGS, sensorineural 

deafness

462, 643

Crb2 Podocyte effacement and proteinuria SRNS, FSGS 644

Crk1, Crk2, CrkL Albuminuria, altered podocyte 

cytoarchitecture (podocyte-

selective)

645

Cxcl12 (SDF1), Cxcr4, 

Cxcr7

Petechial hemorrhage in the kidneys, 

glomerular aneurysm, fewer 

glomerular fenestrations, reduced 

mesangial cells, podocyte foot 

process effacement, mild renal 

hypoplasia

WHIM (warts, 

hypogammaglobulinemia, 

infections, and myelokathexis) 

syndrome

401, 402, 646
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Gene Mutation or 

Knockout Phenotype Associated Human Diseases References

Dicer1 Podocyte damage, albuminuria, 

end-stage renal failure (podocyte-

selective); reduced renin production, 

renal vascular abnormalities, striped 

fibrosis (renin cell–selective)

Pleuropulmonary blastoma 430, 492–494

Dnm1, Dnm2 (Dynamin 

1/2)

Podocyte foot process effacement 

and proteinuria (podocyte-selective)

647

Dot1l Increased intercalated at the expense 

of principal CD cells; polyuria

275, 277

Efnb1 (Ephrin B1) Podocyte foot process effacement 

and proteinuria (podocyte-selective)

648

Efnb2 (Ephrin B2) Dilation of glomerular capillaries 396

Egln1 (Phd2), Egln3 

(Phd3)

Renal hypoplasia, oligonephronia, 

abnormal postnatal nephron 

formation, abnormally elevated 

erythropoietin production, 

dilation of renal blood vessels, 

glomerulosclerosis (stroma-specific)

Familial erythrocytosis; abnormally 

high EPO levels; high altitude 

adaptation hemoglobin (HALAH)

578

Elf5 Paucity in principal CD cells 274

Fat1 Foot process fusion, failure of foot 

process formation, proteinuria

SRNS, FSGS, hematuria with 

neurologic defects; glioblastoma, 

colorectal cancer, head and 

neck cancer

459, 649

Fermt2 (Kindlin-2) Rac1 hyperactivation, podocyte 

effacement and proteinuria

650

Flt1 (Vegfr1) Nephrotic syndrome 491

Foxc1 and Foxc2 Impaired podocyte differentiation, 

dilated glomerular capillary 

loop, poor mesangial migration; 

proteinuria and glomerulosclerosis

Anterior segment dysgenesis/

Axenfeld-Rieger syndrome 

(iris hypoplasia and defective 

cornea); lymphedema-

distichiasis syndrome (lower limb 

swelling and extra eyelashes)

83, 651, 652

Foxi1 Tubular acidosis; absence of CD 

intercalated cells

Tubular acidosis and deafness 268, 269

Fyn Podocyte foot process effacement, 

abnormal slit diaphragms, 

proteinuria

478, 653

Gata3 Impaired maintenance of mesangial 

cells, dilation of glomerular 

capillaries, glomerulosclerosis 

and mesangial matrix expansion, 

proteinuria

654

Gnas (Gαs) FSGS, mesangial expansion, 

proteinuria, urinary concentration 

defect (renin cell–specific)

Pseudohypoparathyroidism, 

McCune-Albright syndrome, 

endocrine tumors

655, 656

Gne (Mnk) Hyposialylation defect, foot process 

effacement, GBM splitting, 

proteinuria and hematuria

657

Grhl2 Occasional unilateral renal agenesis, 

CD barrier dysfunction, diabetes 

insipidus

Autosomal dominant deafness, 

ectodermal dysplasia

542, 543

Ilk Nephrotic syndrome (podocyte-

selective); collecting duct 

obstruction (UB-selective)

236, 482

Insr Podocyte effacement, GBM alteration, 

proteinuria (podocyte-selective)

Diabetic nephropathy 658

Itga3 (Integrin α3) Reduced UB branching, glomerular 

defects, poor foot process 

formation

249, 251

Itga6 (Integrin α6) Collecting duct dilation and dysplasia Epidermolysis bullosa, collecting 

duct dysplasia

659
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Gene Mutation or 

Knockout Phenotype Associated Human Diseases References

Itgb1 (Integrin β1) Podocyte loss, capillary and 

mesangial degeneration, 

glomerulosclerosis (podocyte-

selective)

548, 549

Itgb4 (Integrin β4) CD dilation and dysplasia Epidermolysis bullosa 659

Kdr (Flk1/Vegfr2) Thrombotic microangiopathy, 

ascites; renal papilla dysplasia, 

urine concentration defects, loss 

of peritubular papillary capillaries 

(stroma specific)

Capillary infantile hemangioma 345, 377

Kirrel (Neph1) Abnormal slit diaphragm function, 

FSGS

82

Lama5 Defective glomerulogenesis, abnormal 

GBM, poor podocyte adhesion, loss 

of mesangial cells

233

Lamb2 Proteinuria prior to the onset of foot 

process effacement

Pierson syndrome 234, 660

Lmx1b Impaired differentiation of podocytes, 

cytoskeletal disruption in podocytes

Nail-patella syndrome 661–663

Mafb (Kreisler) Abnormal podocyte differentiation 434

Magi2 Podocyte effacement and proteinuria SRNS, FSGS 664–666

Mib1 Loss of principal CD cells, polyuria, 

urine concentration defects, sodium 

wasting, hydronephrosis

Left ventricular noncompaction 272

Mpp5 (Pals1) Tubular cysts, podocyte effacement, 

and proteinuria

667

Mpv17 Nephrotic syndrome 668

Mtor Proteinuria, podocyte autophagy 

defects (podocyte-selective)

669

Myo1E Podocyte foot process effacement 

and proteinuria

SRNS 458, 670, 671

Nck1, Nck2 Failure of foot process formation 

(podocyte-selective)

64

Nid1 Abnormal GBM 672

Notch1, Notch2 Lack of glomerular endothelial and 

mesangial cells (standard knockout) 

lack of podocytes and proximal 

tubular cells (MM-selective); 

impaired nephrogenesis (cap 

mesenchyme–selective)

Alagille syndrome (cholestatic liver 

disease, cardiac disease, kidney 

dysplasia, renal cysts, renal 

tubular acidosis)

362, 363, 597, 

673

Nphs1 (Nephrin) Absent slit diaphragms, podocyte 

effacement, proteinuria

Congenital nephrosis of the 

Finnish type, childhood-onset 

steroid-resistant nephritic 

syndrome, childhood- and adult- 

onset FSGS

444

Nphs2 (Podocin) Congenital nephrosis, FSGS, vascular 

defects

SRNS, FSGS 443, 674

Npnt Mislocalization of α8β1 integrin, 

mesangial hyperproliferation and 

sclerosis (nephron and podocyte 

specific deletion)

675

Nrp1 Glomerular aneurysm, impaired 

mesangial development, 

glomerulosclerosis

510

Par1a, Par1b Proximal tubule dilation and immature 

glomeruli

556

Pdgfb, Pdgfrb Lack of mesangial cells, ballooned 

glomerular capillary loop

508, 509

Pik3c3 (Vps34) FSGS, defects in vesicular trafficking 

(podocyte-selective)

676, 677

Podxl Podocyte effacement, reduced 

glomerular capillary fenestrae, 

abnormal GBM, anuria

Congenital FSGS, omphalocele, 

and microcoria

678, 679
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Gene Mutation or 

Knockout Phenotype Associated Human Diseases References

Prkci (aPKCλ/ι) Defect of podocyte foot processes, 

nephrotic syndrome (podocyte-

selective)

472, 473

Ptpro (GLEPP1) Broadened podocyte foot processes 

with altered interdigitation patterns

SRNS 657, 680

Rab3A Albuminuria, disorganization of 

podocyte foot process structure

681

Rbpj Decreased renal arterioles, absence 

of mesangial cells, and depletion of 

renin cells (stromal cell–selective)

Reduction in juxtaglomerular cells, 

impaired renin synthesis (renin 

cell–selective)

Loss of principal CD cells 

(UB-specific)

274, 364, 432

Rhpn1 FSGS, podocyte foot process 

effacement, GBM thickening

464

Robo2 Abnormal pattern of podocyte foot 

process interdigitation, focal 

effacement of foot processes, 

proteinuria

CAKUT, VUR 682

Scl5a2 (SGLT2) Elevated urinary excretion of glucose, 

calcium, and magnesium

Glucosuria 683

Sh3gl1, Sh3gl2, Sh3gl3 

(Endophilin 1/2/3)

Podocyte foot process effacement 

and proteinuria, neuronal defects

647

Sirpa Irregular podocyte foot process 

interdigitation, mild proteinuria

684

Sox4 Oligonephronia, podocyte effacement, 

GBM defects (MM-selective)

685

Sox17, Sox18 Vascular insufficiency in kidneys and 

liver; ischemic atrophy of renal and 

hepatic parenchyma; defective 

postnatal a

HLT (hypotrichosis-lymphedema-

telangiectasia) syndrome (hair, 

vascular, and lymphatic disorder)

403, 406

Sv2b Podocyte foot process effacement 

and proteinuria

686

Synj1 Podocyte foot process effacement 

and proteinuria; neuronal defects

647

Tcf21 (Pod1) Lung and cardiac defects, sex reversal 

and gonadal dysgenesis, vascular 

defects, disruption in UB branching, 

impaired podocyte differentiation, 

dilated glomerular capillary, poor 

mesangial migration

13, 339, 440

Tek (Tie2) Loss of ascending vasa recta and 

medullary capillary plexus, urinary 

concentration defects

Cutaneous and mucosal venous 

malformations, congenital 

glaucoma

407

Tfcp2l1 Loss of CD intercalated cells 273

Tjp1 (ZO-1) Podocyte effacement and proteinuria 687

Trp63 (TP63) Loss of CD intercalated cells ADULT (acro-dermato-ungual-

lacrimal-tooth) syndrome; 

limb-mammary syndrome

270

Trpc6 Protected from angiotensin-mediated 

or proteinuria or complement-

dependent glomerular injury (null 

mutation); podocyte foot process 

effacement and proteinuria 

(transgenic overexpression in the 

podocyte lineage)

SRNS, FSGS 460, 489, 490, 

688–691

Vangl2 Immature and poorly branched 

glomerular tuft

Neural tube defects 332
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Gene Mutation or 

Knockout Phenotype Associated Human Diseases References

Vegfa Endotheliosis, disruption of glomerular 

filtration barrier formation, nephrotic 

syndrome (podocyte-selective); 

peritubular capillary rarefaction and 

polycythemia (tubule-specific)

375, 376, 378, 

692

Vhl Glomerulonephritis  

(podocyte-selective)

Von Hippel-Lindau syndrome 400

Wasl (N-wasp) Podocyte effacement, proteinuria 693

Wnt7b Impaired development medullary 

microvasculature

694

Wnt11 Glomerular cysts 695

ADPKD, Autosomal dominant polycystic kidney disease; ARPKD, autosomal recessive polycystic kidney disease; CAKUT, congenital 

anomalies of the kidney and urinary tract; CD, collecting duct; CM, cap mesenchyme; FSGS, focal segmental glomerulosclerosis;  

GBM, glomerular basement membrane; GDNF, glial cell–derived neurotrophic factor; MM, metanephric mesenchyme; SRNS, steroid-

resistant nephrotic syndrome; UB, ureteric bud; VUR, vesicoureteral reflux.
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fluorescent transgene developed to visualize renal develop-
ment.86 Enhanced green fluorescent protein (EGFP), placed 
under the control of the Hoxb7 promoter, specifically labels 
the wolffian duct and the ureteric epithelial lineage. Hoxb7-
EGFP has therefore proven to be invaluable in studying the 
rates and pattern of ureteric branching morphogenesis and 
ureteral development, including disruption of these events 
in the context of particular mutant backgrounds.60,87–89 An 
alternative model uses two separate transgenes, namely a 
cell-specific Cre driver and an independent reporter transgene 
(e.g., R26R). With the R26R reporter model, β-galactosidase 
transgene expression is switched on by a Cre-mediated removal 
of an upstream stop codon.90 Inducible reporter systems 
incorporate genetic regulatory elements that allow for both 
cell-specific promoter- and drug-dependent activation of the 
reporter gene. The most commonly used strategies for 
controlled transgene expression in mice are the Tet-operon/
repressor bi-transgenic and the estrogen-receptor ligand 
binding domain (Cre-ERT2) systems. These inducible reporter 
systems allow for timed pulse labeling of cell lineages, resulting 
in permanent tagging of progenitor cells and their direct 
derivatives. Inducible reporter systems have become valuable 
tools for the mapping of cell fates. Inducible reporter systems 
have been used to establish that the Six2+ cells are the progeni-
tors of all epithelial structures of the mature nephron.61 In 
some cases, the Cre transgene is engineered with an associated 
fluorophore expression cassette under the control of a shared 
promoter, thus allowing easy identification of cells with 
targeted gene mutations. A wide variety of reporter and Cre 
transgenes (see Table e1.2) are now available to characterize 
the development and organization of multiple compartments 
of the kidney.

dominant. Breeding of ENU-injected male mice results in 
offspring that can then be screened for various renal phe-
notypes (e.g., dysplasia, cysts, proteinuria) and heritability.69–71 
Some examples of genes whose relevance to kidney develop-
ment functions was revealed from ENU mutagenesis include 
Arhgap23 (ciliogenesis and glomerular cyst defects), Six1 
(renal hypoplasia), Scl5a2 (SGLT2; glucosuria), Pou3f3 (Brn1; 
oligonephronia and smaller loop of Henle), and Aqp11 
(proximal tubule vacuolation and cysts).72–74

Significant innovations in high-throughput gene sequencing 
are also facilitating the identification of monogenic mutations 
associated with heritable kidney diseases.75,76 Putative disease-
causing genes identified from genome-wide association studies 
can then be validated in corresponding gene-targeted mouse 
models. Similarly, a gene whose mutation has been identified 
to cause kidney maldevelopment and dysfunction in mice 
can be investigated for incidence of mutations across the 
human genome (e.g., Arhgdia in nephrotic syndrome).77–80 
Other genome-wide approaches that have led to the discovery 
of novel genes in kidney development and disease include 
gene trap consortia81,82 and genome-wide transcriptome and 
proteome projects.83–85

IMAGING AND LINEAGE TRACING STUDIES

Reporter mouse lines are animal models engineered to express 
transgenes encoding an enzyme (e.g., bacterial β-galactosidase 
or firefly luciferase) or fluorescent protein tag in a cell 
lineage–specific manner (Fig. 1.13). In the simplest model, 
a single transgene comprising the reporter coding region is 
placed downstream of a cell-specific promoter. Such a model 
is useful to identify and follow distinct cell lineages where 
the chosen promoter is active. Hoxb7-EGFP is the first 

Fig. 1.12 Gene editing using the CRISPR-Cas9 system. Simplified overview for targeted introduction of mutations using the CRISPR-Cas9 

system. Site-specific cleavage of a target gene locus with the Cas9 endonuclease creates a double-strand DNA break. The nicked target gene 

can be repaired by an error-prone, nonhomologous repair mechanism resulting in nucleotide insertion, deletion, or frameshift mutations. Introduction 

of a homologous engineered donor DNA results in a homologous substitution into the target locus which then results in a precisely edited 

gene. 
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from the fact that all of these organisms possess excretory 
organs designed to remove metabolic wastes from the body, 
and that genetic pathways involved in other aspects of 
invertebrate development may serve as templates to dissect 
pathways in mammalian kidney development. In support of 
the latter argument, elucidation of the genetic interactions 
and molecular mechanism of the Kirrel (Neph1) orthologue 
and nephrin-like molecules SYG1 and SYG2 in synapse forma-
tion in the soil nematode Caenorhabditis elegans is providing 
major clues to the function of these genes in glomerular 
and slit diaphragm formation and function in mammals.94

The excretory organs of invertebrates differ greatly in their 
structure and complexity and range in size from a few cells 
in C. elegans, to several hundred cells in Drosophila, to the 
more recognizable kidneys in amphibians, birds, and 
mammals. In C. elegans, the excretory system consists of a 
single large H-shaped excretory cell, a pore cell, a duct cell, 
and a gland cell.95,96 C. elegans provides many benefits as a 
model system: the availability of powerful genetic tools 

Reporter mice expressing fluorescent tags also come in 
handy for segregation and isolation of particular cell types 
on the basis of fluorescence, facilitating global gene expression 
analysis, elucidation of transcriptional regulatory networks, 
and epigenetic interactions that orchestrate particular 
morphogenetic events (Table 1.3). Purified single or bulk 
populations of fluorescence-tagged cells can be used for 
high-throughput discovery of transcriptomes, genome-wide 
DNA-binding protein interactions, histone modifications, 
and nucleosome complexes through revolutionary next-
generation DNA sequencing methods such as RNA-seq (RNA 
sequencing) and ChIP-seq (chromatin immunoprecipitation 
sequencing).91–93

NONMAMMALIAN MODEL SYSTEMS FOR  
KIDNEY DEVELOPMENT

Organisms separated by millions of years of evolution from 
humans still provide useful models to study the genetic basis 
and function of mammalian kidney development. This stems 

A

Ret-/- ES cells
(Hoxb7/GFP)

wild-type blastocyst
(Hoxb7/Cre; R26R-CFP)

chimeric
embryo

control +/+ ES cells

B C D E F

G H I

Fig. 1.13 Cell fate tracing through genetic expression of fluorophores. Segregation of Ret-deficient cells in the outgrowth and branching of 

the ureteric bud (UB). (A) Ret-null embryonic stem cells (ES) expressing Hoxb7-GFP were mixed with a wild-type transgenic blastocyst (Hoxb7-Cre: 

R26R-CFP). This generates chimeric animals in which Ret-null cells exhibit green fluorescent protein (GFP) fluorescence, while wild-type UB 

cells express cyan fluorescent protein (CFP). (B) At E9.5, Ret-null epithelial cells are intermingled with wild-type cells in the wolffian duct (WD). 

(C) At E10, when the dorsal side of the WD begins to swell, the region where UB will emerge becomes enriched with CFP-expressing but not 

Ret-null cells. (D, E) At around E10.5 dpc, the UB is exclusively formed by wild-type cells. (F) Upon elongation of the UB at E11, the bulbous 

distal tip of the UB is formed by wild-type cells but the Ret-null cells begin to contribute to the trailing trunk structure. (G, H) During the initial 

branching of the UB at around E11.5, Ret-null cells are excluded from the distal ampullary UB tips. (I) In contrast, control cells expressing 

Ret and GFP contribute to the whole branching UB structure. dpc, Days post coitum. Reproduced with permission from Developmental Cell.186
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Table 1.3 Mouse Strains for Conditional Gene Targeting and Lineage Marking of Cells

Gene 

Promoter Cre rtTA Cre-ERT2

Fluorescent 

Reporter Renal Expression Extrarenal Expression Reference

11Hsd2 ✓ ✓ Principal cells of collecting 

duct, connecting tubules

Amygdala, cerebellum, 

colon, ovary, uterus, 

epididymis salivary 

glands

696

Aqp2 ✓ ✓ Principal cells of collecting 

duct

Testis, vas deferens 697

Atp6v1b1 ✓ ✓ Collecting ducts (intercalated 

cells), connecting tubule

698, 699

Bmp7 ✓ ✓ ✓ Cap mesenchyme 700

Cdh16 (Ksp-

Cadherin)

✓ ✓ Renal tubules, collecting 

ducts, ureteric 

bud, wolffian duct, 

mesonephros

Müllerian duct 701, 702

Cited1 ✓ ✓ Cap mesenchyme 703

Emx1 ✓ ✓ ✓ Renal tubules (proximal and 

distal tubules)

Cerebral cortex, thymus 704

Foxd1 ✓ ✓ ✓ Stromal cells 705

Gdnf ✓ ✓ Cap mesenchyme 706

Ggt1 ✓ Cortical tubules 707

Hoxb6 ✓ ✓ Metanephric mesenchyme Lateral mesoderm, limb 

buds

547, 708

Hoxb7 ✓ ✓ ✓ Ureteric bud, wolffian duct, 

collecting ducts, distal 

ureter

Spinal cord, dorsal root 

ganglia

59

Kap ✓ Proximal tubules Brain 709, 710

Klf3 ✓ Collecting ducts Gonads GUDMAPa

Nphs1 ✓ ✓ ✓ Podocytes Brain 711, 712

Nphs2 ✓ ✓ ✓ Podocytes 713

Osr1 ✓ ✓ ✓ Metanephric mesenchyme Intermediate mesoderm 714, 715

Osr2 ✓ Condensing metanephric 

mesenchyme; glomeruli

Palatal mesenchyme 716

Pax2 ✓ ✓ Pronephric duct, wolffian 

duct, ureteric bud, cap 

mesenchyme

Inner ear, midbrain, 

cerebellum, olfactory 

bulb

717

Pax3 ✓ Metanephric mesenchyme Neural tube, neural crest 713, 718, 719

Pax8 ✓ ✓ ✓ ✓ Renal tubules (proximal 

and distal tubules) and 

collecting ducts (Tet-On 

inducible system)

720, 721

Pck1 ✓ ✓ ✓ Proximal tubules Liver 630

Pdgfb ✓ Endothelium Systemic vascular 

endothelium

722

Pdgfrb ✓ ✓ ✓ ✓ Mesangial cells, vascular 

smooth muscles

Pericytes, vascular 

smooth muscles

396, 510, 723

Prox1 ✓ ✓ ✓ Ascending vasa rectae, 

lymphatic vessels

Systemic lymphatic 

vasculature

724–726

Rarb ✓ ✓ Metanephric mesenchyme 550

Ren1 ✓ ✓ ✓ Juxtaglomerular cells, 

afferent arterioles, 

mesangial cells

Adrenal gland, testis, 

sympathetic ganglia

420

Ret ✓ Ureteric bud, collecting 

ducts

Dorsal root ganglion, 

neural crest

727

Sall1 ✓ Metanephric mesenchyme 

(tamoxifen-inducible 

system)

Limb buds, central 

nervous system, heart

728

Six2 ✓ ✓ ✓ ✓ Cap mesenchyme 61

Slc22a6 ✓ Proximal tubules 721

Slc5a2 ✓ Proximal tubules 729

Sox18 ✓ Cortical and medullary 

vasculature

Blood vessel and 

precursor of lymphatic 

endothelial cells

730–732

Continued on following page
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Gene 

Promoter Cre rtTA Cre-ERT2

Fluorescent 

Reporter Renal Expression Extrarenal Expression Reference

Spink3 ✓ Medullary tubules (distal or 

connecting tubules?)

Mesonephric tubules, 

pancreas, lung, liver, 

gastrointestinal tract

718, 719, 733

T (Brachyury) ✓ ✓ Whole kidney (both ureteric 

bud and metanephric 

mesenchyme)

Pan-mesodermal 286

Tbx18 ✓ Ureteral mesenchyme Heart, limb buds 734

Tcf21 ✓ Metanephric mesenchyme, 

cap mesenchyme, 

podocytes, stromal cells

Epicardium, lung 

mesenchyme, gonad, 

spleen, adrenal gland

246

Tek ✓ ✓ ✓ ✓ Endothelium Systemic vasculature 

endothelium

735–737

Tie1 ✓ ✓ Endothelium Systemic vasculature 

endothelium

738

Umod ✓ ✓ Thick ascending limbs of 

loops of Henle

Testis, brain 739

Wnt4 ✓ ✓ ✓ Renal vesicles, nascent 

nephrons (comma- and 

S-shaped bodies)

Lungs, developing 

gonads

61, 740

aGenitourinary Development and Molecular Anatomy Project (GUDMAP); http://www.gudmap.org.

 Cre (noninducible Cre recombinase transgene); rtTA (reverse tetracycline transactivator, tetracycline inducible expression system); Cre-ERT2 

(Cre-estrogen receptor ligand binding domain fusion transgene, tamoxifen-inducible expression system); fluorescent reporter (promoter-

driven expression of a fluorescent protein such as green fluorescent protein and its variants.)

Table 1.3 Mouse Strains for Conditional Gene Targeting and Lineage Marking of Cells (Cont’d)

including “mutants by mail,” a short life and reproductive 
cycle, a publicly available genome sequence and resource 
database (http://www.wormbase.org), the ease of performing 
genetic enhancer-suppressor screens in worms, and the fact 
that they share many genetic pathways with mammals. Major 
contributions in our understanding of the function of 
polycystic and cilia-related genes have been made from 
studying C. elegans. The Pkd1 and Pkd2 homologues, LOV1 
and LOV2 of C. elegans, are involved in cilia development 
and mating behavior.97,98 Strides in understanding the function 
of the slit diaphragm have also been made from C. elegans 
as described earlier.

Similar to C. elegans, the relative ease of large-scale genetic 
screens and phenotypic characterization in Drosophila makes 
it another valuable complimentary model for understanding 
the genetic basis of developmental processes. The excretory 
system of Drosophila consists of two parts, the nephrocytes 
and the malpighian tubules, which are functionally analogous 
to podocytes and renal tubules, respectively. A fundamental 
difference from vertebrate kidneys is that the nephrocytes 
and malpighian tubules are not physically connected. Neph-
rocytes either surround the heart (epicardial nephrocytes) 
or the esophagus (garland cells) and have elaborate mem-
brane invaginations that closely resemble the glomerular 
filtration barrier. Remarkably, mutations of Drosophila 
homologs of genes known to be essential to form slit dia-
phragms and maintain podocyte functions also impair 
nephrocyte morphology and filtration functions.99–103 Similarly, 
conserved genes have been identified that regulate normal 
patterning and function of Malpighian tubules and vertebrate 
renal tubules.104–109 Functional readouts such as impaired 

nephrocyte filtration or uptake of tracers, ultrastructural 
analysis, and mortality screens can be executed efficiently 
in Drosophila, which can facilitate the characterization of novel 
gene functions that are vital for renal filtration.110–112

The pronephros is the functional kidney of the larva of 
some fishes (with the exception of jawless fishes which only 
develop the pronephros) and amphibians, while the meso-
nephros serve as the kidney in adults of these aquatic animals. 
The pronephros of the zebrafish (Danio rerio) larva consists 
of two tubules connected to a fused, single, midline glomerulus. 
The zebrafish pronephric glomerulus expresses many of the 
same genes found in mammalian glomeruli (e.g., Vegfa, Nphs1, 
Nphs2, and Wt1) and contain podocytes and fenestrated 
endothelial cells.113 Advantages to the zebrafish as a model 
system include its short reproductive cycle, transparency of 
the larvae with easy visualization of defects in pronephric 
development without sacrificing the organism, the availability 
of the genome sequence, the ability to rapidly knockdown 
gene function using morpholino oligonucleotides, and the 
ability to perform functional studies of filtration using fluo-
rescently tagged labels of varying sizes.114 These features make 
zebrafish amenable to both forward and reverse genetic 
screens. Currently, multiple labs perform knockdown screens 
of mammalian homologs and genome-wide mutagenesis 
screens in zebrafish in order to study renal function. The 
pronephros of the clawed frog Xenopus laevis has also been 
used as a simple model to study early events in nephrogen-
esis.115,116 Similar to the fish, the pronephros of the clawed 
frog consists of a single glomus, paired tubules, and a duct. 
The fact that X. laevis embryos develop rapidly outside the 
body (all major organ systems are formed by 6 days of age), 

http://www.gudmap.org/
http://www.wormbase.org/
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EARLY LINEAGE DETERMINATION OF  

THE METANEPHRIC MESENCHYME

In most embryos exhibiting renal agenesis, an appropriately 
localized putative MM is often uninvaded by a UB outgrowth. 
Two exceptions are the Osr1 (Odd1)- and Eya1-mutant embryos, 
where this distinct patch of MM is absent, suggesting that 
Osr1 and Eya1 represent early determinants of the MM (Fig. 
1.14). Together, the phenotypes of these knockout mice have 
provided an initial molecular hierarchy of early kidney 
development.136,149 Osr1 marks the intermediate mesoderm 
from which the mesenchymal cells within the mesonephric 
and metanephric kidney are derived and is subsequently 
downregulated upon epithelial differentiation. Mice lacking 
Osr1 do not form the MM and do not express several other 
factors required for metanephric kidney formation, including 
Eya1, Six2, Pax2, Sall1, or Gdnf.149

Eya1-mediated specification of the MM cell fate is thought 
to occur via interaction with another transcription factor, 
Six1. EYA1 and SIX1 mutations are found in humans with 
branchiootorenal (BOR) syndrome.150 It is now known 
through in vitro experiments that Eya1 and Six1 form a 
regulatory complex that appears to be involved in transcrip-
tional regulation.151,152 Interestingly, Eya1 was shown to have 
an intrinsic phosphatase activity that regulates the activation 
of the Eya1/Six1 complex.152,153 Moreover, Eya and Six family 
genes are coexpressed in several tissues in mammals, Xenopus 
and Drosophila, further supporting a functional interaction 
between these genes.136,138,139,154,155 Direct transcriptional targets 
of this complex appear to include the pro-proliferative factor 
Myc.152 In the Eya1-deficient urogenital ridge the putative 
MM is completely absent.156 Consistent with this finding, Six1 
is either absent or poorly expressed in the presumptive 
location of the MM of Eya1-null embryos.152,154–156 Eya1 is 
expressed in the Six1-null mesenchyme, suggesting that Eya1 
is upstream of Six1.138,139

The transcription factor Wt1 is another essential regulator 
of early MM development. Wt1 expression is weak in the 
uninduced MM but increases in the condensed cap mesen-
chyme surrounding the branching UB tips. Wt1 expression 
remains throughout nephrogenesis but eventually becomes 
restricted to the presumptive podocytes at the proximal end 
of the S-shaped nephron. Mature podocytes continue to 
express Wt1 at high levels. Genetic loss of Wt1 in mice prevents 
UB outgrowth and causes apoptosis of the MM, whereas 
human mutations of WT1 have been linked to renal 
tumors.39,157 Among the numerous identified transcriptional 
targets of Wt1 known to be required for kidney development 
are Bmp7, Pax2, and Sall1.48 More recently, it has been shown 
that Wt1 regulates antagonistic fibroblast growth factor (FGF) 
and bone morphogenetic protein (BMP)/SMAD (contraction 
of homologous Sma and MAD genes of worms and fruitflies) 
signaling pathways, effectively promoting the proliferation 
and survival of the MM.158,159 The absence of Wt1 significantly 
downregulates the expression of the genes for several FGF 
ligands, including Fgf8, Fgf10, Fgf16, and Fgf20, which support 
mesenchymal proliferation.48,159 Furthermore, Wt1 deficiency 
in nephron progenitors leads to specific loss of Gas1, a gene 
encoding for an extracellular glycosphingolipid-tethered 
protein that modulates PI3K-Akt signaling downstream of 
FGFs.158 The impairment of FGF signaling upon loss of Wt1 
is exacerbated by the upregulation of BMP/SMAD signaling, 

the ease of injecting DNA, mRNA, and protein, ability to 
perform grafting, and in vitro culture experiments establish 
the frog as a valuable model system to dissect early inductive 
and patterning cues.117,118 The availability of transgenic 
zebrafish and Xenopus lines that express the fluorescent protein 
EGFP in pronephric and mesonephric kidneys provide an 
opportunity to visualize real-time kidney development and 
function.119–121

STEM CELL DERIVED KIDNEY ORGANOIDS

The discovery that a combination of small molecules and 
cytokines can effectively induce human pluripotent stem cells 
(hPSCs) to develop into intermediate mesoderm laid the 
groundwork for ingenious in vitro methods to generate kidney 
organoid cultures in which most fundamental processes in 
early renal development are recapitulated.65,122–128 These 
hPSC-derived kidney organoids can form many renal struc-
tures, including the glomerulus, proximal tubule, loop of 
Henle, distal tubule, collecting ducts, interstitium, and a 
primitive endothelial network. Gene editing of hPSCs through 
CRISPR-Cas9 technology (see Fig. 1.12) provides a unique 
opportunity for a time- and cost-effective strategy to inter-
rogate novel gene functions relevant to embryonic kidney 
development.66,129–131 One particular example is the study of 
epithelial cyst pathogenesis in kidney organoids from 
polycystin-deficient hPSCs.65 Although their use in renal 
replacement therapy remains to be realized, kidney organoids 
have immediate practical application in high-throughput 
screening of drugs for nephrotoxicity.132

GENETIC ANALYSIS OF MAMMALIAN 
KIDNEY DEVELOPMENT

INTERACTION OF THE URETERIC BUD AND THE 

METANEPHRIC MESENCHYME

The classic studies with the organ culture system that started 
in the 1950s provided an extensive framework that formed 
the basis for further studies of organ development.38,133,134 
These elegant studies demonstrated that the epithelialization 
of the MM requires a UB-derived factor which we now know 
as Wnt9b.135 However, the modern era of studies on the early 
development of the kidney began with the observation of 
renal agenesis phenotypes in gene-targeted or knockout mice, 
the earliest among these being the knockout of several 
transcription factors, including the Wt1, Pax2, Eya1, Osr1 
(Odd1), Six1, Sall1, Lhx1 (Lim1), and Emx2.39,40,47,136–141 The 
knockout of genes for several secreted signaling molecules 
such as GDNF (glial cell line–derived neurotrophic factor), 
GDF11 (growth differentiation factor 11), gremlin, and the 
receptors Ret and GFRα1 also resulted in renal agenesis, at 
least in the majority of embryos.142–148

Clinical Relevance

Perturbation of cell–cell communication during embry-
onic kidney development can have wide-ranging detri-
mental consequences, including renal agenesis, CAKUT, 
proteinuria, kidney cysts, defective urine osmoregulation, 
acidosis, and predisposition to hypertension and chronic 
kidney diseases.
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has been demonstrated that Pax2 appears to act as a tran-
scriptional activator of Gdnf and regulates the expression of 
Ret.171,174 Pax2 also appears to regulate kidney formation 
through epigenetic control as it is involved in the assembly 
of a histone H3–lysine 4 methyltransferase complex through 
the ubiquitously expressed nuclear factor PTIP, which regu-
lates histone methylation.175 The Hox genes are conserved 
in all metazoans and specify positional information along 
the body axis. Hox11 paralogues include Hoxa11, Hoxc11, 
and Hoxd11. Mice carrying mutations in any one of these 
genes do not have kidney abnormalities; however, triple-
mutant mice for these genes demonstrate a complete absence 
of metanephric kidney induction.172 Interestingly, in this 
mutant, the formation of condensing MM and the expression 
of Eya1, Pax2, and Wt1 remain unperturbed, suggesting that 
Hox11 is not upstream of these factors. Although there seems 
to be some hierarchy, Eya1, Pax2, and Hox11 appear to form 
a complex to coordinately regulate the expression of Gdnf.176

Sall1 indirectly controls the expression of GDNF. Sall1 is 
necessary for the expression of the kinesin Kif26b by the MM 
cells.167 In the absence of either Sall1 or Kif26b, the nephro-
nectin receptor α8β1-integrin expressed by the MM mesen-
chyme is downregulated. The loss of Sall1, Kif26b, Itga8 (α8 
integrin), Itgb1 (β1-integrin), and Npnt (nephronectin) 
compromises the adhesion of the MM cells to the UB tips, 
ultimately causing loss of Gdnf expression and failure of UB 
outgrowth.168,169,177 The absence of Fras1, an extracellular 
matrix protein linked to Fraser syndrome, which is expressed 

which promotes apoptosis.159 This is thought to occur through 
the loss of Bmper expression, a direct target of Wt1, which 
inhibits BMP4 signaling.

URETERIC BUD INDUCTION

In many cases of renal agenesis, a failure of the GDNF-Ret 
signaling axis has been identified.160 GDNF, a member of 
the TGF-β superfamily and secreted by the MM, activates 
the Ret-GFRα1 receptor complex that is expressed by cells 
of the nephric duct and the UB. Activation of the Ret tyrosine 
kinase is of central importance to UB induction. Most mutant 
embryos lacking Gdnf, Ret, or Gfra1 exhibit partial or complete 
renal agenesis due to severe impairment of UB induction 
while exogenous GDNF is sufficient to induce sprouting of 
ectopic buds from the nephric duct.142–144,148,161–164 Consistently, 
other genes linked to renal agenesis are known to regulate 
the normal expression of GDNF. These include transcription 
factors (e.g., Eya1, Pax2, Six1, Hox11 paralogues, and Sall1) 
and proteins required to stimulate or maintain GDNF expres-
sion (e.g., GDF11, Kif26b, nephronectin, α8β1-integrin, and 
Fras1) (see Fig. 1.14).136,139,140,145,165–173

As described earlier, Eya1 mutants fail to form the MM. 
Pax2 is a transcriptional regulator of the paired box family 
and is expressed widely during the development of both UB 
and mesenchymal components of the urogenital system.170 
In Pax2-null embryos, Eya1, Six1 and Sal11 are expressed,156 
suggesting that Eya1 and Six1 are likely upstream of Pax2. 
Through a combination of molecular and in vivo studies, it 

Fig. 1.14 Genetic interactions during early metanephric kidney development. (A) Regulatory interactions that control the strategically 

localized expression of glial cell–derived neurotrophic factor (GDNF) and Ret and the subsequent induction of the ureteric bud. The anterior 

part of GDNF expression is restricted by Foxc1/2 and Slit2/Robo2 signaling. Spry1 suppresses the postreceptor activity of Ret. BMP4/7-BMPR 

signaling inhibits the response to GDNF, an effect counteracted by Grem1. Genetic regulatory network that controls the expression of (B) GDNF 

and (C) Ret. BMPR, Bone morphogenetic protein receptor; MM, metanephric mesenchyme; NC, nephrogenic cord; ND, nephric duct; UB, 

ureteric bud. 
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A ligand-receptor complex formed by GDNF, GFRα1, and 
Ret is necessary for autophosphorylation of Ret on its intracel-
lular tyrosines (see Fig. 1.12). A number of downstream adaptor 
molecules and effectors have been identified to interact with 
active phosphorylated Ret, including Grb2, Grb7, Grb10, 
ShcA, Frs2, PLCγ1, Shp2, Src, and Dok adaptor family members 
(Dok4/5/6).190–201 These downstream Ret effectors altogether 
are likely contributors to the activation of the Ras/SOS/ERK 
and PI3K/Akt pathways supporting the proliferation, survival, 
and migratory behavior of the UB epithelium.41,43,202 Knock-in 
mutations of the interaction site for Shc/Frs2/Dok adaptors 
on the short isoform of Ret lead to the formation of rudi-
mentary kidneys.203–206 Specific mutation of the PLCγ1 docking 
site on Ret leads to renal dysplasia and ureter duplications.203 
The loss of Shp2 and the upstream ERK regulators Map2k1 
(Mek2) and Map2k2 (Mek1) in the UB lineage also cause severe 
renal hypoplasia phenocopying that is observed in occasional 
Ret-deficient kidneys.207,208 UB-specific inactivation of Pten, a 
target of the PI3K/Akt pathway, disrupts UB branching.209 
Taken together, these findings underscore the significance 
of Ret signaling in normal UB branching.

A number of transcriptional targets of Ret activation in 
microdissected UB stimulated with GDNF have been eluci-
dated (Fig. 1.15).210 Among these are Ret itself and Wnt11, 
which stimulates Gdnf expression in the MM,211 suggesting 
that a positive feedback loop exists for the GDNF-Ret signaling 
pathway. Ret activation also positively regulates the ETS 
transcription factors Etv4 and Etv5, which are also necessary 
for normal UB branching morphogenesis. Etv4-null homo-
zygous mutants and compound heterozygous mutants for 
Etv4 and Etv5 manifest severe renal hypoplasia or renal 
agenesis, suggesting that these transcription factors are 
indispensable targets of Ret for proper UB development.210 
In chimeric animals, Etv4/Etv5-deficient cells, like Ret-deficient 
cells, fail to integrate within the UB tip domain.162,212

The gene Sprouty was identified as a general antagonist of 
receptor tyrosine kinases and was discovered for inhibiting 
the FGF and EGF signaling pathways that pattern the Drosophila 
airways, wings, and ovarian follicles.213–215 Of the four mam-
malian Sprouty homologues, Spry1, Spry2, and Spry4 are 
expressed in developing kidneys.216 Spry1 is expressed strongly 
at the UB tips, whereas Spry2 and Spry4 are found in both 
the UB and the MM.217 Sprouty molecules are thought to 
uncouple receptor tyrosine kinases with the activation of 
ERK pathways either through competitive binding with the 
Grb2/SOS complex or the kinase Raf, effectively repressing 
ERK activation. Interestingly, Spry1 expression is distinctively 
upregulated upon GDNF activation of Ret.210 This suggests 
that Ret activates a negative feedback mechanism via Spry1 
in order to control activated ERK levels and modulate cell 
proliferation in the UB. Studies on Spry1 knockout mice 
reveal some intriguing facets about Ret dependence of UB 
induction and branching.87,218–222 Spry1 deficiency leads to 
ectopic UB induction and it can rescue renal development 
in the absence of either GDNF or Ret.222,223 Germline inactiva-
tion of Spry2 does not overtly affect renal development but 
can rescue renal hypoplasia in mice engineered to express 
Ret mutants impaired in activating the Ras/ERK pathway.217 
The transcriptional targets of Ret, such as Etv4, Etv5, and 
Wnt11, are retained in Gdnf/Spry1 or Ret/Spry1 compound 
null mutants.222,223 These findings indicate that Ret signaling 
is not absolutely required for UB development. In fact, 

selectively in the UB epithelium and nascent epithelialized 
nephrons but not the MM, causes loss of Gdnf expression.165 
Fras1 likely regulates MM induction and GDNF expression 
via multiple signaling pathways. Fras1 deficiency results in 
downregulation of Gdf11, Hox11, Six2, and Itga8, and an 
increase in Bmp4, which altogether cooperatively controls 
Gdnf expression.165

GENES REQUIRED BY THE URETERIC BUD

Several components of the genetic network supporting the 
development of the nephric duct and the UB have been 
identified (see Fig. 1.14). Pax2 and Pax8 are required to 
maintain the expression of Lhx1.178 Pax2, Pax8, and Lhx1 
altogether likely coordinate the expression of Gata3, which 
is necessary for elongation of the nephric duct.179 Gata3 and 
Emx2, which are required for the expression of Ret in the 
nephric duct, are both regulated by β-catenin (Ctnnb1), an 
effector of the canonical Wnt signaling pathway.40,180,181 Acting 
likely in parallel with Gata3 to maintain Ret expression in the 
UB is Aldh1a2 (Raldh2), a gene in the retinoic acid synthesis 
pathway.182 Surprisingly, this genetic regulatory hierarchy 
cannot fully account for the distinctive phenotypes arising 
from the mutation of each individual gene, suggesting that 
additional important components of the nephric duct genetic 
network have yet to be identified. Nephric duct specifica-
tion fails in Pax2/Pax8 mutants but not in the case of Lhx1 
deficiency, where only the caudal portion of the nephric 
duct degenerates.178 The absence of Gata3 or Aldh1a2 causes 
misguided elongation of the nephric duct, terminating into 
either blind-ended ureters or abnormal connections between 
the bladder and urethra.179 The curtailed caudal growth  
of the nephric duct when either Lhx1 or Gata3 is lost pre-
vents the formation of the first UB and consequently causes 
renal agenesis.179,183,184 The absence of Aldh1a2 leads to the 
formation of ectopic ureters and hydronephrotic kidneys.182 
Emx2 deficiency does not prevent caudal extension of the 
nephric duct toward the presumptive MM but the evagination 
of the UB is aborted, thereby resulting in renal agenesis.40 
Without β-catenin, nephric duct cells undergo precocious 
differentiation into collecting duct epithelia.185 Ret does 
not affect the nephric duct fate but has importance in later 
UB development and insertion of the nephric duct to the 
cloaca.162,182,186 Identification of additional targets of Pax2, 
Pax8, Lhx1, Gata3, and β-catenin are necessary in order to 
fully understand these seemingly disparate mutant phenotypes.

UB induction and subsequent branching requires a unique 
spatial organization of Ret signaling. The bulbous UB tip is 
a region enriched with proliferative ureteric epithelial cells, 
in contrast to the emerging stalk regions of the developing 
ureteric tree.41,187 It is now well appreciated that receptor 
tyrosine kinase signaling primarily through Ret is key to the 
proliferation of UB tip epithelia. Exogenous GDNF supple-
mented in explanted embryonic kidneys can cause expansion 
of the UB tip region toward the source of the ligand.187–189 
ERK kinase activation is prominent within the ampullary UB 
terminals where Ret expression is elevated.41 Consistently, 
chimera analysis in mice reveals that Ret-deficient cells do 
not contribute to the formation of the UB tips.162 Altogether, 
these studies underscore the importance of strategic levels 
of Ret expression and activation of proliferative signaling 
pathways in the stereotypical sculpting of the nascent col-
lecting duct network.
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renal agenesis or severe hypoplasia.168 Thus the interaction 
of α8β1 integrin with nephronectin must have an important 
role in the continued growth of the UB toward the MM. 
Both Itga8 and Npnt knockout phenotypes appear to result 
from a reduction in Gdnf expression.168 The attraction of the 
UB to the mesenchyme is also governed by the maintenance 
of proper cell–cell adhesion within mesenchymal cells. Kif26b, 
a kinesin specifically expressed in the MM, is important for 
tight condensation of mesenchymal cells.167 Genetic inactiva-
tion of Kif26b-results in renal agenesis resulting from impaired 
UB induction. In Kif26b-mutant mice, the compact aggregation 
of mesenchymal cells is compromised, resulting in distinctive 
loss of polarized expression of integrin α8 and severe down-
regulation of Gdnf expression. Hence, dysregulation of 
mesenchymal cell adhesion causes the failure to attract and 
induce the ureteric epithelia. Genetic evidence further shows 
that nephronectin localization at the basement membrane 
of the UB is critical for Gdnf expression by the MM. Genetic 
inactivation of basement membrane proteins associated with 
Fraser syndrome (Fras1, Frem1/Qbrick, and Frem2) lead to 
renal agenesis characterized by severe downregulation of 
Gdnf expression.165,166,225–228 On the basis of interaction of 

signaling via FGF10 and FGFR2 receptors is sufficient for 
renal development despite the absence of GDNF or Ret, 
provided Spry1 is inactivated. Nevertheless, patterns of renal 
branching are distinctively altered in Gdnf/Spry1 and Gdnf//
Ret compound mutants with UB tips often displaying more 
heterogeneous shapes and orientation. These indicate that 
there remain some distinctive roles of GDNF-Ret signaling 
that cannot be fully compensated by FGF10/FGFR2 during 
UB development.

ADHESION PROTEINS IN EARLY  
KIDNEY DEVELOPMENT

A current theme in cell biology is that growth factor signaling 
often occurs coordinately with signals from the extracellular 
matrix transduced by adhesion receptors such as members 
of the integrin family. The α8β1 integrin complex is expressed 
by cells of the MM interacting with the novel ligand neph-
ronectin (Npnt) expressed specifically by UB cells.169,224 In 
most Itga8 (α8 integrin) mutant embryos, UB outgrowth is 
arrested upon contact with the MM.169 In a small portion of 
embryos, this block is overcome, and a single, usually hypo-
plastic, kidney develops. Knockout mice for Npnt exhibit 
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Fig. 1.15 Ret signaling pathway. Ret is activated and becomes autophosphorylated on intracellular tyrosine residues upon association with 

glial cell–derived neurotrophic factor (GDNF) and GFRα1. Signaling molecules such as Grb2, Shc, FRS2, PLCγ1, and Shp2 bind directly to the 

phosphorylated tyrosine residues within the intracellular domain of Ret. Recruitment of Shc, FRS2, and Grb2 leads to activation of ERK and 

PI3K/Akt pathways. GDNF-Ret signaling leads to the specific activation of a host of genes, some of which are strongly dependent on the 

upregulation of the transcription factors Etv4 and Etv5 (solid arrows). Etv4/Etv5 activation requires activation of the PI3K/Akt but not the ERK 

pathway. Sox8 and Sox9 are believed to act in parallel to reinforce transcriptional responses to GDNF-Ret engagement. Some of these pathways 

are shared with the FGF7/10-FGFR2 receptor signaling system. Spry1 and Spred2 negatively regulate ERK signaling, whereas Dusp6 likely 

mitigates the dephosphorylation of the Ret receptor, thus acting as part of a negative feedback regulatory loop. 
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a common laminin γ1 subunit. The UB-specific inactivation 
of the gene Lamc1, which encodes for laminin γ1, leads to 
impaired UB induction and branching, ultimately causing 
either renal agenesis or hypomorphic kidneys with water 
transport deficits.232 Lamc1 deficiency prevents the formation 
of basement membranes, causing downregulation of both 
growth factor (GDNF, Wnt11, and FGF2) and integrin-based 
signaling. This highlights another example of how signaling 
through the extracellular matrix intersects with growth factor 
signaling to influence morphogenesis. The importance of 
basement membrane assembly in the development of other 
renal structures is emphasized by genetic studies on the genes 
Lama5 and Lamb2, which encode for laminins α5 and β2, 
respectively. Loss of Lama5 causes either renal agenesis or 

nephronectin with Fras1, Frem1, and Frem2, it has been 
proposed that the Fras1/Frem1/Frem2 ternary complex 
anchor nephronectin to the UB basement membrane, thus 
stabilizing engagement with α8β1 integrin expressed by the 
MM (Fig. 1.16).225 Grip1, a PDZ-domain protein known to 
interact with Fras1, is required to localize the Fras1/Frem1/
Frem2 complex on the basal aspect of the UB epithelium.229 
Grip1 mutations phenocopy Fraser syndrome, including renal 
agenesis, thus further highlighting the importance of the 
strategic localization of nephronectin on the UB surface 
towards the opposing MM.229–231

The establishment of epithelial basement membranes 
during metanephric kidney development involves the stage-
specific assembly of different laminin α and β subunits with 

Fras1/Frem1/Frem2
complex

nephronectin

basement
membrane

MM

UB

Gdnf

A nephronectin mutant

Gdnf

B

Gdnf

C Fraser syndrome�8�1-Integrin mutant

�8�1-Integrin

Gdnf

D

Fig. 1.16 Molecular model of renal defect in Fraser syndrome. (A) Adhesion to the ureteric bud (UB) epithelium positively regulates the 

expression of glial cell–derived neurotrophic factor (GDNF) by the metanephric mesenchyme (MM). Adhesion and GDNF expression are impaired 

in the absence of (B) nephronectin (expressed by the UB), (C) α8β1 integrin (expressed by the MM), (D) or the Fras1/Frem1/Frem2 complex. 

Fras1, Frem1, and Frem2 are implicated in Fraser syndrome, and are believed to coordinately anchor nephronectin to the UB basement 

membrane and stabilize the conjugation with α8β1 integrin. Modified from Kiyosumi, Takeichi M, Nakano I, et al.: Basement membrane assembly 

of the integrin α8β1 ligand nephronectin requires Fraser syndrome-associated proteins. J Cell Biol. 2012;197:677–689.
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with vesicoureteral junction defects and vesicoureteral 
reflux.239 The expression of Pax2, Eya1, Foxc1, and Six2, all 
thought to regulate Gdnf expression, was not dramatically 
different in the absence of Slit2 or Robo2, suggesting that 
Slit2-Robo2 signaling was not upstream of these genes. Instead, 
recent findings strongly suggest that Slit2-Robo2 signaling, 
as in other systems, acts as a repulsive guidance cue.240 
Consistent with this are findings that Slit2 is most strongly 
expressed at an increasing gradient, at regions more anterior 
from the normal site of UB induction. Thus the absence of 
Robo2 most likely compromises normal separation of the 
wolffian duct from the nephrogenic mesenchyme, ultimately 
broadening the nephrogenic zone and provoking ectopic 
UB induction.

Spry1, as described earlier in this chapter, negatively 
regulates the Ras/Erk signaling pathway and is expressed 
strongly in the posterior wolffian duct and the UB tips.241 
Embryos lacking Spry1 develop supernumerary UBs, but unlike 
mutants of Foxc1, Slit2, or Robo2 they do not display changes 
in Gdnf expression.218 The phenotype of Spry1 mutants can 
be rescued by reducing the Gdnf expression dosage.218 Spry1 
deletion also rescues the renal agenesis defect in mice lacking 
either Ret or Gdnf.222 Consistently, renal agenesis and severe 
renal hypoplasia in mice expressing Ret specifically mutated 
on a tyrosine phosphorylation site known to couple with 
the Ras/ERK pathway can be reversed in the absence of 
Spry1.223 Thus Spry1 appears to regulate UB induction sites by 
dampening receptor tyrosine kinase–dependent proliferative  
signaling.

Another negative regulator of branching is BMP4, which 
is expressed in the mesenchyme surrounding the wolffian 
duct. Bmp4 heterozygous mutants have duplicated ureters, 
and, in organ culture, BMP4 blocks the induction of ectopic 
UBs by GDNF-soaked beads.242 Furthermore, knockout of 
Grem1, which encodes for the secreted BMP inhibitor Gremlin, 
causes renal agenesis, supporting a role for BMP in the 
suppression of UB formation.243

FORMATION OF THE COLLECTING DUCT SYSTEM

The overall shape, structure, and size of the kidneys are 
largely guided by the stereotypical branching of the UB and 
the subsequent patterning of the collecting duct system. 
During late gestation, past embryonic stage E15.5 in the 
mouse, the trunks of the UB tree undergo extensive elongation 
to establish the array of collecting ducts found in the renal 
medulla and papilla. The radial arrangement of elongated 
collecting ducts together with the loops of Henle (derived 
from the nephrogenic mesenchyme) establishes the corti-
comedullary axis by which nephron distributions are pat-
terned. After birth, further elongation of the newly formed 
collecting duct network is partly responsible for the postnatal 
growth of the kidney.

Elongation of the collecting duct involves oriented cell 
division characterized by the parallel alignment of the mitotic 
spindle of proliferating ductal epithelia with the longitudinal 
axis of the duct.244 Oriented cytokinesis, therefore, guarantees 
that the daughter cells contribute to lengthening of the duct 
with minimal effect on tubular lumen diameter. The renal 
medulla and pelvis are nonexistent in mice lacking Wnt7b.245 
Notably, the collecting ducts and loops of Henle are stubbier 
due to reorientation of cell division toward a radial instead 
of a longitudinal axis. Wnt7b expression is restricted within 

disruption of glomerulogenesis, whereas deficiency for Lamb2 
leads to a defective glomerular filtration barrier.233,234

The UB branching program is stereotypically organized 
such that the proliferative UB epithelial cells are largely 
confined to the bulbous UB tips, whereas cell division is 
dampened within the elongated nonbranching UB stalks 
of the growing ureteric tree. TROP2/Tacstd2, an adhesion 
molecule related to EpCAM, is expressed prominently in the 
UB stalks where it colocalizes with collagen-1.235 TROP2, unlike 
EpCAM, which is expressed throughout the UB tree, is not 
expressed at the UB ampullary tips. Consistently, dissociated 
and sorted UB cells expressing high levels of TROP2 are 
nonproliferative and express low levels of Ret, Gfra1, and 
Wnt11, which are notable UB tip markers. Elevated expression 
of TROP2 is also associated with poor attachment of epithelial 
cells to collagen matrix and suppression of cell spreading 
and motility, thus emphasizing the importance of this adhe-
sion molecule in negative regulation of UB branching and 
the sculpting of the nascent collecting duct network. The 
formation of patent lumens within epithelial tubules of the 
kidney is also dependent on coordinated cell adhesion. β1 
Integrin is tethered to the actin cytoskeleton via a ternary 
complex formed between integrin-like kinase (ILK) and 
parvin. ILK has been shown to be important in mediating 
cell cycle arrest and cell contact inhibition in the collecting 
duct epithelia.236 The targeted ablation of the Ilk gene in the 
UB did not cause remarkable defects in UB branching but 
eventually caused postnatal lethality due to obstruction of 
collecting ducts arising from dysregulated intraluminal cell 
proliferation. Thus cell adhesion molecules may suppress 
cell division to regulate distinctive aspects of renal branching 
and tubulogenesis.

POSITIONING OF THE URETERIC BUD

A crucial aspect of kidney development that is of great rel-
evance to renal and urological congenital defects in humans 
relates to the positioning of the UB (see Fig. 1.14). Incorrect 
positioning of the bud, or duplication of the bud, results in 
abnormally shaped kidneys and incorrect insertion of the 
ureter into the bladder, with a resultant ureteral reflux that 
can predispose to infection and scarring of the kidneys and 
urological tract.

Foxc1 is a transcription factor of the Forkhead family, 
expressed in the intermediate mesoderm and the MM adjacent 
to the wolffian duct. In the absence of Foxc1, the expression 
of GDNF adjacent to the wolffian duct is less restricted than 
in wild type embryos. Foxc1 deficiency results in ectopic UBs, 
hypoplastic kidneys, and duplicated ureters.237 Additional 
molecules that regulate the location of UB outgrowth are 
Slit2 and Robo2, signaling molecules best known for their 
role in axon guidance in the developing nervous system. 
Slit2 is a secreted factor, and Robo2 is its cognate receptor. 
Slit2 is mainly expressed in the Wolffian duct, whereas Robo2 
is expressed in the mesenchyme.238 UBs form ectopically in 
embryos deficient in either Slit2 or Robo2, similar to the Foxc1 
mutant. However, in contrast to the Foxc1 phenotype, none 
of the ureters in Slit2/Robo2 mutants failed to undergo the 
normal remodeling that results in insertion in the bladder.238 
Instead, the ureters remained connected to the nephric duct 
in Slit2 or Robo2 mutants. The domain of Gdnf expression is 
expanded anteriorly in the absence of either Slit2 or Robo2. 
Indeed, mutations in Robo2 have been identified in patients 
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providing physiologic proof for the role of Gli3 as a repressor 
of the Shh pathway in renal development.264 Frameshift 
mutations resulting in truncation of the expressed Gli3 protein 
are linked to Pallister-Hall syndrome and the presence of 
hydronephrosis and hydroureter in both humans and 
mice.265,266 Esrrg has a strong and localized expression within 
collecting duct epithelia later in gestation and its inactivation 
in mice causes complete aplasia of the renal medulla and 
papillae. However, the ligand of Esrrg remains to be identified 
and little is known regarding its downstream targets.

The mature collecting duct epithelia consist of two 
major cell subtypes: the abundant principal cells which 
strongly express the aquaporins, ion channels, and pumps 
mediating Na+ and K+ transport; and the fewer intercalated 
cells which are responsible for secretion of protons and 
bicarbonate ions (see Fig. 1.14). A third collecting duct cell 
subtype, now called the transition cell, has been recently 
identified and coexpresses principal and intercalated cell-
specific genes.267 Fate mapping analyses in an Aqp2-Cre and 
Atp6v1b1-Cre fluorescent reporter mouse line estimate that 
principal cells constitute ~60% of collecting duct epithelia, 
while intercalated cells and transition cells constitute ~30% 
and ~10%, respectively. Genetic studies suggest a cell type 
plasticity among collect duct epithelia with gene mutations 
identified as leading to disproportionate increase in one cell 
at the expense of the other with detrimental consequences in 
the maintenance of fluid, electrolyte, and acid balance.267–272 
Lineage tracing analyses indicate that both principal and 
intercalated cells can dynamically switch fates, transforming 
into an intermediate cell type, the transition cell.267 Gene 
expression analyses implicate the Notch signaling pathway 
as an important regulator of collecting duct cell composi-
tion and patterning. Intercalated cells strongly express the 
Notch ligand Jag1, whereas principal cells express the Notch2 
receptor.267,273 Genetic induction of Notch signaling within 
collecting ducts in adult mice notably increased the amount 
of Aqp2+ principal cells while the number of Atp6v1b1+ 
intercalated cells decreased in parallel, without altering the 
number of transition cells.267 Similarly, loss of the transcrip-
tion factors Tfcp2l1, Foxi1, or the p53-related Trp63 results 
in the paucity of intercalated cells.268,269 Tfcp2l1 induces the 
expression of intercalated cell-specific genes including Jag1 
and Atp6v1b1.273 It has been proposed that Notch activation 
in the UB suppresses Foxi1, while the identification of puta-
tive Trp63 binding sites in the promoters of several Notch 
ligands suggests that Trp63 may repress Notch signaling.270,271 
Conversely, inhibition of Notch signaling in ureteric epithelia 
leads to a disproportionate predominance of intercalated cells 
at the expense of principal cells, and the onset of polyuria, 
urinary concentration defects, and hydronephrosis.271,272,274 
A specific target of Notch signaling in principal cells is the 
transcription factor Elf5, which positively regulates expression 
of principal cell-specific genes Aqp2 and Avpr2.274 One other 
identified epigenetic regulator of principal cell fate is the 
histone methyltransferase encoded by Dot1l, which normally 
represses the aquaporin gene Aqp5 and the intercalated 
cell-specific gene Atp6v1b1.275–277 Dot1l deficiency elevates 
the expression of both Aqp5, whose product interferes 
with cell surface localization of the principal cell-specific 
aquaporin Aqp2 while concomitantly promoting the acqui-
sition of intercalated cell traits with the upregulation of  
Atp6v1b1.

the nonbranching stalk of the ureteric tree and is absent in 
the ampullary UB tips. Failed development of the renal 
medullary and papillary regions is also recapitulated in mice 
where Cttnb1 is ablated in the renal stroma, suggesting that 
Wnt7b activates the canonical β-catenin–dependent Wnt 
signaling pathway involving the ureteric epithelia and the 
surrounding stroma.245–247 However, the relevant reverse signal 
from the interstitial stroma to the collecting duct that drives 
oriented cell division in the duct epithelia remains unknown.

The normal development of the collecting ducts is 
also dependent on cell survival cues provided by diverse 
ligands, such as Wnt7b, EGF, HGF, and interactions with the 
extracellular matrix.245,248,249 Papillary collecting ducts display 
higher incidences of apoptosis in mice lacking Wnt7b or 
EGFR.245,248 Conversely, loss of Dkk1 (Dickkopf1), a secreted 
antagonist of Wnt7b, results in overgrowth of the renal 
papilla.250 Conditional inactivation of Dkk1 using the Pax8-Cre 
transgene (expressed in renal tubules and the collecting 
ducts) causes increased proliferation of papillary epithelial 
cells. The HGF-receptor Met, α3β1 integrin (Itga3/Itgb1), 
and laminin α5 (Lama5) are all required to maintain the 
expression of Wnt7b, and thus likely support the viability of 
collecting duct cells.177,249,251

Poor development of the renal medulla and papilla are 
also observed in mutant mice lacking Fgf7, Fgf10, Fgfr2, Bmpr1a 
(Alk3), the components of the renin-angiotensin system, Shh 
(Sonic hedgehog), or the orphan nuclear steroid hormone 
receptor gene Esrrg. FGF7 and FG10 are the cognate ligands 
of FGFR2. Renal hypoplasia is observed when Fgfr2 is con-
ditionally removed from the ureteric lineage and is more 
severe than in mutants lacking Fgf7 or Fgf10, suggesting that 
these related ligands may have some functional redundancy 
in the development of the UB and collecting ducts.60,252,253 
Kidneys lacking Bmp1ra show an attenuated phosphorylation 
of SMAD1, an effector of the BMP and TGFβ ligands, and 
a concomitant increase in Myc and β-catenin levels.254 
Although the significance of these results is not clear, the 
elevated expression of β-catenin indicates a novel crosstalk 
between BMP and Wnt signaling pathways in collecting ducts. 
Signaling through angiotensin is relevant to both early UB 
branching and the morphogenesis of medullary collecting 
ducts.255 Genetic inactivation of angiotensinogen, its processing 
enzyme ACE, and its target angiotensin-II AT1R receptors 
(Agtr1a and Agtr1b) results in similar phenotypes character-
ized by hypoplastic kidneys with modestly sized renal 
papillae.256–261 Furthermore, the postnatal growth and survival 
of renal papilla grown ex vivo are dependent on the presence 
of AT1R.262 Interestingly, in cultures of renal papilla explants, 
angiotensin appears to regulate the Wnt7b, FGF7, and α3β1 
integrin signaling pathways such that the loss of endogenous 
angiotensin or pharmacologic inhibition of AT1R causes 
significant dampening of the expression of Wnt7b, Fgf7, Cttnb1, 
Itga3, and Itgb1.262 Shh is expressed in the more distal deriva-
tives of the UB, the medullary collecting ducts, and the 
ureter.59 The germline deletion of Shh results in either bilateral 
renal agenesis or a single ectopic dysplastic kidney.263,264 It 
has been shown that Shh controls the expression of early 
inductive and patterning genes (Pax2 and Sall1), cell cycle 
regulators (Mycn and Ccnd1), and signaling effectors of the 
Hedgehog pathway (Gli1 and Gli2). Interestingly, genetic 
removal of Gli3 in an Shh-null background restores the 
expression of Pax2, Sall1, Cdnd1, Mycn, Gli1, and Gli2, 



22 SECTION I — NORMAL STRUCTURE AND FUNCTION

β-catenin eventually interferes with Six2 expression, thus 
attenuating Six2 expression. Notch signaling is required to 
prime nephron progenitors for differentiation and contributes 
to the silencing of Six2 expression.292 All nephron segments fail 
to form when Notch signaling is lost within the Six2+ precursor  
lineage.293

The growth factor BMP7 is also required for the formation 
of the nephrogenic compartment.294–296 Activation of the Jnk 
pathway mediates the proliferative effect of BMP7 in uncom-
mitted nephron precursors.297,298 BMP7, through activation 
of the p38-MAPK, causes upregulation of the transcriptional 
repressor Trps1.299 Loss of Trps1 severely impairs the formation 
of renal vesicles. It has been speculated that Trps1 may 
indirectly relieve repression of Cdh1 expression. Additionally, 
BMP7-dependent phosphorylation and nuclear translocation 
of SMAD1/5/8 is required for Wnt9b-induced epithelializa-
tion.300 Thus BMP7 has dual essential roles in promoting 
both progenitor replenishment and priming for epithelializa-
tion. How these pathways integrate with Six2-dependent 
signaling complexes remains poorly understood. BMP signal-
ing could either positively or negatively modulate β-catenin 
signaling. In other systems, SMAD proteins can associate and 
synergize with β-catenin and Tcf.301 BMP signaling can also 
activate the PTEN pathway, which indirectly suppresses 
β-catenin activity.302,303

The FGFs FGF2, FGF8, FGF9, and FGF20, and their cognate 
receptors FGFR1 and FGFR2, are essential to form nephrons. 
Compound loss of FGFR1 and FGFR2 in the MM leads to 
renal agenesis.304 FGF9 and FGF20 are required to maintain 
the multipotency and proliferative state of nephron precur-
sors.305 FGF2 is required for the condensation of the cap 
mesenchyme.306 FGF8 is not needed for the formation of 
renal vesicles but is required for the survival of the newly 
formed nephrogenic epithelia. Renal vesicles lacking Fgf8 
fail to express Wnt4 and Lhx1, and do not progress into 
S-shaped intermediate nephrons.286,287 Potential downstream 
targets of FGFR1/FGFR2 relevant to nephrogenesis are the 
closely related MAGUK family proteins encoded by the genes 
Cask and Dlg1.307 The absence of Cask and Dlg1 causes impaired 
proliferation and cell death in nephron precursors, with a 
distinctive dampening of the Ras/ERK signaling pathway.308 
Fgf8 expression is severely attenuated when both Cask and 
Dlg1 are absent. Moreover, Cask/Dlg1 deficiency causes the 
formation of a loose cluster of cap mesenchyme around the 
UB. As Dlg1 has been implicated in the directed migration 
of Schwann cells,309,310 it is tempting to speculate that Cask 
and Dlg1 may play a supportive role in the UB-directed 
condensation of the cap mesenchyme.

NEPHRON SEGMENTATION  

AND TUBULOGENESIS

The mature nephron is a highly compartmentalized structure 
with individual segments having distinguishable molecular, 
cellular, and anatomic attributes. Nephron segments are 
organized along a proximal-distal axis, from the most proximal 
renal corpuscle or glomerulus, followed by the proximal 
tubule, the loop of Henle, the distal tubule, and the most 
distal connecting tubule that links directly to the UB-derived 
collecting duct. The segmental patterning of nephrons 
involves a complex series of events instructed by inductive 
cues between neighboring cells and controlled by epigenetic 

MOLECULAR GENETICS OF 
NEPHROGENESIS

EPITHELIALIZATION OF THE METANEPHRIC 

MESENCHYME

The generation of a sufficient number of nephrons requires 
a highly regulated balance between the expansion of progeni-
tor compartments and the commitment toward epithelial 
fate to become renal vesicles. This has important clinical 
implications as the impaired renewal of nephron precursors 
or their perturbed differentiation can ultimately cause a wide 
range of renal pathologies due to significant paucity of 
functional nephrons. Signaling through Wnt, FGF, the BMP 
family of ligands, and Fat4 have been identified as important 
regulators of the delicate balance between progenitor self-
renewal and differentiation.

All nephrogenic structures (podocytes, parietal epithelial 
cells, proximal tubules, loop of Henle, distal tubules, and 
the connecting tubule directly conjoined with the collecting 
duct) descend from a common progenitor pool that expresses 
the transcription factor Six2.61 Six2 expression is notably 
elevated in the cap mesenchyme that condenses adjacent to 
the UB and is downregulated once this cap mesenchyme 
organizes into pretubular aggregates. It is now recognized 
that Six2 activity is required to keep these nephron progenitor 
cells in a naïve, proliferative precursor state.61,278 Six2 has 
been demonstrated to function as both a transcriptional 
activator that promotes cell cycling and proliferation, and 
as part of a repressor complex silencing differentiation-related 
genes.279,280 Six2 can synergize with Sall1, to promote transcrip-
tion of genes relevant to progenitor status (e.g., Wt1, Eya1, 
and Gdnf). Six2 and Sall1 also co-occupy promoters of their 
own genes, thus acting as positive feedback regulators of 
progenitor fate. Six2 also interacts with Osr1, Tcf (Lef), and 
Aes (Groucho/TLE) to form a repressor complex that 
antagonizes expression of genes related to epithelialization 
(e.g., Fgf8 and Wnt4).281,282 Complete loss of Six2 causes 
premature ectopic formation of renal vesicles at E12.5 and 
the untimely depletion of nephron precursors.61,278 In contrast, 
overexpression of Six2 prevented epithelialization of the cap 
mesenchyme.278

Six2+ nephron progenitors respond to stimulation with the 
UB-secreted factor Wnt9b and transition into epithelial renal 
vesicles.283 During the transition from cap mesenchyme to 
renal vesicles, expressions of a second Wnt family member 
Wnt4 and an FGF family member Fgf8 are activated. Canonical 
Wnt signaling involving β-catenin–dependent gene transcrip-
tion is necessary and sufficient for the early inductive actions 
of Wnt9b and Wnt4, although it is also known that Wnt4 can 
activate a noncanonical alternative pathway during the final 
phase of nephrogenic epithelialization.284–289 The interaction 
between Six2- and Wnt-signaling pathways appears to be 
intricately dosage- and context-dependent.280,282,283 When 
Six2 expression remains high, Wnt signaling promotes 
progenitor renewal.290 In this situation, the stabilization of 
β-catenin promotes the association of Six2 downstream target 
Myc with β-catenin, favoring precursor proliferation.283,291 
However, with a sustained canonical Wnt-signaling pathway, 
β-catenin accumulates and displaces Aes converting the Tcf 
complex into a differentiation driver.280 The stabilization of 
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Fig. 1.17 Gradual recruitment of progenitor cells during nephrogenesis. Early recruited nephron progenitors clustering around the ureteric 

bud give rise to pretubular aggregates. New progenitors continue to be recruited and incorporate to the proximal end of the renal vesicle. 

Distal, medial, and proximal domains are established by the S-shaped body stage. NPC, Nephron progenitor cell; LOH, loop of Henle; RC, 

renal corpuscle. Adapted from Lindström NO, De Sena Brandine G, Tran T, et al. Progressive recruitment of mesenchymal progenitors reveals a 

time-dependent process of cell fate acquisition in mouse and human nephrogenesis. Dev Cell 2018;45:651–660.

lining while the distal nephron occasionally become fused 
with the coelomic lining.314 During nephrogenesis, a gradi-
ent of β-catenin activity is established along the nephron’s 
longitudinal axis with the highest β-catenin activity found in 
the distal end, progressively decreasing towards the proximal 
end.45 Although β-catenin is absolutely required to initiate 
nephron induction, its activity must be attenuated in order to 
complete an epithelial differentiation program.289 Indeed, a 
β-catenin gradient is already established within renal vesicles 
and a persistent constitutive activation of β-catenin prevents 
epithelialization.45,289 In organ cultures, pharmacologic 
manipulation of β-catenin activity can alter proximal and 
distal fate acquisition. Attenuation of β-catenin activity acceler-
ates glomerular development. Conversely, augmentation of 
β-catenin activity favors the expression of Lgr5, a marker of 
distal fate, while repressing proximal identity. Additionally, 
it has been identified that modulation of β-catenin activity 
involves an integration of Wnt, Notch, and BMP signaling  
pathways.

Although many genes are now known as marking nephron 
segments, only a few other genes and pathways have been 
characterized that strongly influence proximal versus distal 
fate determination. Loss of Hnf1b in the nephrogenic precur-
sors causes marked loss of proximal and median domain 
markers at the S-shaped body stage, causing the formation 
of immature and cystic glomeruli connected to the collecting 
duct by a severely truncated renal tubule.315–317 A mutation 
in Sall1 that prevents Sall1-NuRD interaction downregulates 
the distal marker Lgr5, and specifically impairs the develop-
ment of the loop of Henle and distal tubules.318 Other genes 

signaling mechanisms. A variety of human diseases result 
from the mispatterning of nephrons.311

Elegant imaging studies combined with high-throughput 
single-cell gene expression analysis demonstrate that nephron 
patterning is determined as early as the recruitment of 
mesenchymal nephron progenitors from the cap mesen-
chyme.312 Recent evidence indicates that renal vesicle arises 
not from a single event in time. Instead, nephron progenitors 
progressively incorporate into the nascent nephrons, with 
the timing of their recruitment predicting their acquisition 
of proximal–distal fates (i.e., initial recruits commit to distal 
fates while the last recruits contribute to the formation of 
more proximal fates) (Fig. 1.17).

By the renal vesicle stage, gene expression asymmetry 
highlights an early establishment of proximal and distal 
domains. Genes such as Fgf8, Lhx1, Dll1, Dkk1, Hnf1b, Sox9, 
and Pou3f3 are markedly elevated in the distal portion of 
the renal vesicles, whereas Wt1, Foxc2, and Mafb are largely 
restricted in the proximal end.57,313 Some genes are expressed 
in both regions, such as Wnt4, Jag1, Cdh6, and Ccnd1, albeit 
nonuniformly and more elevated in the distal domain.313 By 
the S-shaped body stage, nephron segmentation has become 
more evident, with several more marker genes having dis-
tinctively regionalized expression patterns.

As the earliest nephron precursors that interact with 
the UB become destined to acquire distal fates, it can 
be speculated that localized Wnt9b signaling orients the 
proximal–distal axis. Interestingly, in chick mesonephros, 
overexpression of Wnt3 in the coelomic lining redirects the 
glomerular development farthest away from the coelomic 
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Two opposing factors appear more likely to contribute to 
the termination of nephrogenesis: (1) a rapid decline in the 
proliferation rate of the Six2+ cell compartment, which was 
observed between E15.5 and P0; and (2) an acceleration of 
nephrogenic differentiation postnatally.333,335 One model 
proposed posits that the novel spatial relationship between 
cell types in the kidney around birth (as compared to early 
embryonic stages) dramatically alters the molecular context 
of the nephrogenic niche, thus shifting the balance between 
progenitor self-renewal and commitment to differentia-
tion.335,336,338 Another proposed model argues that increased 
oxygen tension after birth, which turns on the expression 
of glycolysis-related genes, could act as an active trigger that 
ends nephrogenesis.336 However, this latter model, although 
applicable in mice, may not be a shared mechanism in humans 
where nephrogenesis ceases before parturition. A thorough 
understanding of the mechanism of nephrogenesis cessation 
is necessary to better assess the potential of regenerative 
therapies for the kidney.

MOLECULAR GENETICS OF THE STROMAL  

CELL LINEAGE

The maintenance of reiterative ureteric branching and 
nephron induction largely accounts for the growth and 
enlargement of embryonic kidneys. Genetic studies reveal 
that interstitial stroma provide additional inductive cues that 
regulate UB branching and nephrogenesis (Fig. 1.18). These 
studies also underscore the pivotal role played by the stroma 
in establishing the stereotypical radial patterning of the kidney. 
In embryonic kidneys, the stroma is organized into two distinct 
zones: an outer stromal region within the nephrogenic zone 
expressing the winged helix transcription factor Foxd1, and 
a deeper region expressing the basic-helix–loop–helix (bHLH) 
transcription factor Tcf21 (Pod1).28,29,339,340 Without either 
Foxd1 or Tcf21, UB branching and nephrogenesis are notably 
impaired, resulting in a distinctive perturbation of the cor-
ticomedullary renal histoarchitecture.28,29,339

The most prominent features of the genetic loss of Foxd1 
include the thickening of the renal capsule and the formation 
of large metanephric mesenchymal condensates.28,341 The 
morphologically altered renal capsule in Foxd1-mutant kidneys 
has notably lost expression of Aldh1a2 (Raldh2) and Sfrp1 (a 
regulator of Wnt signaling), and is abnormally interspersed 
with endothelial cells and Bmp4-positive cells.341 The identity 
of these Bmp4-expressing cells populating the renal capsule 
in Foxd1-deficient kidneys is unknown, although they are 
clearly distinct from the presumptive medullary stroma based 
on lineage tracing for Foxd1-promoter expression. As BMP4 
is a known chemotactic agent for endothelial cells,342 it is 
very likely that the ectopic Bmp4-positive cells account for 
the presence of endothelial cells within the broadened renal 
capsule of Foxd1-mutant kidneys. The accumulation of the 
cap mesenchyme is also likely contributed in part by ectopic 
Bmp4 signaling in the absence of Foxd1 because Bmp4 has 
been shown to antagonize epithelialization of the cap mes-
enchyme.342 Transcriptome analysis reveals that the gene Dcn, 
which encodes for the collagen-binding proteoglycan decorin, 
is a specific target that is repressed by Foxd1 in the cortical 
interstitium.343 Dcn expression is normally localized within 
the medullary stroma but is normally absent in the cortical 
stroma of wild type kidneys. In the absence of Foxd1, Dcn 

required to generate distal tubules and the loop of Henle 
are Pou3f3 and Adamts1.319–321

In addition to cell differentiation, the spatial orientation 
of cells is essential for tubule elongation and morphogenesis. 
In epithelia, cells are uniformly organized along an apical–
basal plane of polarity. However, in addition, cells in most 
tissues require positional information in the plane perpen-
dicular to the apical–basal axis. This type of polarization is 
referred to as planar cell polarity and is critical for the 
morphogenesis of metazoans.322,323 Using cell lineage analysis 
and close examination of the mitotic axis of dividing cells, 
it has been shown that the lengthening of renal tubules is 
associated with mitotic orientation of cells along the tubule 
axis, demonstrating intrinsic planar cell polarity.244 Dysregula-
tion of oriented cell division can give rise to cysts due to 
abnormal widening of tubule diameters.324 To date, molecules 
implicated in planar cell polarity and nephrogenic tubule 
elongation include Wnt9b, Hnf1b, Pkhd1, Fat4, Celsr1, and 
Vangl2.244,246,325–332

CESSATION OF NEPHROGENESIS

Nephrogenesis is a time-limited event that is not reactivated 
postinjury to the kidneys of humans and mice at adulthood. 
The last wave of nephrogenesis is observed around the 
36th wave of gestation in humans and shortly after birth 
in mice.333,334 Cessation of nephron generation is character-
ized by the exhaustion of nephron progenitor cells and the 
completion of epithelial differentiation of the remaining 
nephrogenic precursor. Although various morphologic 
and molecular changes occurring at this time have been 
characterized in mouse kidneys, the exact trigger is not fully 
understood.333,335,336

In mice, the nephrogenic zone progressively shrivels after 
birth and is replaced by mature tubules by P6. The precursor 
markers Six2 and Cited1 are significantly downregulated at 
P2 and are undetectable by P3, concomitant with the disap-
pearance of the cap mesenchyme. Multiple newly induced 
nephrons are found associated with each UB tip at P3 that 
are no longer found at P7. Ureteric branching also ends 
between birth and P3 accompanied by a significant reduction 
of Ret and Wnt11 and loss of the UB ampullary shape.333,335 
In contrast, Wnt9b expression in the UB remains high even 
at P4, consistent with findings that the UB tips isolated from 
P3 kidneys remain competent in promoting survival and 
inducing epithelialization of recombined mesenchyme taken 
from embryonic kidneys.333 This strongly argues against the 
possibility that weakened trophic support from the UB 
contributes to the progressive decline of the nephrogenic 
precursor population and is supported by the rarity of 
apoptosis within the postnatal nephrogenic zone. Foxd1 
expression is also downregulated by P3, but given the expan-
sion of the cap mesenchyme in Foxd1- or stroma-deficient 
kidneys, it is unlikely that postnatal loss of the Foxd1+ stromal 
compartment provokes the abrupt halting of nephrogenesis.333 
There is also no evidence that nephrogenic progenitors have 
switched to stromal fates. Instead, what is now apparent is 
that the remaining cap mesenchyme becomes globally com-
mitted to epithelialize. Interestingly, when nephron progenitor 
proliferation is enhanced and kidney size is increased as 
seen in Six2 haploinsufficient mice, the timing of nephro-
genesis cessation is unaltered.337
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Fig. 1.18 Tripartite inductive interactions regulating ureteric branching 

and nephrogenesis. Six2 and Cited1 are expressed in the self-renewing 

nephron progenitors within the cap mesenchyme (CM) surrounding 

the ureteric bud (UB). The UB tip domains express high levels of Ret, 

which is activated by glial cell–derived neurotrophic factor (GDNF) 

from the surrounding CM. Wnt11 is upregulated in response to Ret 

activation and stimulates GDNF synthesis in the CM. Wnt9b expressed 

by the UB, and Fat4 by the Foxd1-positive stroma are required to 

initiate nephrogenesis from a subset of the CM. This results in the 

formation of a transient renal vesicle (RV) expressing FGF8 and Wnt4, 

factors that sustain epithelialization. The stroma expresses Aldh1a2, 

a gene required for retinoic acid synthesis, and genes for the retinoic 

acid receptors (Rara and Rarb). Retinoic acid signaling stimulates 

elevated expression of Ret in the UB tip domain while at the same 

time suppressing Ret expression via Rara/Rarb2 and Ecm1 in the 

stroma to initiate bifurcation of the UB tip to generate new branches. 

Foxd1 in the cortical stroma also represses Dcn, thus relieving the 

Dcn-mediated suppression of BMP7-dependent signaling, which results 

in phosphorylation of SMAD1/5/8 (pSMAD1/5/8) and epithelialization 

of the cap mesenchyme. 

interstitial cells, pericytes surrounding small renal vessels, and 
adventitial cells surrounding larger blood vessels (see Fig. 
1.6).246 The defect in nephrogenesis observed in Tcf21-null 
mice is similar to the defect seen in Foxd1 knockout mice, with 
a disruption of branching morphogenesis with an associated 
arrest and delay in nephrogenesis.339,341,346 Interestingly, as 
with Foxd1, Tcf21 also represses Dcn, although the significance 
of Dcn upregulation in Tcf21-null mutant mice has not been 
formally addressed.347 The analysis of chimeric mice that 
are derived from Tcf21-mutant embryonic stem cells and 
GFP-expressing embryos demonstrated both cell autonomous 
and noncell-autonomous roles for Tcf21 in nephrogenesis.346 
Most strikingly, the glomerulogenesis defect is rescued by 
the presence of wild type stromal cells (i.e., mutant cells 
will epithelialize and form nephrons normally as long as 
they are surrounded by wild-type stromal cells). In addition, 
there is a cell-autonomous requirement for Tcf21 in stromal 
mesenchymal cells to allow differentiation into interstitial and 
pericyte cell lineages of the cortex and medulla as Tcf21-null 
cells were unable to contribute to these populations.

Although many of the defects in the Tcf21-mutant kidneys 
phenocopy those seen in the Foxd1-mutant kidneys, there 
are important differences. Kidneys from Tcf21-null mice have 
vascular anomalies and defective pericyte differentiation that 
were not reported in Foxd1-mutant mice.339,346 These differ-
ences might result from the broader domain of Tcf21 expres-
sion, which also includes the condensing mesenchyme, 
podocytes, and medullary stromal cells, in addition to the 
stromal cells that surround the condensates. In contrast to 
Foxd1, Tcf21 is not highly expressed in the thin rim of stromal 
cells found immediately beneath the capsule, suggesting that 
Foxd1 and Tcf21 might mark early and late stromal cell lin-
eages, respectively, with overlap in the stroma that surrounds 
the condensates.29 However, definitive co-labeling studies to 
address this issue have not been performed. As both Tcf21 
and Foxd1 are transcription factors, it is interesting to speculate 
that they might interact or regulate the expression of a 
common stromal “inducing factor.”

Retinoids secreted by the renal stroma are also recognized 
as important for the maintenance of a high level of Ret 
receptor expression in the UB tip, promoting the prolifera-
tion of UB epithelial cells and the growth of the ureteric 
tree.17,348–350 The defective UB branching seen in Foxd1-null 
mutants is most likely a direct consequence of the loss of 
cortical expression of Aldh1a2, a gene involved in retinol 
synthesis.341 More recently, it has been shown that renal 
stroma immediately around the UB tips is also important in 
regulating the bifurcation of the tips and the creation of new 
UB branches.351 Autocrine retinoid signaling in the stromal 
cells juxtaposed to the UB tips stimulates the expression of 
extracellular matrix 1 (Ecm1). Ecm1 is specifically expressed at 
the UB cleft, where it suppresses and restricts Ret expression 
domains within the UB tips. In the absence of Ecm1, Ret 
expression in the UB tips broadens, effectively attenuating UB 
branching due to impaired formation of UB bifurcation clefts. 
Thus stromal retinoids promote and confine Ret expression 
domains and more likely cell proliferation patterns within the  
UB tips.

Recent studies provide valuable insight on how stroma-based 
signaling intersects with UB-derived inductive cues to promote 
proper differentiation of the nephrogenic mesenchyme.352–356 
When the stromal lineage is selectively annihilated by 

becomes abundantly expressed in the presumptive cortical 
stromal region. Functional cell-culture–based assays and 
epithelialization assays of mesenchymal aggregates reveals 
that Dcn inhibits Bmp7 signaling and mesenchyme-to-epithelial 
transformation. The antagonistic effect of Dcn on epithelial 
differentiation is further enhanced in vitro when the mes-
enchymal aggregates are grown in collagen IV, thus recapitulat-
ing the persistence of the cap mesenchyme as seen in 
Foxd1-mutant kidneys where both Dcn and collagen IV are 
upregulated in the cortical interstitium. These findings are 
corroborated by the partial rescue of the Foxd1-null phenotype 
through genetic inactivation of Dcn. Fate mapping studies 
also reveal that the Foxd1+ stromal mesenchyme are the 
precursors of renal mural cells (renin cells, smooth muscle 
cells, pericytes, perivascular fibroblasts, and glomerular 
mesangial cells) and endothelial cells comprising peritubular 
capillaries.32,33,344,345

Tcf21 is expressed in the medullary stroma as well as in the 
condensing MM.339,340 Tcf21 is also expressed in a number of 
differentiated renal cell types that derive from these mesen-
chymal cells and include developing and mature podocytes 
of the renal glomerulus, cortical and medullary peritubular 
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Rbpj, has also been described as crucial for the proper 
development of the renal vasculature and the glomerular 
mesangium. Conditional inactivation of Rbpj in the Foxd1-
expressing stromal lineage leads to profound renal malde-
velopment and early postnatal death.364 Rbpj deficiency in 
the renal stroma results in poor branching and simplification 
of the renal vascular network. Rbpj conditional mutant kidneys 
have a greater proportion of larger vessels and a concomitant 
reduction in microvascular density. Glomeruli are dilated 
and lack mesangial cells in Rbpj conditional knockouts. 
Furthermore, loss of Rbpj results in loss of renin cells, 
abnormal thickening of blood vessels, and renal fibrosis. 
Altogether, these studies highlight the distinctive significance 
of Notch signaling within the stromal mesenchyme in the 
establishment and organization of the renal vasculature.

MOLECULAR GENETICS OF  

VASCULAR FORMATION

Although we now have a comprehensive if not complete 
understanding of the mechanisms underlying ureteric branch-
ing and nephrogenesis, we still know little how the complex 
vascularization of the kidney is coordinated with epithelial 
and stromal development. During kidney development, the 
formation and elaborate patterning of an arterial, venous, 
and capillary blood vascular network involves a combination 
of both vasculogenesis and angiogenesis (see Fig. 1.8). In 
addition, lymphangiogenesis underlies the development of 
the lymphatic vasculature from veins. The major renal vessels 
align close to the branching UB and likely elaborate through 
angiogenesis into large-caliber afferent and efferent distribu-
taries.33 Vasculogenesis in the kidney likely arises from sporadic 
endothelial cells within the MM that organize to form a 
primitive vascular network and then give rise to most of the 
peritubular capillaries.32,365,33Additionally, vasculogenesis within 
the S-shaped nephron intermediates establishes the glomeru-
lar capillaries.34,35,366,367

Grafting studies demonstrate that transplanted embryonic 
kidneys can become vascularized from the invasion of host-
derived extrinsic blood vessels.368,369 However, more recent 
fate mapping studies provide compelling evidence for the 
existence of endogenous endothelial precursors within the 
kidney.31–35 Cultured mouse embryonic kidneys contain a 
heterogenous intrinsic pool of endothelial cells that express 
the endothelial-specific markers Kdr, Cd31, and Cd146.33 As 
early as E11.5 embryonic stage in the mouse, Kdr+ cells are 
readily identifiable as either single-cell clusters or primitive 
capillaries. The primitive capillaries consist of Cd31+/Cd146+ 
cells, whereas the single cells predominantly express Cd146+ 
but not Cd31. At E12.5, Cd31+ cells have formed an elaborate 
chain-like network, including being found adjacent to Pax2+ 
cap mesenchyme while singular Cd146+ cells have become 
scarce. Lineage tracing analysis demonstrates that a subset 
of endogenous renal endothelial cells that give rise to peri-
tubular capillaries but not glomerular endothelial cells are 
derived from Foxd1+ stromal cells.32,33

Isolated E11.5, E12.5, and E13.5 kidneys, and also cultured 
E11.5 kidneys, produce VEGF-A, a potent factor known to 
promote vascularization.33 Indeed, the pharmacologic inhibi-
tion of VEGFR signaling completely abolishes the establish-
ment of endothelial cell networks in cultured embryonic 
kidney explants, suggesting that VEGF-A signaling is essential 

Foxd1-Cre–driven expression of diphtheria toxin, the zone of 
condensing mesenchymal cells capping the UBs is abnormally 
broadened while the development of pretubular aggregates is 
strongly hindered. This reiterates findings from the Foxd1-null 
mice suggesting that regulation of nephrogenesis involves a 
crosstalk between stroma and UB-derived inductive signals. In 
particular, it was shown that Fat4-dependent Hippo signaling 
initiated by the stroma integrates with canonical Wnt signaling 
derived from the ureteric lineage in order to balance the 
nephron precursor propagation and differentiation. The 
absence of Fat4 in the stromal compartment or its ligands 
Dchs1 and Dchs2 from the cap mesenchyme phenocopies 
the expansion of the nephrogenic precursor domain and 
failed epithelial differentiation of nephron progenitors 
seen in stroma-deficient kidneys.353,356 It was postulated 
that Fat4, acting through the Hippo pathway, promotes the 
differentiation of the epithelial transition of nephrogenic 
precursors.353–356 This was further reiterated by the rescue of 
the depletion of nephrogenic precursors by Fat4 deficiency 
in Wnt9b knockouts.352 Interestingly, the loss of Vangl2, a 
signaling partner of Fat4 known to regulate renal tubular 
diameter, fails to rescue the loss of nephron progenitors in 
Wnt9b knockouts, suggesting that Fat4-mediated signaling 
during early differentiation of nephrogenic precursors is 
likely independent of the planar cell polarity pathway.330,352 
Transcriptional regulation of stroma-dependent restriction 
of nephron progenitor expansion involves the transcription 
factors Sall1, Foxd1, and Pbx1.28,341,357 More importantly, Sall1 
is likely a major upstream regulator of many of the stroma 
functions as Sall1 binds directly to several stroma-related gene 
loci, including Fat4, Dcn, Pbx1, Tcf21, Meis1, and Hoxd10.358 
Loss of Sall1 in the stroma downregulates Fat4 expression 
and results in an excess of Six2+ nephron precursors.

The T-box transcription factor Tbx18 is strongly expressed 
during early urogenital tract development in the ureteral 
mesenchyme and a subset of kidney stromal mesenchyme 
originating from Foxd1 positive precursor cells.359,360 Later in 
renal development, Tbx18 expression is also found in the 
renal capsule, vascular smooth muscle cells, pericytes, 
mesangial cells, and the mesenchyme surrounding the renal 
papillae and calyces.360 The most overt phenotype of Tbx18-
inactivation is the onset of hydronephrosis and hydroureter 
as a result of impaired development of the ureteral smooth 
muscle cells.359,361 This underscores the importance of Tbx18 
in the normal differentiation of the ureteral mesenchyme. 
A more recent detailed phenotypic characterization of Tbx18-
null mutant kidneys reveals an additional significance of this 
transcription factor in the overall development of the renal 
vasculature.360 The branching and overall density of the renal 
vasculature are notably reduced in the absence of Tbx18. 
Tbx18 is also specifically required in the normal development 
of the glomerular microvasculature. Loss of Tbx18 causes 
significant oligonephronia and dilation of glomerular capil-
laries. These vascular phenotypes likely result from the 
degeneration of the stromal mesenchyme adjacent to the 
developing vasculature and the failure to sustain the prolifera-
tion of mesangial precursors.

Mice carrying a hypomorphic allele of Notch2 that is missing 
two epidermal growth factor (EGF) motifs are born with a 
reduced number of glomeruli that lack both endothelial and 
mesangial cells, as discussed in the section on nephron 
segmentation.362,363 The downstream Notch signaling target, 
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defects known as endotheliosis, a phenomenon involving 
hypertrophy of glomerular endothelial cells and loss of 
fenestrations (endotheliosis), progressing to capillary occlu-
sion and thrombosis (thrombotic microangiopathy).375 
Inactivation of Vegfr2 phenocopies endotheliosis and throm-
botic microangiopathy, indicating that VEGFA primarily signals 
through VEGFR2 in supporting the development and 
maintenance of the glomerular endothelium.377 As the dose 
of Vegfa decreased, the associated endothelial phenotypes 
became more severe. Upregulation of the major 164 angio-
genic VEGF-A isoform in developing podocytes of transgenic 
mice led to massive proteinuria and collapse of the glomerular 
tuft by 5 days of age. Taken together, these results show a 
requirement for VEGF-A for development and maintenance 
of the specialized glomerular endothelia and demonstrate 
a major paracrine signaling function for VEGF-A in the 
glomerulus. Furthermore, tight regulation of the dose of 
VEGF-A is essential for proper formation of the glomerular 
capillary system. The molecular basis and mechanism of 
dosage sensitivity is unclear at present and is particularly 
intriguing given the documented inducible regulation of 
VEGF-A by hypoxia-inducible factors (HIFs) at a transcrip-
tional level. Despite this, it is clear that in vivo, a single Vegfa 
allele is unable to compensate for loss of the other. Similarly, 
VEGF-A signaling is essential for the development of the 

for renal vascular development. More recent imaging studies 
reveal that kidney vascularization is initiated at E11 in the 
mouse, when systemic vessels from embryonic circulation 
circumscribe around the UB.370,371 From E13.5, the endothelial 
network surrounds the cap mesenchyme and UB in a cyclical 
manner by which endothelia form across and in close contact 
with the bifurcating UB, which begs the question as to whether 
endothelial development coregulate ureteric branching. It 
is, however, easily conceivable that given the importance of 
oxygen levels in nephrogenesis,372–374 the intimate integration 
of the renal vascular plexus, which carries oxygen-delivering 
erythrocytes, is essential for nephron maturation.

Conditional gene targeting experiments and cell-selective 
deletion of Vegfa from podocytes demonstrates that VEGF-A 
signaling is required for formation and maintenance of the 
glomerular filtration barrier.375,376 Glomerular endothelial 
cells express VEGFR2 as they migrate into the vascular cleft. 
Although a few endothelia migrate into the developing 
glomeruli of Vegfa podocyte conditional knockout mutants 
(likely due to a small amount of VEGF-A produced by pre-
sumptive podocytes at the S-shaped stage of glomerular 
development prior to Cre-mediated genetic deletion), the 
endothelia fail to develop fenestrations and rapidly disappear, 
leaving capillary “ghosts” (Fig. 1.19). Deletion of a single 
Vegfa allele from podocytes leads to glomerular endothelial 

Fig. 1.19 VEGF-A is essential for the development of the glomerular and peritubular capillaries. (A) Vegfa inactivation in podocytes leads 

to recruitment of fewer endothelial cells in the glomerulus which are subsequently lost. Podocytes and endothelial cells are stained with WT1 

(green) and CD31 (red), respectively. (B) Transmission electron micrograph showing that in podocyte-specific Vegfa knockouts, the glomerular 

endothelium (en) lack fenestrae (arrowheads) and eventually detach leaving the glomerular basement membrane bare (arrow). (C) Vegfa ablation 

in renal tubules leads to a significant reduction in peritubular capillaries (stained brown for CD34). VR, Vasa recta. Panels (A) and (B) were 

adapted from Eremina V, et al. Glomerular-specific alterations of VEGF-A expression lead to distinct congenital and acquired renal diseases. J Clin 

Invest. 2003;111:707–716. Panel (C) adapted from Dimke H. Tubulovascular cross-talk by vascular endothelial growth factor A maintains peritubular 

microvasculature in kidney. J Am Soc Nephrol. 2014;26:1027–1038.
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is not entirely clear as Efnb2 has a dynamic pattern of expres-
sion in the developing glomerulus, beginning in podocyte 
precursors and rapidly switching to glomerular endothelial 
cells and mesangial cells.397

Dysregulation of BMP within the podocyte compartment 
also results in glomerular vascular defects. Overexpression 
of BMP4 leads to defects in endothelial and mesangial 
recruitment, wheras overexpression of noggin, a natural BMP2 
antagonist, leads to collapse of the glomerular tuft.398,399 Bmp4 
haploinsufficiency, on the other hand, leads to dysplastic 
kidneys and glomerular cysts with collapsed capillary tufts.399 
Additional studies are required to fully understand the role 
of this family of growth factors in glomeruli.

An additional pathway that is likely to play a role in glo-
merular endothelial development and perhaps of the  
entire renal vasculature is the SDF1-CXCR4 axis. CXCR4, a 
G-protein–coupled chemokine receptor, is strongly expressed 
in endothelial cells. SDF1 (encoded by the gene Cxcl12), the 
only known ligand for CXCR4, is expressed in a dynamic 
segmental pattern in podocytes and later in the mesangial 
cells of the glomerulus.400 Embryonic deletion of either Cxcl12 
or Cxcr4 does not preclude nephrogenesis but results in the 
defective formation of blood vessels, notably an abnormal 
patterning of the renal vasculature and the development of 
a simplified and dilated glomerular capillary tuft.401 Genetic 
loss of CXCR7, which is thought to act as a decoy receptor 
for SDF1, interestingly phenocopies defective development 
seen in SDF1 and CXCR4-mutant mice. Unlike CXCR4, 
CXCR7 is specifically expressed by podocytes and not endo-
thelial cells.402 It has been proposed that CXCR7, acting as 
a scavenger receptor, establishes an SDF1 morphogen gradient 
preventing feedback inhibition of CXCR4 receptor expression 
in target cells such as the endothelium. Consistent with this, 
inactivation of Cxcr7 distinctively causes downregulation of 
Cxcr4 expression in the renal cap mesenchyme and the 
glomerular tuft. Thus the spatial regulation of SDF1-CXCR4 
signaling appears to be important for the normal development 
of the glomerular vasculature.

Two transcription factors belonging to the large Sry-related 
HMG box (Sox) gene family, named Sox17 and Sox18, have 
distinctive and overlapping expression in vascular endothelial 
cells.403 Complete loss of Sox17 is embryonic lethal in mice 
due to endodermal dysmorphogenesis.404 In mice, Sox18 
ablation results in a mild coat defect but does not cause 
cardiovascular abnormalities.405 Nevertheless, a point mutation 
in SOX18 in humans has been implicated in HLT 
(hypotrichosis-lymphedema-telangiectasia) syndrome, which 
affects hair, lymph, and blood vessel vasculature.406 The more 
severe consequence of the human SOX18 mutation compared 
to the null mutation in mice was suggested to be due to a 
dominant-negative effect. Sox17, however, shows haploinsuf-
ficiency in a homozygous Sox18 background, affecting 
neovascularization in kidneys, liver, and the reproductive 
system and causing early postnatal lethality.403 Kidneys from 
Sox17/Sox18 double-null mutant mice have hypoplastic and 
atrophying medullary regions. In these compound Sox17/
Sox18 mutants, the radiating outer medullary vascular bundles 
of the vasa recta are missing without apparent abnormalities 
in the inner medullary or cortical regions. These defects 
within the outer medullary region result in variable degrees 
of hydronephrosis. Interestingly, midgestational loss of both 
Angpt1 and Angpt2 ligands or their cognate receptor Tie2 
leads to rarefaction of the medullary capillary plexus and 

peritubular capillaries. Ablation of Vegfa in renal tubules did 
not cause gross histologic disturbance in the kidney but lead 
to a dramatic reduction of peritubular capillaries and an 
abnormal elevation in renal erythropoietin production (see 
Fig. 1.19).378 This uncovered an important tubulo vascular 
crosstalk involved in the promotion of erythrocyte develop-
ment by the kidney.

A second major receptor tyrosine kinase (RTK) signaling 
pathway required for maturation of developing blood vessels 
is the angiopoietin–Tie signaling system. Angiopoietin 1 
(Angpt1) stabilizes newly formed blood vessels and is associated 
with loss of vessel plasticity and concurrent recruitment of 
pericytes or vascular support cells to the vascular wall.379 The 
molecular switch or pathway leading to vessel maturation 
through the activation of Tie2 (encoded by the gene Tek, 
the major receptor for Angpt1) is not known and appears 
to be independent of the platelet-derived growth factor 
(PDGF) signaling system that is required for pericyte recruit-
ment. The importance of Angpt1 in promoting the develop-
ment of the renal microvasculature was first suggested based 
on observations that exogenous Angpt1 enhances the growth 
of interstitial capillaries in mouse metanephric organ cul-
tures.380 Because Angpt1-null mice perish embryonically at 
around E12.5, the in vivo role of Angpt1 during renal develop-
ment was gleaned using an inducible knockout strategy.381,382 
Ablation of Angpt1 deletion at around E10.5 results in general 
dilation of renal blood vessels, including the glomerular 
capillaries sometimes observed as simplified single enlarged 
loops.382 A marked reduction of mesangial cells was also 
observed in Angpt1-deficient mutants. Without Angpt1, a few 
endothelial cells are seen detached from the glomerular 
basement membrane. In contrast, it is proposed that angio-
poietin 2 (Angpt2) functions as a context-dependent antagonist 
of the Tie2 receptor.383,384 Consistent with this hypothesis is 
the fact that overexpression of Angpt2 in transgenic mice 
results in a phenotype similar to the Angpt1 or Tek knockout 
mice. Angpt1, Angpt2, Tie2, and the orphan receptor Tie1 
are all expressed in the developing kidney.385–389 Whereas, 
Angpt1 is quite broadly expressed in condensing mesenchyme, 
podocytes, and tubular epithelial cells, Angpt2 is more 
restricted to pericytes and smooth muscle cells surrounding 
cortical and large vessels as well as in the mesangium. Angpt2-
null mice are viable but exhibit defects in peritubular cortical 
capillary development.390 Podocyte-specific overexpression 
of Angpt2 causes proteinuria and increased apoptosis in 
glomerular capillaries.391 Both angiopoietin ligands function 
in concert with VEGF-A, although the precise degree of 
crosstalk between these pathways is still under investigation. 
VEGF-A and Angpt2, for example, have been shown to 
cooperate in promoting endothelial sprouting. Chimeric 
studies showed that Tie1 is required for the development of 
the glomerular capillary system because Tie1-null cells fail 
to incorporate in the glomerular endothelium.392

Renal vascular development also relies on a third tyrosine 
kinase–dependent signaling mediated by ephrins and Eph 
family receptors, which are better known for their involvement 
in axon guidance and specification of arterial and venous 
cell fates.393,394 Ephrins and their cognate receptors are 
expressed widely during renal development. Overexpression 
of Ephb4 leads to defects in glomerular arteriolar formation, 
whereas conditional deletion of Efnb2 (EphrinB2) from 
perivascular smooth muscle cells and mesangial cells leads 
to glomerular vascular abnormalities.395,396 How this occurs 
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Fig. 1.20 Ascending vasa recta development depends on angiopoietin-Tie2 signaling. (A) Midgestational (E16.5) loss of both Angpt1 and 

Angpt2 or their cognate receptor Tie2 (Tek) leads to loss of vasa recta bundles (yellow arrowheads) in the outer renal medulla, particularly the 

ascending vasa rectae. (B) Ascending vasa rectae are novel lymphatic-like vessels expressing the lymphatic-specific Prox1 transcription factor 

as seen in transgenic reporter mice expressing the fluorophore tdTomato under the control of the Prox1 promoter. Prox1-tdT+ vascular bundles 

representing the ascending vasa rectae are absent in kidneys of Tie2-deficient mouse mutants. cKO, Conditional knockout; Prox1-tdT, Prox1-

tdTomato transgene. Adapted with permission from Kenig-Kozlovsky, Scott RP, Onay T, et al. Ascending vasa recta are angiopoietin/Tie2-dependent 

lymphatic-like vessels. J Am Soc Nephrol. 2018;29:1097–1107.

the absence of outer medullary vascular bundles, particularly 
the fenestrated ascending vasa recta, leading to urinary 
concentration defects and interstitial fluid retention that 
culminates in the formation of interstitium-derived medullary 
cysts (Fig. 1.20).407 This raises an intriguing possibility that 
Sox17 and Sox18 pathways either converge or intersect with 
Angpt1/Angpt2-Tie2 signaling in coordinating late-stage 
angiogenesis in kidneys.

A least understood component of the renal vasculature 
are the lymphatic vessels. Similar to other organs, the renal 
lymphatics play important roles in interstitial fluid homeostasis 
and the regulation of the immune response. Lymphatic vessels 
have been identified surrounding the renal artery in the 
hilum, in the arcuate and interlobular arteries in the cortex, 
and are also found in the renal capsule.408–410 These lymphatic 

vessels are known to express the hyaluronan receptor 
Lyve1.407,411 The medulla was previously thought to lack 
lymphatic vessels. However, more recently a study of 
angiopoietin-Tie2 signaling in the kidney reveals that the 
ascending vasa rectae represent hybrid vessels that express 
markers of both blood (Cd34, Emcn, Pecam1, and Plvap) and 
lymphatic endothelial cells (Prox1 and Vegfr3) (see Fig. 1.19).407 
This underscores a novel lymphatic circuit for the drainage 
of medullary interstitial fluid as part of the osmoregulation 
of urine. VEGF-C signaling via the receptor VEGFR3 is 
essential for lymphangiogenesis.412–415 Vegfr3 deficiency in 
adult mice causes the extravasation of fibrinogen into the 
renal interstitium.416 How the renal lymphatic vasculature is 
particularly remodeled upon inactivation of VEGF-C/VEGFR3 
signaling remains unknown.
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consequential decrease in overall renin expression and the 
development of lower blood pressure. Lack of increase in 
apoptosis in Rbpj conditional mutant kidneys suggests that 
Rbpj may have altered the cell fate specification of renin cell 
precursors.

PODOCYTE DEVELOPMENT

Presumptive podocytes are located at the proximal end  
of the S-shaped body, lining the emerging vascular cleft  
(Fig. 1.21). Immature podocytes are simple columnar epithelia 
expressing E-cadherin (Fig. 1.22). Postmitotic mature podo-
cytes, on the other hand, normally lose E-cadherin expression 
and atypically express vimentin, an intermediate filament 
protein more common among mesenchymal cells but absent 
in most epithelial cells. The most distinctive morphologic 
feature of a fully differentiated podocyte is its arborized and 
stellate appearance (Fig. 1.22). Podocytes ensheathe the 
glomerular capillaries with their foot processes, effectively 
forming the final layer of the glomerular filtration barrier. 
Foot processes emanating from adjacent podocytes inter-
digitate in trans and form a unique and porous intercellular 
junction called the slit diaphragm through which primary 
urinary filtrate passes. Three-dimensional reconstruction of 
podocyte ultrastructure obtained by block-face scanning 
electron microscopy reveals the morphologic transformation 
of podocytes during development and the formation of 
interdigitating foot processes.22,433 Columnar-shaped immature 
podocytes are linked by tight and adherens junctions that 
progressively migrate from the apical to the basal side. Once 
the junctional complex has descended close to the basement 
membrane, podocytes begin to flatten, spread, and inter-
digitate with short primitive foot processes underneath the 
junctions. As the primitive processes grow, the tight and 
adherens junctions relocate from the cell body to between 
the processes forming the immature foot processes. Finally, 
the junctional complexes are gradually replaced with slit 
diaphragms, resulting in mature foot processes.

The transcription factors Wt1, Tcf21, Mafb, Foxc2, and Lmx1b 
are highly expressed by developing podocytes and are 
important for the elaboration of podocyte foot processes 
and the establishment of slit diaphragms.* Complete loss of 
Wt1 leads to renal agenesis.39 However, specific loss of a Wt1 
splice isoform results in poor development of podocyte foot 
processes.436 The Wt1-null phenotype in mice can also be 
rescued using a yeast artificial chromosome containing the 
human WT1 gene and, depending on the level of expression 
of WT1, the mice developed a range of glomerular pathologies 
ranging from crescentic glomerulonephritis to mesangial 
sclerosis, clinical features observed in Denys-Drash syndrome 
arising from a mutant WT1 allele in humans.437 Transgenic 
mice expressing a Denys-Drash–mutant Wt1 allele under the 
regulation of a podocyte-specific promoter also developed 
glomerular disease with abnormalities observed in the adjacent 
endothelium.438 Genome-wide analysis of the Wt1 targets in 
podocytes reveals that Wt1 autoregulates its own transcription 
and acts as master regulator of a complex transcriptional 
network that regulates podocyte development, structure, and 
function, including transcription factors (Lmx1b, Tcf21, Mafb, 

RENIN CELLS AND THE JUXTAGLOMERULAR 

APPARATUS

The juxtaglomerular apparatus consists of cells that line the 
afferent arteriole, the macula densa cells of the distal tubule, 
and the extraglomerular mesangial cells that are in contact 
with intraglomerular mesangium.417 Renin-expressing cells 
may be seen in arterioles in early mesonephric kidneys in 
5-week human fetuses and in metanephric kidneys by week 
8, at a stage prior to hemodynamic flow changes within the 
kidney, and are derived from Foxd1-expressing stromal 
mesenchyme.418 Renin-expressing cells reside within the MM 
and give rise not only to juxtaglomerular cells but also to 
mesangial cells.419,420

The only known substrate for renin, angiotensinogen, is 
converted to angiotensin I and angiotensin II by angiotensin-
converting enzyme (ACE).421 The renin–angiotensin–
aldosterone axis is required for normal renal development. 
In humans, the use of ACE inhibitors during pregnancy has 
been associated with congenital defects including renal 
anomalies.422,423 Two subtypes of angiotensin receptors exist: 
AT1 receptors are responsible for most of the classically 
recognized functions of the renin–angiotensin system (RAS), 
including pressor effects and aldosterone release mediated 
through angiotensin; functions of the type 2 receptors have 
been more difficult to characterize, but generally seem to 
oppose the actions of the AT1 receptors.424 Genetic deletion 
of angiotensinogen or ACE results in hypotension and defects 
in formation of the renal papilla and pelvis.256–259 Humans 
have one AT1 gene whereas mice have two: Agtr1a and Agtr1b. 
Mice carrying a knockout for either AT1 receptor alone 
exhibit no major defects,425,426 whereas combined deficiency 
phenocopies the angiotensinogen and ACE phenotypes.260,261 
Although AT2 receptor (Agtr2) expression is markedly 
upregulated in the embryonic kidney, genetic deletion of 
the AT2 receptor does not cause major impairment of renal 
development.427,428 However, an association between Agtr2-
deficiency and malformations of the collecting duct system, 
including vesicoureteral reflux and ureteropelvic junction 
obstruction, has been reported.429

MicroRNAs (miRNAs) are regulatory RNAs that act as 
antisense posttranscriptional repressors by binding the 3′ 
untranslated region of target mRNAs. Eukaryotes express 
hundreds of miRNAs that can regulate thousands of mRNAs, 
and they have been shown to play an important role in devel-
opment and disease, including in differentiation, signaling 
pathways, proliferation, apoptosis, and tumorigenicity. Dicer1 
is an endoribonuclease that processes precursor miRNAs. Dele-
tion of Dicer1 from renin-expressing cells results in severely 
reduced number of juxtaglomerular cells, reduced renin 
production, and lower blood pressure. The kidney develops 
severe vascular abnormalities and striped fibrosis along the 
affected blood vessels, suggesting that miRNAs are required 
for normal morphogenesis and function of the kidney.430

Gene promoter analysis indicates that renin expression is 
dependent on the Notch signaling pathway. The intracellular 
domain of Notch (NIC) and the transcription factor Rbpj 
bind and cooperatively stimulate reporter gene expression 
from the renin promoter.431 Genetic studies, however, indicate 
that Notch signaling has a broader role in the juxtaglomerular 
apparatus.432 The conditional ablation of Rbpj in renin cells 
results in severe paucity of juxtaglomerular cells with *References 39, 83, 339, 340, 434, and 435.
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Fig. 1.21 Molecular basis of glomerular development. Key factors are shown along with the time point where major effects were observed 

in knockout or transgenic mouse studies. Many factors play roles at more than one time point. Genes identified as mutated in patients with 

glomerular disease are marked by asterisks. 

Tead1, Foxc1, and Foxc2) and genes strongly linked to podocyte 
dysfunction and nephrotic diseases (Actn4, Arhgap24, Cd2ap, 
Col4a3, Col4a4, Lamb2, Nphs1, Nphs2, and Plce1).439 Inactivation 
of Lmx1b, Tcf21, Mafb, and Foxc2 causes podocytes to remain 
as cuboidal epithelia and failure to spread on the glomerular 
capillary bed.83,339,434,440 Tcf21 likely acts upstream of Mafb as 
the latter is downregulated in Tcf21-null mice.434 Loss of Mafb 
and Lmx1b reduces the expression of Nphs1 (nephrin) and 
Nphs2 (podocin), whereas the absence of Foxc2 causes the 
specific downregulation of Nphs2 and α3α4α5 (IV) colla-
gen.83,434,441 Lmx1b mutations are linked to nail-patella syn-
drome in humans, with a subset of affected individuals 
manifesting nephrotic disease.435,442 Wt1, Tcf21, Mafb, Foxc2 
and Lmx1b are expressed from the S-shape stage onward and 
remain constitutively expressed in adult glomeruli. Proteinuria 
develops from loss of these genes, thus underscoring the 
importance of normal podocyte maturation in the establish-
ment of the glomerular filtration barrier.

Genetic studies have also led to the identification of struc-
tural proteins crucial for normal podocyte function and the 
integrity of the glomerular filtration barrier. The seminal 
discoveries of the causal link between nephrotic diseases and 
mutations in podocyte-specific genes Nphs1 and Nphs2 set the 
stage for vigorous investigations that led to the appreciation 
of the key importance of podocytes in renal filtration.443,444 

Mutations in Nphs1, the gene that encodes for the protein 
nephrin, are associated with congenital nephropathy of the 
Finnish variety (CNF), a serious condition that requires early 
renal replacement therapy.444 Glomeruli obtained from infants 
affected by CNF are devoid of slit diaphragms. Nephrin, a 
huge transmembrane adhesion molecule with multiple 
immunoglobulin-like motifs, was shown to be a structural 
component of the slit diaphragm. Nphs2, whose product is 
the intracellular membrane-bound protein podocin, and is 
the first gene identified as being linked to steroid-resistant 
nephrotic syndrome (SRNS).443 Podocin, which interacts with 
nephrin in cholesterol-rich membrane microdomains (also 
called lipid rafts), is also a vital and indispensable compo-
nent of the slit diaphragm.445–449 A number of other genes 
specifically expressed by podocytes have been associated with 
proteinuric diseases, including Cd2ap, Kirrel (Neph1), Fat1, 
Actn4, Trpc6, Myo1e, Arhgap24, Arhgdia, Rhpn1, Inf2, Coq2, Coq6, 
Plce1, and APOL1.77,78,80,82,450–464 The products of these genes are 
either integral parts of the slit diaphragm complex or direct 
interacting partners of the complex, while the remainder are 
important in regulating the development, viability, cytoskel-
eton, and distinctive morphology of podocytes (Fig. 1.23).

The topologic organization of slit diaphragm components 
remains unknown, but it is likely that the larger adhesion 
molecules nephrin and Fat1 could be bridging juxtaposed 
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Fig. 1.22 Maturation of the glomerular filtration barrier. (A) In S-shaped bodies, presumptive podocytes (Pod) are columnar epithelial cells 

conjoined by apically localized tight junctions (TJ). (B) At the capillary loop stage, the basement membranes (BM) of podocytes and glomerular 

endothelial cells (GEC) fuse forming the glomerular basement membrane (GBM). During this stage, the podocytes begin to spread, and their 

cell junctions relocate more basally. (C) As the glomerulus matures, podocytes lose their cuboidal morphology and have developed elaborate 

foot processes (FP) that interdigitate with processes from neighboring podocytes. The podocyte cell junctions have been transformed into slit 

diaphragms (SD) that link juxtaposed FPs. GECs also flatten, develop fenestrae, and become covered by a glycocalyx that, together with 

absorbed plasma components, form the endothelial cell surface layer (ESL). The GBM is now a unified BM between podocytes and the GECs. 

(D) Scanning electron micrograph (SEM) of a cracked glomerulus exposing the capillary tuft covered by podocytes (gold). (E) Higher magnification 

view of a podocyte in situ revealing the elaborate FPs interdigitated with FPs from other podocytes. (F) Transmission electron micrograph of 

a glomerulus showing the SD (blue arrows) between interdigitating FPs and the endothelial fenestrae (red arrows) on the opposite side of the 

GBM (Cap, glomerular capillary lumen). (G) SEM of a resin cast of the renal vasculature demonstrating the highly convoluted glomerular capillary 

tuft. (Courtesy of Fred E. Hossler, East Tennessee State University). (H) A view inside an exposed glomerular endothelial lumen showing its highly 

fenestrated surface. Adapted from Scott RP, Quaggin SE. Formation and maintenance of a functional glomerulus. In Little, M. H. (ed.). Kidney 

Development, Disease, Repair and Regeneration. San Diego: Academic Press; 2016.

foot processes (see Fig. 1.22).459,465–467 Smaller adhesion 
molecules within the slit diaphragms such as Neph1, Neph3, 
and P-cadherin may more likely associate in cis (within the 
same foot process surface).468–470 Nephrin and the related 
protein Neph1 are known to interact with the polarity complex 
proteins Par3, Par6, and aPKCλ/ι, indicating a coregulation 
between the polarized cell structure of podocytes and the 
compartmentalized assembly of the slit diaphragm complex 
along the foot processes.471 Conditional inactivation in 
podocytes of aPKCλ/ι or the small GTPase Cdc42, which 
positively regulates the Par3/Par6/ aPKCλ/ι complex, causes 
proteinuria characterized by abnormal pseudo-slit diaphragms 
formed between effaced foot processes (Fig. 1.24).472–474 It 
has also been shown that inactivation of aPKCλ/ι can specifi-
cally inhibit the localization of nephrin to the cell surface.475

Terminal foot processes of podocytes are longitudinally 
supported by parallel bundles of actin, setting them apart 
from the larger primary processes that have a microtubule-
based backbone.21 The stereotypical response of podocytes 
to injury either through chemical insults or a detrimental 
gene mutation is effacement of foot processes. In effaced 
foot processes, the actin cytoskeleton has been remodeled 

into a mesh-like network of randomly oriented filaments.476 
Genetic and biochemical studies provide evidence that the 
slit diaphragm is functionally coupled to the actin cytoskel-
eton, and that perturbation of this relationship results in 
compromised renal filtration and proteinuric disease. Nck 
adaptor molecules (Nck1 and Nck2) are known to link tyrosine 
kinase receptors to signaling molecules that regulate the 
actin cytoskeleton. Podocytes lacking Nck1 and Nck2 are 
effaced and form abnormal slit diaphragms.64 Cell culture 
studies reveal that clustered nephrin is phosphorylated at 
its cytoplasmic tail by the kinase Fyn, creating distinctive 
phosphotyrosine sites where Nck1 and Nck2 adaptors can 
bind directly. The association between nephrin and Nck adap-
tors consequently recruits N-WASP and the Arp2/3 protein 
complex to mediate localized polymerization of actin.64,477 Loss 
of Fyn causes congenital nephrosis, whereas podocyte-specific 
inactivation of Wasl, the gene encoding for N-WASP, leads to 
proteinuric disease.478,479 It is also very likely that Nck adaptors 
can mediate the adhesion of podocytes to the glomerular 
basement membrane by virtue of their ability to interact with 
the PINCH–ILK–integrin complex.480–482 Cdc42, in addition 
to its role in podocyte polarization, has also been shown to be 
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Fig. 1.23 Structural overview of the slit diaphragm. An oversimplified diagram depicting the major adhesion receptors comprising the SD 

and how they are possibly integrated with the actin cytoskeleton of podocyte foot processes. FP, Podocyte foot process; SD, slit diaphragm; 

GBM, glomerular basement membrane. Adapted from Scott RP, Quaggin SE. Formation and maintenance of a functional glomerulus. In Little, M. 

H. (ed.). Kidney Development, Disease, Repair and Regeneration. San Diego: Academic Press; 2016.
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Fig. 1.24 Cdc42 is required for normal podocyte development. (A, B) False-colored scanning electron micrographs of glomeruli from 

neonatal kidneys: (A) wild-type control podocytes showing normal interdigitated podocytes; and (B) Cdc42-deficient mutant podocytes showing 

total effacement of foot processes. (C, D) Transmission electron micrographs of sectioned glomeruli: (C) wild-type control showing regularly 

interdigitating podocyte foot processes and basolateral slit diaphragms; and (D) podocyte-specific Cdc42-deficient mutant showing mislocalized 

cell junctions (arrows) between effaced foot processes (asterisk). EC, Endothelial cell; Pod, podocyte. Adapted from Scott RP, Hawley SP, Ruston 

J, et al. Podocyte-specific loss of Cdc42 leads to congenital nephropathy. J Am Soc Nephrol. 2012;23:1149–1154.

required for the coupling of actin polymerization to nephrin. 
CD2AP, a molecule known to stabilize actin microfilaments, 
is also indispensable in podocytes.483–485 Mutations in Actn4, 
Arhgdia, Arhgap24, Inf2, and Myo1e, whose protein products 
are established regulators of the actin cytoskeleton, are also 

implicated in pathologic transformation of podocytes and 
proteinuric diseases.77,78,80,451–453,455–458

It has been proposed that the slit diaphragm likely functions 
in mechanotransduction in podocytes, allowing them to 
modulate renal filtration in response to hemodynamic changes 
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Fig. 1.25 Stratified organization of the glomerular basement membrane. A model of the organization of a mature GBM. The laminin 

complex LM-521 (pale cyan) and agrin (yellow) form two distinct layers underneath the basal aspects of podocytes and GECs. α3α4α5-Type 

IV collagens (hatched brown area) are more centrally distributed but are thought to be closer to the GEC. The laminin and type IV collagen 

complexes have significant overlap. Epitope mapping of integrin-β1 suggests that integrin receptors (IR) on podocytes are normally separate 

and less likely to interact with the type IV collagens in the mature human GBM. The morphologically distinct layers of the GBM in transmission 

electron micrographs are roughly demarcated. ESL, Endothelial surface layer; FP, podocyte foot process; GBM, glomerular basement membrane; 

GEC, glomerular endothelial cell; LD, lamina densa; LM, laminin; LRE, lamina rare externa; LRI, lamina rara interna. Based on STORM imaging 

by Suleiman HL, Zhang L, Roth R, et al. Nanoscale protein architecture of the kidney glomerular basement membrane. Elife 2013;2:e01149. Adapted 

from Scott RP, Quaggin SE. Formation and maintenance of a functional glomerulus. In Little MH (ed.). Kidney Development, Disease, Repair and 

Regeneration. San Diego: Academic Press; 2016.

within the glomerular microenvironment.486,487 MEC-2, the 
C. elegans homologue of podocin, is a component of the 
touch receptor complex coupled to the ion channel MEC-4/
MEC-10.488 Loss of MEC-2 in worms leads to insensitivity to 
touch.488 In podocytes, the ion channel Trpc6 forms an integral 
component of the slit diaphragm directly interacting with 
podocin.487 In diverse cell types such as myocytes, cochlear 
hair cells, and sensory neurons, the Trpc6 channel opening 
is gated by mechanical stimuli. Human mutations in TRPC6 
have been strongly linked to proteinuria.460,489,490

A novel lipid-dependent signaling pathway involving the 
VEGF receptor Flt1 (VEGFR1) has been described recently 
as crucial for the regulation of podocyte actin cytoskeleton 
and the maintenance of slit diaphragms. Genetic removal 
of Flt1 from podocytes leads to foot process effacement and 
proteinuria.491 Intriguingly, a kinase-inactive mutant of Flt1 
is able to support normal podocyte development and function. 
In vivo, Flt1 is cleaved, releasing a soluble ectodomain (sFlt1). 
The secreted sFlt1 has been shown to act as an autocrine 
factor in podocytes, associating with glycosphingolipids, and 
mediating podocyte cell adhesion, nephrin phosphorylation, 
and actin polymerization. It has been proposed that sFlt1 
may function physiologically to stabilize the slit diaphragms 
and the attachment of podocytes to the glomerular basement 
membrane.

Three groups generated mice carrying a podocyte-specific 
deletion of Dicer1, thereby interfering with the production 
of functional miRNAs.492–494 Podocyte-specific Dicer1 knockout 
mice develop albuminuria by 3 weeks of age and rapidly 

progress to end-stage renal failure by approximately 6 weeks. 
A number of potential miRNA targets were identified, but 
their functional significance in the podocyte in vivo is yet 
unknown.

From all of these studies, it follows that intrinsic proteins 
and functions of podocytes play a key role in the development 
and maintenance of the permselective properties of the 
glomerular filtration barrier. Podocytes also function as 
vasculature support cells producing VEGF-A and other 
angiogenic growth factors. It is likely that endothelial cells 
also produce hitherto unknown trophic factors that promote 
terminal differentiation and survival of podocytes.

GLOMERULAR BASEMENT  

MEMBRANE DEVELOPMENT

The mature glomerular basement membrane (GBM) is a 
fusion of the extracellular matrices (ECM) of podocytes and 
glomerular endothelial cells. The GBM is a highly organized 
and compositionally complex matrix whose abundant com-
ponents include collagens (types I, IV, VI, and XVIII), laminins 
(α5, β2, and γ1), nidogen-1, heparan sulfate proteoglycans 
(agrin and perlecan), and tubulointerstitial nephritis antigen-
like protein (Fig. 1.25).495–497 The GBM is an essential part 
of the glomerular filtration barrier, functioning as an 
intermediary sieving matrix and a sink for secreted trophic 
and signaling factors, as well as mediating cellular communica-
tion between the glomerular endothelium and podocytes. 
Furthermore, adhesive cell–ECM interactions among the 
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GBM, the podocytes, and the glomerular endothelial cells 
maintain the structural integrity of the glomerular filtration 
barrier.

Among the major components of the GBM, type IV collagens 
and laminins have been shown to be the most indispensable, 
highlighted by proteinuric kidney diseases such as Alport 
syndrome, Goodpasture disease, and Pierson syndrome. Alport 
syndrome is linked to a growing list of mutations in the 
genes COL4A3, COL4A4, and COL4A5 encoding for type IV 
collagen subunits α3, α4, and α5, respectively.498,499 Maturation 
of the GBM requires the replacement of juvenile α1α1α2 
with α3α4α5 type IV collagen trimers, a developmental switch 
improving the structural resilience of the GBM.500 In Alport 
syndrome, the assembly of heterotrimeric α3α4α5 type IV 
collagen complex is compromised while the α1α1α2 type IV 
collagen complexes persists. Because α3α4α5 type IV collagen 
trimers constitute about half the total proteins in the mature 
GBM, it is not surprising that Alport syndrome GBM is severely 
distorted.501 The importance of type IV collagens in the GBM is 
further underscored in Goodpasture disease, an autoimmune 
disorder targeting α3 type IV collagen subunit.502 In Pierson 
syndrome, mutations in LAMB2 encoding the laminin β2 
subunit impair the assembly of the laminin complex LM-521 (a 
trimer formed among laminin-α5, -β2, and -γ1 subunits).503,504 
Deformation of the GBM and proteinuria results from loss 
of Lamb2 and Lama5 (laminin-α5) in mice.234,505–507

DEVELOPMENT OF THE MESANGIUM

Mesangial cells grow into the developing glomerulus and 
come to sit between the capillary loops. Gene deletion studies 
have demonstrated a critical role for PDGF-B/PDGFR-β 
signaling in this process (Fig. 1.26). Deletion of the Pdgfb 
gene, which is expressed by glomerular endothelia, or the 
PDGFR-β receptor gene (Pdgfrb), which is expressed by 
mesangial cells, results in glomeruli with a single balloon-like 
capillary loop, instead of the intricately convoluted glomerular 
capillaries of wild-type kidneys. Furthermore, the glomeruli 
contain no mesangial cells.508 Endothelial-cell–specific deletion 
of Pdgfb results in the same glomerular phenotype and shows 
that production of PDGF-B by the endothelium is required 
for mesangial migration.509 PDGF-B–dependent recruitment 
of mesangial cells into nascent glomeruli also requires the 
coreceptor neuropilin-1 (Nrp1).510 Nrp1-deficiency within the 
Pdgfrb+-cell lineage in mice phenocopies glomerular aneurysm 
seen upon loss of either Pdgfb or Pdgfrb (Fig. 1.27). In vitro, 
mesangial cell chemotaxis, but not cell proliferation and 
survival in response to PDGF-B, strongly requires the mesangial 
expression of Nrp1. Furthermore, loss of the mesangium 
resulting from Nrp1 ablation results in the delamination of 
the glomerular endothelium and inward buckling of the 
GBM. These findings altogether underscore the key supportive 
role of the mesangium for the development and maintenance 
of a highly convoluted glomerular capillary tuft. Indeed, 
targeted injury to the mesangium, either with snake venom 
or with antibodies against Thy1, results in secondary damage 
to the glomerular endothelium and glomerular aneurysms.511–515 
Mesangial cells and the matrix they produce are required 
to pattern the glomerular capillary system. Loss of podocyte-
derived factors such as VEGF-A also leads to failure of 
mesangial cell ingrowth, likely through the primary loss of 
endothelial cells and failure of PDGF-B signaling.376

A number of other knockouts demonstrate defects in both 
vascular development and mesangial cell ingrowth. Loss of 
the transcription factors Tcf21 and Foxc2 causes defective 
migration of mesangial cells.83,339 Mesangial abnormalities in 
Tcf21- and Foxc2-deficient mice are poorly understood in 
terms of mesangium-specific transcriptional targets of Tcf21 
and Foxc2. Nevertheless, these mutant phenotypes highlight 
the importance of crosstalk between cell compartments within 
the glomerulus.

DEVELOPMENT OF THE BOWMAN CAPSULE

The outermost cells of the proximal end of the S-shaped 
nascent nephron are the presumptive parietal epithelial 
cells that eventually form the Bowman capsule that enclose 
the glomerular tuft and where primary urinary filtrate col-
lects. Similar to podocytes, parietal precursors are originally 
cuboidal epithelial cells that progressively flatten and become 

Fig. 1.26 Sequential recruitment of endothelial and mesangial cells 

into the developing glomerulus. (A) The glomerulus forms around the 

vascular cleft at the proximal end of S-shaped intermediate nephrons. 

(B) Within the vascular cleft, presumptive podocytes (Pod) secrete 

VEGFA that attracts VEGFR2-expressing angioblasts (red), which are 

the precursors of GECs. The angioblasts are followed by mesangial 

cell precursors expressing PDGFR-β (green), which are attracted by 

PDGFB secreted by the endothelial cells. UB, Ureteric bud; CSB, 

comma-shaped body; PEC, parietal epithelial cell; SSB, S-shaped body. 

Adapted from Scott RP, Quaggin SE. Formation and maintenance of a 

functional glomerulus. In Little MH (ed.). Kidney Development, Disease, 

Repair and Regeneration. San Diego: Academic Press; 2016.



36 SECTION I — NORMAL STRUCTURE AND FUNCTION

excision of sympathetic input to the kidneys can alleviate 
refractory hypertension.525,526 The distribution of afferent and 
efferent nerves to the kidney has been partially mapped but 
the developmental program involved in establishing them 
is largely unknown.527–529 Fate mapping and molecular studies 
specifically addressing the origin and development of renal 
nerves have yet to be reported, although many lessons have 
been learned about guidance pathways in play in both neural 
and vascular development in other systems. Neurons, like 
early blood vessels, appear to closely track the branching UB 
in cultured embryonic kidneys.33,370,530 It can be speculated 
that the sympathetic innervation and vascularization of the 
kidney are coordinately synchronized with better known 
inductive events between the UB and the MM.

 Complete reference list available at ExpertConsult.com.
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Fig. 1.27 Nrp1 is required for mesangial cell recruitment in the glomerulus. (A, B) Hypocellularity and glomerular aneurysm due to the 

absence of the mesangium in Nrp1-deficient mice. Representative histological sections of normal control (A) and Nrp1 conditional knockout 

(cKO)-mutant kidneys. (C–E) Transmission electron micrographs of glomeruli showing the delamination (D) or complete detachment (E) of the 

glomerular endothelium from the glomerular basement membrane in Nrp1-cKO kidneys. In the absence of Nrp1 in the Pdgfrb+ lineage, the 

glomerular endothelium has impaired development of fenestrae. GEC, Glomerular endothelial cell; Pod, podocyte. Adapted from Bartlett CS, 

Scott RP, Carota IA, et al. Glomerular mesangial recruitment and function require the co-receptor neuropilin-1. Am J Physiol Renal Physiol. 

2017;313:F1232-F1242.

squamous. Parietal epithelia express the proteins claudin-1 
(Cldn1) and claudin-2 (Cldn2) that form part of tight junctions, 
which help contain urinary filtrate.516,517 Parietal epithelial 
cells like podocytes express Wt1, although at a reduced level. 
Whether this differential level of Wt1 expression affects cell 
fate commitment to either the podocyte or parietal cell lineage 
warrants further investigation. WT1 is known to attenuate 
canonical Wnt signaling through an epigenetic mechanism 
that suppresses Cttnb1 expression.518 Specific loss of Cttnb1 
in nephrogenic epithelia from the S-shaped stage causes the 
formation of glomerular cysts where the Bowman capsule lacks 
parietal epithelia and are instead formed by podocytes contain-
ing notably containing foot processes and slit diaphragms.519 
Parietal cell specification is therefore strongly dependent 
on canonical Wnt-β–catenin signaling, which sets it apart 
from podocytes where Cttnb1 expression is dispensable.520 
In the absence of parietal epithelial cells, glomerular capil-
laries develop poorly while the mislocalized Vegfa-expressing 
podocytes cause formation of ectopic capillaries next to the 
abnormal Bowman capsule.519 It can therefore be inferred that 
parietal epithelial cells may function in compartmentalizing 
the podocyte–glomerular endothelial cell crosstalk, ensur-
ing that glomerular endothelial cells form a well elaborated 
capillary tuft covered by an adequate number of podocytes.

NEURAL DEVELOPMENT

Renal vascular tone and urinary functions are regulated by 
a dense neural network in the kidney that relays bidirectional 
signals to the brain.521 Glomerular filtration rate, renal blood 
flow, tubular resorption of fluid, electrolytes, and urinary 
solutes, as well as the secretion of renin, are regulated by 
sympathetic innervations of the glomeruli, renal tubules and 
blood vessels.522 Over the past decade, the renal sympathetic 
innervation has attracted considerable attention after it has 
been recognized that persistently elevated renal sympathetic 
nerve activity contributes to the pathogenesis of renal 
hypertension.523,524 In particular, it has been shown that surgical 

http://expertconsult.com/


 CHAPTER 1 — EMBRYOLOGY OF THE KIDNEY 37

290. Park JS, Valerius MT, McMahon AP. Wnt/beta-catenin signaling 
regulates nephron induction during mouse kidney development. 
Development. 2007;134:2533–2539.

293. Chung E, Deacon P, Marable S, et al. Notch signaling promotes 
nephrogenesis by downregulating Six2. Development. 2016;143: 
3907–3913.

294. Chung E, Deacon P, Park JS. Notch is required for the formation 
of all nephron segments and primes nephron progenitors for 
differentiation. Development. 2017;144:4530–4539.

313. Lindstrom NO, De Sena Brandine G, Tran T, et al. Progressive 
recruitment of mesenchymal progenitors reveals a time-dependent 
process of cell fate acquisition in mouse and human nephrogenesis. 
Dev Cell. 2018;45:651–660, e654.

326. Karner CM, Chirumamilla R, Aoki S, et al. Wnt9b signaling regulates 
planar cell polarity and kidney tubule morphogenesis. Nat Genet. 
2009;41:793–799.

331. Saburi S, Hester I, Fischer E, et al. Loss of Fat4 disrupts PCP signaling 
and oriented cell division and leads to cystic kidney disease. Nat 
Genet. 2008;40:1010–1015.

334. Hartman HA, Lai HL, Patterson LT. Cessation of renal morpho-
genesis in mice. Dev Biol. 2007;310:379–387.

336. Rumballe BA, Georgas KM, Combes AN, et al. Nephron formation 
adopts a novel spatial topology at cessation of nephrogenesis. Dev 
Biol. 2011;360:110–122.

353. Das A, Tanigawa S, Karner CM, et al. Stromal-epithelial crosstalk 
regulates kidney progenitor cell differentiation. Nat Cell Biol. 
2013;15:1035–1044.

354. Bagherie-Lachidan M, Reginensi A, Pan Q, et al. Stromal Fat4 acts 
non-autonomously with Dchs1/2 to restrict the nephron progenitor 
pool. Development. 2015;142:2564–2573.

357. Mao Y, Francis-West P, Irvine KD. Fat4/Dchs1 signaling between 
stromal and cap mesenchyme cells influences nephrogenesis and 
ureteric bud branching. Development. 2015;142:2574–2585.

371. Munro DAD, Hohenstein P, Davies JA. Cycles of vascular plexus 
formation within the nephrogenic zone of the developing mouse 
kidney. Sci Rep. 2017;7:3273.

372. Daniel E, Azizoglu DB, Ryan AR, et al. Spatiotemporal heterogeneity 
and patterning of developing renal blood vessels. Angiogenesis. 2018.

376. Eremina V, Sood M, Haigh J, et al. Glomerular-specific alterations 
of VEGF-A expression 2819 lead to distinct congenital and acquired 
renal diseases. J Clin Invest. 2003;111:707–716.

379. Dimke H, Sparks MA, Thomson BR, et al. Tubulovascular cross-
talk by vascular endothelial growth factor a maintains peritubular 
microvasculature in kidney. J Am Soc Nephrol. 2014.

433. Ichimura K, Kakuta S, Kawasaki Y, et al. Morphological process of 
podocyte development revealed by block-face scanning electron 
microscopy. J Cell Sci. 2017;130:132–142.

443. Boute N, Gribouval O, Roselli S, et al. NPHS2, encoding the 
glomerular protein podocin, is mutated in autosomal recessive 
steroid-resistant nephrotic syndrome. Nat Genet. 2000;24:349–354.

444. Kestila M, Lenkkeri U, Mannikko M, et al. Positionally cloned gene 
for a novel glomerular protein—nephrin—is mutated in congenital 
nephrotic syndrome. Mol Cell. 1998;1:575–582.

497. Suleiman H, Zhang L, Roth R, et al. Nanoscale protein architecture 
of the kidney glomerular basement membrane. Elife. 2013;2:e01149.

508. Lindahl P, Hellstrom M, Kalen M, et al. Paracrine PDGF-B/PDGF-
Rbeta signaling controls mesangial cell development in kidney 
glomeruli. Development. 1998;125:3313–3322.

509. Bjarnegard M, Enge M, Norlin J, et al. Endothelium-specific abla-
tion of PDGFB leads to pericyte loss and glomerular, cardiac and 
placental abnormalities. Development. 2004;131:1847–1857.

143. Moore MW, Klein RD, Farinas I, et al. Renal and neuronal abnormali-
ties in mice lacking GDNF. Nature. 1996;382:76–79.

144. Pichel JG, Shen L, Sheng HZ, et al. Defects in enteric innervation and 
kidney development in mice lacking GDNF. Nature. 1996;382:73–76.

145. Sanchez MP, Silos-Santiago I, Frisen J, et al. Renal agenesis and 
the absence of enteric neurons in mice lacking GDNF. Nature. 
1996;382:70–73.

162. Schuchardt A, D’Agati V, Larsson-Blomberg L, et al. Defects in the 
kidney and enteric nervous system of mice lacking the tyrosine 
kinase receptor Ret. Nature. 1994;367:380–383.

165. Vega QC, Worby CA, Lechner MS, et al. Glial cell line-derived 
neurotrophic factor activates the receptor tyrosine kinase RET 
and promotes kidney morphogenesis. Proc Natl Acad Sci U S A. 
1996;93:10657–10661.

187. Chi X, Michos O, Shakya R, et al. Ret-dependent cell rearrangements 
in the Wolffian duct epithelium initiate ureteric bud morphogenesis. 
Dev Cell. 2009;17:199–209.

212. Majumdar A, Vainio S, Kispert A, et al. Wnt11 and Ret/Gdnf path-
ways cooperate in regulating ureteric branching during metanephric 
kidney development. Development. 2003;130:3175–3185.

219. Basson MA, Akbulut S, Watson-Johnson J, et al. Sprouty1 is a criti-
cal regulator of GDNF/RET-mediated kidney induction. Dev Cell. 
2005;8:229–239.

223. Michos O, Cebrian C, Hyink D, et al. Kidney development in the 
absence of Gdnf and Spry1 requires Fgf10. PLoS Genet. 2010;6: 
e1000809.

225. Brandenberger R, Schmidt A, Linton J, et al. Identification and 
characterization of a novel extracellular matrix protein nephronectin 
that is associated with integrin alpha8beta1 in the embryonic kidney. 
J Cell Biol. 2001;154:447–458.

239. Grieshammer U, Le M, Plump AS, et al. SLIT2-mediated ROBO2 
signaling restricts kidney induction to a single site. Dev Cell. 2004;6: 
709–717.

246. Yu J, Carroll TJ, Rajagopal J, et al. A Wnt7b-dependent pathway 
regulates the orientation of epithelial cell division and establishes 
the cortico-medullary axis of the mammalian kidney. Development. 
2009;136:161–171.

258. Niimura F, Labosky PA, Kakuchi J, et al. Gene targeting in mice 
reveals a requirement for angiotensin in the development and 
maintenance of kidney morphology and growth factor regulation. 
J Clin Invest. 1995;96:2947–2954.

268. Park J, Shrestha R, Qiu C, et al. Single-cell transcriptomics of the 
mouse kidney reveals potential cellular targets of kidney disease. 
Science. 2018;360:758–763.

274. Werth M, Schmidt-Ott KM, Leete T, et al. Transcription factor TFCP2L1 
patterns 2604 cells in the mouse kidney collecting ducts. Elife. 2017;6.

279. Self M, Lagutin OV, Bowling B, et al. Six2 is required for suppression 
of nephrogenesis and progenitor renewal in the developing kidney. 
EMBO J. 2006;25:5214–5228.

281. Park JS, Ma W, O’Brien LL, et al. Six2 and Wnt regulate self-renewal 
and commitment of nephron progenitors through shared gene 
regulatory networks. Dev Cell. 2012;23:637–651.

283. Xu J, Liu H, Park JS, et al. Osr1 acts downstream of and interacts 
synergistically with Six2 to maintain nephron progenitor cells during 
kidney organogenesis. Development. 2014;141:1442–1452.

284. Karner CM, Das A, Ma Z, et al. Canonical Wnt9b signaling bal-
ances progenitor cell expansion and differentiation during kidney 
development. Development. 2011;138:1247–1257.

285. Tanigawa S, Wang H, Yang Y, et al. Wnt4 induces nephronic tubules 
in metanephric mesenchyme by a non-canonical mechanism. Dev 
Biol. 2011;352:58–69.

286. Stark K, Vainio S, Vassileva G, et al. Epithelial transformation of 
metanephric mesenchyme in the developing kidney regulated by 
Wnt-4. Nature. 1994;372:679–683.



 CHAPTER 1 — EMBRYOLOGY OF THE KIDNEY 37.e1

28. Hatini V, Huh SO, Herzlinger D, et al. Essential role of stromal 
mesenchyme in kidney morphogenesis revealed by targeted 
disruption of Winged Helix transcription factor BF-2. Genes Dev. 
1996;10:1467–1478.

29. Levinson R, Mendelsohn C. Stromal progenitors are important for 
patterning epithelial and mesenchymal cell types in the embryonic 
kidney. Semin Cell Dev Biol. 2003;14:225–231.

30. Robert B, St John PL, Hyink DP, et al. Evidence that embryonic 
kidney cells expressing flk-1 are intrinsic, vasculogenic angioblasts. 
Am J Physiol. 1996;271:F744–F753.

31. Hu Y, Li M, Gothert JR, et al. Hemovascular progenitors in the 
kidney require sphingosine-1-phosphate receptor 1 for vascular 
development. J Am Soc Nephrol. 2016;27:1984–1995.

32. Sims-Lucas S, Schaefer C, Bushnell D, et al. Endothelial pro-
genitors exist within the kidney and lung mesenchyme. PLoS ONE. 
2013;8:e65993.

33. Halt KJ, Parssinen HE, Junttila SM, et al. CD146(+) cells are essential 
for kidney vasculature development. Kidney Int. 2016;90:311–324.

34. Hyink DP, Abrahamson DR. Origin of the glomerular vasculature 
in the developing kidney. Semin Nephrol. 1995;15:300–314.

35. Hyink DP, Tucker DC, St John PL, et al. Endogenous origin of 
glomerular endothelial and mesangial cells in grafts of embryonic 
kidneys. Am J Physiol. 1996;270:F886–F899.

36. Pallone TL, Chunhua C. Renal cortical and medullary microcircula-
tions: structure and function. In: Alpern RJ, Moe OW, Caplan MJ, 
eds. Seldin and Giebisch’s The Kidney. Vol. 1. London: Academic Press; 
2013:803–857.

37. Kriz W, Bachmann S. Pre- and postglomerular arterioles of the 
kidney. J Cardiovasc Pharmacol. 1985;7(suppl 3):S24–S30.

38. Grobstein C. Inductive epitheliomesenchymal interaction in cultured 
organ rudiments of the mouse. Science. 1953;118:52–55.

39. Kreidberg JA, Sariola H, Loring JM, et al. WT-1 is required for 
early kidney development. Cell. 1993;74:679–691.

40. Miyamoto N, Yoshida M, Kuratani S, et al. Defects of urogenital devel-
opment in mice lacking Emx2. Development. 1997;124:1653–1664.

41. Fisher CE, Michael L, Barnett MW, et al. Erk MAP kinase regulates 
branching morphogenesis in the developing mouse kidney. Develop-
ment. 2001;128:4329–4338.

42. Cheng HT, Miner JH, Lin M, et al. Gamma-secretase activity is 
dispensable for mesenchyme-to-epithelium transition but required 
for podocyte and proximal tubule formation in developing mouse 
kidney. Development. 2003;130:5031–5042.

43. Tang MJ, Cai Y, Tsai SJ, et al. Ureteric bud outgrowth in response 
to RET activation is mediated by phosphatidylinositol 3-kinase. Dev 
Biol. 2002;243:128–136.

44. Kuure S, Popsueva A, Jakobson M, et al. Glycogen synthase kinase-3 
inactivation and stabilization of beta-catenin induce nephron dif-
ferentiation in isolated mouse and rat kidney mesenchymes. J Am 
Soc Nephrol. 2007;18:1130–1139.

45. Lindstrom NO, Lawrence ML, Burn SF, et al. Integrated beta-
catenin, BMP, PTEN, and Notch signalling patterns the nephron. 
Elife. 2015;3:e04000.

46. Rothenpieler UW, Dressler GR. Pax-2 is required for mesenchyme-
to-epithelium conversion during kidney development. Development. 
1993;119:711–720.

47. Torres M, Gomez-Pardo E, Dressler GR, et al. Pax-2 controls multiple 
steps of urogenital development. Development. 1995;121:4057–4065.

48. Hartwig S, Ho J, Pandey P, et al. Genomic characterization of Wilms’ 
tumor suppressor 1 targets in nephron progenitor cells during 
kidney development. Development. 2010;137:1189–1203.

49. Tufro A. Morpholino-mediated gene knockdown in mammalian 
organ culture. Methods Mol Biol. 2012;886:305–309.

50. Tufro A, Teichman J, Woda C, et al. Semaphorin3a inhibits ureteric 
bud branching morphogenesis. Mech Dev. 2008;125:558–568.

51. Unbekandt M, Davies JA. Dissociation of embryonic kidneys followed 
by reaggregation allows the formation of renal tissues. Kidney Int. 
2010;77:407–416.

52. Davies JA, Unbekandt M. siRNA-mediated RNA interference in 
embryonic kidney organ culture. Methods Mol Biol. 2012;886:295–303.

53. Berry R, Harewood L, Pei L, et al. Esrrg functions in early branch 
generation of the ureteric bud and is essential for normal develop-
ment of the renal papilla. Hum Mol Genet. 2011;20:917–926.

54. Lee WC, Hough MT, Liu W, et al. Dact2 is expressed in the develop-
ing ureteric bud/collecting duct system of the kidney and controls 
morphogenetic behavior of collecting duct cells. Am J Physiol Renal 
Physiol. 2010;299:F740–F751.

REFERENCES

1. Zandi-Nejad K, Luyckx VA, Brenner BM. Adult hypertension 
and kidney disease: the role of fetal programming. Hypertension. 
2006;47:502–508.

2. Luyckx VA, Brenner BM. Low birth weight, nephron number, and 
kidney disease. Kidney Int Suppl. 2005;S68–S77.

3. Rossing P, Tarnow L, Nielsen FS, et al. Low birth weight. A risk 
factor for development of diabetic nephropathy? Diabetes. 1995;44: 
1405–1407.

4. Bertram JF, Douglas-Denton RN, Diouf B, et al. Human nephron 
number: implications for health and disease. Pediatr Nephrol. 2011;26: 
1529–1533.

5. Short KM, Combes AN, Lefevre J, et al. Global quantification of tissue 
dynamics in the developing mouse kidney. Dev Cell. 2014;29:188–202.

6. Wang X, Garrett MR. Nephron number, hypertension, and CKD: 
physiological and genetic insight from humans and animal models. 
Physiol Genomics. 2017;49:180–192.

7. Gurusinghe S, Tambay A, Sethna CB. Developmental origins and 
nephron endowment in hypertension. Front Pediatr. 2017;5:151.

8. Puelles VG, Hoy WE, Hughson MD, et al. Glomerular number 
and size variability and risk for kidney disease. Curr Opin Nephrol 
Hypertens. 2011;20:7–15.

9. Gross ML, Amann K, Ritz E. Nephron number and renal risk in 
hypertension and diabetes. J Am Soc Nephrol. 2005;16(suppl 1): 
S27–S29.

10. Saxen L. Organogenesis of the Kidney. Cambridge: Cambridge University 
Press; 1987.

11. James RG, Schultheiss TM. Patterning of the avian intermediate meso-
derm by lateral plate and axial tissues. Dev Biol. 2003;253:109–124.

12. Capel B, Albrecht KH, Washburn LL, et al. Migration of meso-
nephric cells into the mammalian gonad depends on Sry. Mech 
Dev. 1999;84:127–131.

13. Cui S, Ross A, Stallings N, et al. Disrupted gonadogenesis and 
male-to-female sex reversal in Pod1 knockout mice. Development. 
2004;131:4095–4105.

14. Mendelsohn C, Lohnes D, Decimo D, et al. Function of the retinoic 
acid receptors (RARs) during development (II). Multiple abnormali-
ties at various stages of organogenesis in RAR double mutants. 
Development. 1994;120:2749–2771.

15. Osathanondh V, Potter EL. Development of human kidney as 
shown by microdissection. III. Formation and interrelationship 
of collecting tubules and nephrons. Arch Pathol. 1963;76:290–302.

16. Kreidberg JA. Podocyte differentiation and glomerulogenesis.  
J Am Soc Nephrol. 2003;14:806–814.

17. Batourina E, Gim S, Bello N, et al. Vitamin A controls epithelial/
mesenchymal interactions through Ret expression. Nat Genet. 2001; 
27:74–78.

18. Reeves W, Caulfield JP, Farquhar MG. Differentiation of epithelial 
foot processes and filtration slits: sequential appearance of occluding 
junctions, epithelial polyanion, and slit membranes in developing 
glomeruli. Lab Invest. 1978;39:90–100.

19. Drenckhahn D, Franke RP. Ultrastructural organization of contractile 
and cytoskeletal proteins in glomerular podocytes of chicken, rat, 
and man. Lab Invest. 1988;59:673–682.

20. Andrews PM, Bates SB. Filamentous actin bundles in the kidney. 
Anat Rec. 1984;210:1–9.

21. Ichimura K, Kurihara H, Sakai T. Actin filament organization of  
foot processes in rat podocytes. J Histochem Cytochem. 2003;51:1589– 
1600.

22. Ichimura K, Miyazaki N, Sadayama S, et al. Three-dimensional 
architecture of podocytes revealed by block-face scanning electron 
microscopy. Sci Rep. 2015;5:8993.

23. Grahammer F, Schell C, Huber TB. The podocyte slit diaphragm-
from a thin grey line to a complex signalling hub. Nat Rev Nephrol. 
2013.

24. Fierlbeck W, Liu A, Coyle R, et al. Endothelial cell apoptosis during 
glomerular capillary lumen formation in vivo. J Am Soc Nephrol. 
2003;14:1349–1354.

25. Kao RM, Vasilyev A, Miyawaki A, et al. Invasion of distal nephron 
precursors associates with tubular interconnection during nephro-
genesis. J Am Soc Nephrol. 2012;23:1682–1690.

26. Baum M, Quigley R, Satlin L. Maturational changes in renal tubular 
transport. Curr Opin Nephrol Hypertens. 2003;12:521–526.

27. Bard J. A new role for the stromal cells in kidney development. 
Bioessays. 1996;18:705–707.



37.e2 SECTION I — NORMAL STRUCTURE AND FUNCTION

81. Stanford WL, Cohn JB, Cordes SP. Gene-trap mutagenesis: past, 
present and beyond. Nat Rev Genet. 2001;2:756–768.

82. Donoviel DB, Freed DD, Vogel H, et al. Proteinuria and perinatal 
lethality in mice lacking NEPH1, a novel protein with homology 
to NEPHRIN. Mol Cell Biol. 2001;21:4829–4836.

83. Takemoto M, He L, Norlin J, et al. Large-scale identification of 
genes implicated in kidney glomerulus development and function. 
EMBO J. 2006;25:1160–1174.

84. Yoshida Y, Miyamoto M, Bo X, et al. Overview of kidney and urine 
proteome databases. Contrib Nephrol. 2008;160:186–197.

85. Miyamoto M, Yoshida Y, Taguchi I, et al. In-depth proteomic profiling 
of the normal human kidney glomerulus using two-dimensional 
protein prefractionation in combination with liquid chromatography-
tandem mass spectrometry. J Proteome Res. 2007;6:3680–3690.

86. Srinivas S, Goldberg MR, Watanabe T, et al. Expression of green 
fluorescent protein in the ureteric bud of transgenic mice: a new 
tool for the analysis of ureteric bud morphogenesis. Dev Genet. 
1999;24:241–251.

87. Basson MA, Watson-Johnson J, Shakya R, et al. Branching morpho-
genesis of the ureteric epithelium during kidney development is 
coordinated by the opposing functions of GDNF and Sprouty1. 
Dev Biol. 2006;299:466–477.

88. Batourina E, Tsai S, Lambert S, et al. Apoptosis induced by vitamin 
A signaling is crucial for connecting the ureters to the bladder. 
Nat Genet. 2005;37:1082–1089.

89. Watanabe T, Costantini F. Real-time analysis of ureteric bud branch-
ing morphogenesis in vitro. Dev Biol. 2004;271:98–108.

90. Soriano P. Generalized lacZ expression with the ROSA26 Cre 
reporter strain. Nat Genet. 1999;21:70–71.

91. Wade JT. Mapping transcription regulatory networks with ChIP-seq 
and RNA-seq. Adv Exp Med Biol. 2015;883:119–134.

92. Park PJ. ChIP-seq: advantages and challenges of a maturing technol-
ogy. Nat Rev Genet. 2009;10:669–680.

93. Brunskill EW, Park JS, Chung E, et al. Single cell dissection of 
early kidney development: multilineage priming. Development. 
2014;141:3093–3101.

94. Shen K, Fetter RD, Bargmann CI. Synaptic specificity is generated 
by the synaptic guidepost protein SYG-2 and its receptor, SYG-1. 
Cell. 2004;116:869–881.

95. Nelson FK, Albert PS, Riddle DL. Fine structure of the Caenorhabditis 
elegans secretory-excretory system. J Ultrastruct Res. 1983;82:156–171.

96. Barr MM. Caenorhabditis elegans as a model to study renal develop-
ment and disease: sexy cilia. J Am Soc Nephrol. 2005;16:305–312.

97. Barr MM, DeModena J, Braun D, et al. The Caenorhabditis elegans 
autosomal dominant polycystic kidney disease gene homologs lov-1 
and pkd-2 act in the same pathway. Curr Biol. 2001;11:1341–1346.

98. Simon JM, Sternberg PW. Evidence of a mate-finding cue in the 
hermaphrodite nematode Caenorhabditis elegans. Proc Natl Acad 
Sci U S A. 2002;99:1598–1603.

99. Weavers H, Prieto-Sanchez S, Grawe F, et al. The insect nephrocyte 
is a podocyte-like cell with a filtration slit diaphragm. Nature. 
2009;457:322–326.

100. Zhuang S, Shao H, Guo F, et al. Sns and Kirre, the Drosophila 
orthologs of Nephrin and Neph1, direct adhesion, fusion and 
formation of a slit diaphragm-like structure in insect nephrocytes. 
Development. 2009;136:2335–2344.

101. Helmstadter M, Luthy K, Godel M, et al. Functional study of 
mammalian Neph proteins in Drosophila melanogaster. PLoS ONE. 
2012;7:e40300.

102. Hochapfel F, Denk L, Mendl G, et al. Distinct functions of Crumbs 
regulating slit diaphragms and endocytosis in Drosophila nephro-
cytes. Cell Mol Life Sci. 2017;74:4573–4586.

103. Fu Y, Zhu JY, Richman A, et al. A Drosophila model system to assess 
the function of human monogenic podocyte mutations that cause 
nephrotic syndrome. Hum Mol Genet. 2017;26:768–780.

104. Denholm B. Shaping up for action: the path to physiological matura-
tion in the renal tubules of Drosophila. Organogenesis. 2013;9:40–54.

105. Dow JA, Romero MF. Drosophila provides rapid modeling of renal 
development, function, and disease. Am J Physiol Renal Physiol. 
2010;299:F1237–F1244.

106. Miller J, Chi T, Kapahi P, et al. Drosophila melanogaster as an 
emerging translational model of human nephrolithiasis. J Urol. 
2013;190:1648–1656.

107. Weavers H, Skaer H. Tip cells act as dynamic cellular anchors in 
the morphogenesis of looped renal tubules in Drosophila. Dev Cell. 
2013;27:331–344.

55. Sakai T, Larsen M, Yamada KM. Fibronectin requirement in branch-
ing morphogenesis. Nature. 2003;423:876–881.

56. Lindstrom NO, McMahon JA, Guo J, et al. Conserved and divergent 
features of human and mouse kidney organogenesis. J Am Soc 
Nephrol. 2018;29:785–805.

57. Lindstrom NO, Tran T, Guo J, et al. Conserved and divergent 
molecular and anatomic features of human and mouse nephron 
patterning. J Am Soc Nephrol. 2018;29:825–840.

58. Nicolaou N, Renkema KY, Bongers EM, et al. Genetic, environ-
mental, and epigenetic factors involved in CAKUT. Nat Rev Nephrol. 
2015;11:720–731.

59. Yu J, Carroll TJ, McMahon AP. Sonic hedgehog regulates prolif-
eration and differentiation of mesenchymal cells in the mouse 
metanephric kidney. Development. 2002;129:5301–5312.

60. Zhao H, Kegg H, Grady S, et al. Role of fibroblast growth factor 
receptors 1 and 2 in the ureteric bud. Dev Biol. 2004;276:403–415.

61. Kobayashi A, Valerius MT, Mugford JW, et al. Six2 defines and 
regulates a multipotent self-renewing nephron progenitor popula-
tion throughout mammalian kidney development. Cell Stem Cell. 
2008;3:169–181.

62. Kobayashi A, Mugford JW, Krautzberger AM, et al. Identification of 
a multipotent self-renewing stromal progenitor population during 
mammalian kidney organogenesis. Stem Cell Reports. 2014;3:650–662.

63. Moeller MJ, Sanden SK, Soofi A, et al. Podocyte-specific expression 
of cre recombinase in transgenic mice. Genesis. 2003;35:39–42.

64. Jones N, Blasutig IM, Eremina V, et al. Nck adaptor proteins link 
nephrin to the actin cytoskeleton of kidney podocytes. Nature. 
2006;440:818–823.

65. Freedman BS, Brooks CR, Lam AQ, et al. Modelling kidney disease 
with CRISPR-mutant kidney organoids derived from human plu-
ripotent epiblast spheroids. Nat Commun. 2015;6:8715.

66. Kim YK, Refaeli I, Brooks CR, et al. Gene-edited human kidney 
organoids reveal mechanisms of disease in podocyte development. 
Stem Cells. 2017;35:2366–2378.

67. Forbes TA, Howden SE, Lawlor K, et al. Patient-iPSC-derived kidney 
organoids show functional validation of a ciliopathic renal phenotype 
and reveal underlying pathogenetic mechanisms. Am J Hum Genet. 
2018;102:816–831.

68. Kim EY, Yazdizadeh Shotorbani P, Dryer SE. Trpc6 inactivation 
confers protection in a model of severe nephrosis in rats. J Mol 
Med. 2018.

69. Bakey Z, Bihoreau MT, Piedagnel R, et al. The SAM domain of 
ANKS6 has different interacting partners and mutations can induce 
different cystic phenotypes. Kidney Int. 2015;88:299–310.

70. Rathkolb B, Tran TV, Klempt M, et al. Large-scale albuminuria screen 
for nephropathy models in chemically induced mouse mutants. 
Nephron Exp Nephrol. 2005;100:e143–e149.

71. Aigner B, Rathkolb B, Herbach N, et al. Screening for increased 
plasma urea levels in a large-scale ENU mouse mutagenesis 
project reveals kidney disease models. Am J Physiol Renal Physiol. 
2007;292:F1560–F1567.

72. Bosman EA, Quint E, Fuchs H, et al. Catweasel mice: a novel role 
for Six1 in sensory patch development and a model for branchio-
oto-renal syndrome. Dev Biol. 2009;328:285–296.

73. Stewart K, Gaitan Y, Shafer ME, et al. A point mutation in p190A 
RhoGAP affects ciliogenesis and leads to glomerulocystic kidney 
defects. PLoS Genet. 2016;12:e1005785.

74. Tchekneva EE, Khuchua Z, Davis LS, et al. Single amino acid 
substitution in aquaporin 11 causes renal failure. J Am Soc Nephrol. 
2008;19:1955–1964.

75. Vivante A, Hildebrandt F. Exploring the genetic basis of early-onset 
chronic kidney disease. Nat Rev Nephrol. 2016;12:133–146.

76. Renkema KY, Stokman MF, Giles RH, et al. Next-generation sequenc-
ing for research and diagnostics in kidney disease. Nat Rev Nephrol. 
2014;10:433–444.

77. Gee HY, Saisawat P, Ashraf S, et al. ARHGDIA mutations cause 
nephrotic syndrome via defective RHO GTPase signaling. J Clin 
Invest. 2013;123:3243–3253.

78. Gupta IR, Baldwin C, Auguste D, et al. ARHGDIA: a novel gene 
implicated in nephrotic syndrome. J Med Genet. 2013;50:330–338.

79. Shibata S, Nagase M, Yoshida S, et al. Modification of mineralocor-
ticoid receptor function by Rac1 GTPase: implication in proteinuric 
kidney disease. Nat Med. 2008;14:1370–1376.

80. Togawa A, Miyoshi J, Ishizaki H, et al. Progressive impairment of 
kidneys and reproductive organs in mice lacking Rho GDIalpha. 
Oncogene. 1999;18:5373–5380.



 CHAPTER 1 — EMBRYOLOGY OF THE KIDNEY 37.e3

136. Xu PX, Adams J, Peters H, et al. Eya1-deficient mice lack ears and 
kidneys and show abnormal apoptosis of organ primordia. Nat 
Genet. 1999;23:113–117.

137. Wang Q, Lan Y, Cho ES, et al. Odd-skipped related 1 (Odd 1) is 
an essential regulator of heart and urogenital development. Dev 
Biol. 2005;288:582–594.

138. Laclef C, Souil E, Demignon J, et al. Thymus, kidney and craniofacial 
abnormalities in Six 1 deficient mice. Mech Dev. 2003;120:669–679.

139. Xu PX, Zheng W, Huang L, et al. Six1 is required for the early organ-
ogenesis of mammalian kidney. Development. 2003;130:3085–3094.

140. Nishinakamura R, Matsumoto Y, Nakao K, et al. Murine homolog of 
SALL1 is essential for ureteric bud invasion in kidney development. 
Development. 2001;128:3105–3115.

141. Shawlot W, Behringer RR. Requirement for Lim1 in head-organizer 
function. Nature. 1995;374:425–430.

142. Moore MW, Klein RD, Farinas I, et al. Renal and neuronal abnormali-
ties in mice lacking GDNF. Nature. 1996;382:76–79.

143. Pichel JG, Shen L, Sheng HZ, et al. Defects in enteric innervation and 
kidney development in mice lacking GDNF. Nature. 1996;382:73–76.

144. Sanchez MP, Silos-Santiago I, Frisen J, et al. Renal agenesis and 
the absence of enteric neurons in mice lacking GDNF. Nature. 
1996;382:70–73.

145. Esquela AF, Lee SJ. Regulation of metanephric kidney development 
by growth/differentiation factor 11. Dev Biol. 2003;257:356–370.

146. Michos O, Panman L, Vintersten K, et al. Gremlin-mediated BMP 
antagonism induces the epithelial-mesenchymal feedback signaling 
controlling metanephric kidney and limb organogenesis. Development. 
2004;131:3401–3410.

147. Schuchardt A, D’Agati V, Larsson-Blomberg L, et al. RET-deficient 
mice: an animal model for Hirschsprung’s disease and renal agenesis. 
J Intern Med. 1995;238:327–332.

148. Cacalano G, Farinas I, Wang LC, et al. GFRalpha1 is an essential 
receptor component for GDNF in the developing nervous system 
and kidney. Neuron. 1998;21:53–62.

149. James RG, Kamei CN, Wang Q, et al. Odd-skipped related 1 is 
required for development of the metanephric kidney and regulates 
formation and differentiation of kidney precursor cells. Development. 
2006;133:2995–3004.

150. Buller C, Xu X, Marquis V, et al. Molecular effects of Eya1 domain 
mutations causing organ defects in BOR syndrome. Hum Mol Genet. 
2001;10:2775–2781.

151. Ikeda K, Watanabe Y, Ohto H, et al. Molecular interaction 
and synergistic activation of a promoter by Six, Eya, and Dach 
proteins mediated through CREB binding protein. Mol Cell Biol. 
2002;22:6759–6766.

152. Li X, Oghi KA, Zhang J, et al. Eya protein phosphatase activity 
regulates Six1-Dach-Eya transcriptional effects in mammalian 
organogenesis. Nature. 2003;426:247–254.

153. Tootle TL, Silver SJ, Davies EL, et al. The transcription factor Eyes 
absent is a protein tyrosine phosphatase. Nature. 2003;426:299–302.

154. Fougerousse F, Durand M, Lopez S, et al. Six and Eya expression 
during human somitogenesis and MyoD gene family activation.  
J Muscle Res Cell Motil. 2002;23:255–264.

155. Pandur PD, Moody SA. Xenopus Six1 gene is expressed in neu-
rogenic cranial placodes and maintained in the differentiating 
lateral lines. Mech Dev. 2000;96:253–257.

156. Sajithlal G, Zou D, Silvius D, et al. Eya 1 acts as a critical regulator for 
specifying the metanephric mesenchyme. Dev Biol. 2005;284:323–336.

157. Hastie ND. Wilms’ tumour 1 (WT1) in development, homeostasis 
and disease. Development. 2017;144:2862–2872.

158. Kann M, Bae E, Lenz MO, et al. WT1 targets Gas1 to maintain 
nephron progenitor cells by modulating FGF signals. Development. 
2015;142:1254–1266.

159. Motamedi FJ, Badro DA, Clarkson M, et al. WT1 controls antagonistic 
FGF and BMP-pSMAD pathways in early renal progenitors. Nat 
Commun. 2014;5:4444.

160. Bouchard M. Transcriptional control of kidney development. 
Differentiation. 2004;72:295–306.

161. Schuchardt A, D’Agati V, Larsson-Blomberg L, et al. Defects in the 
kidney and enteric nervous system of mice lacking the tyrosine 
kinase receptor Ret. Nature. 1994;367:380–383.

162. Shakya R, Watanabe T, Costantini F. The role of GDNF/Ret signaling 
in ureteric bud cell fate and branching morphogenesis. Dev Cell. 
2005;8:65–74.

163. Vainio S, Muller U. Inductive tissue interactions, cell signaling, 
and the control of kidney organogenesis. Cell. 1997;90:975–978.

108. Weavers H, Skaer H. Tip cells: master regulators of tubulogenesis? 
Semin Cell Dev Biol. 2014;31:91–99.

109. Liu X, Kiss I, Lengyel JA. Identification of genes controlling mal-
pighian tubule and other epithelial morphogenesis in Drosophila 
melanogaster. Genetics. 1999;151:685–695.

110. Helmstadter M, Huber TB, Hermle T. Using the Drosophila 
nephrocyte to model podocyte function and disease. Front Pediatr. 
2017;5:262.

111. Helmstadter M, Simons M. Using Drosophila nephrocytes in genetic 
kidney disease. Cell Tissue Res. 2017;369:119–126.

112. Zhang F, Zhao Y, Han Z. An in vivo functional analysis system for 
renal gene discovery in Drosophila pericardial nephrocytes. J Am 
Soc Nephrol. 2013;24:191–197.

113. Majumdar A, Drummond IA. Podocyte differentiation in the absence 
of endothelial cells as revealed in the zebrafish avascular mutant, 
cloche. Dev Genet. 1999;24:220–229.

114. Drummond IA. Kidney development and disease in the zebrafish. 
J Am Soc Nephrol. 2005;16:299–304.

115. Kyuno J, Masse K, Jones EA. A functional screen for genes involved 
in Xenopus pronephros development. Mech Dev. 2008;125:571–586.

116. Krneta-Stankic V, DeLay BD, Miller RK. Xenopus: leaping forward 
in kidney organogenesis. Pediatr Nephrol. 2017;32:547–555.

117. Jones EA. Xenopus: a prince among models for pronephric kidney 
development. J Am Soc Nephrol. 2005;16:313–321.

118. DeLay BD, Krneta-Stankic V, Miller RK. Technique to target 
microinjection to the developing Xenopus kidney. J Vis Exp.  
2016.

119. Zhou W, Boucher RC, Bollig F, et al. Characterization of mesonephric 
development and regeneration using transgenic zebrafish. Am J 
Physiol Renal Physiol. 2010;299:F1040–F1047.

120. Diep CQ, Ma D, Deo RC, et al. Identification of adult nephron 
progenitors capable of kidney regeneration in zebrafish. Nature. 
2011;470:95–100.

121. Corkins ME, Hanania HL, Krneta-Stankic V, et al. Transgenic 
Xenopus laevis line for in vivo labeling of nephrons within the 
kidney. Genes (Basel). 2018;9.

122. Mae SI, Shono A, Shiota F, et al. Monitoring and robust induction 
of nephrogenic intermediate mesoderm from human pluripotent 
stem cells. Nat Commun. 2013;4:1367.

123. Araoka T, Mae S, Kurose Y, et al. Efficient and rapid induction 
of human iPSCs/ESCs into nephrogenic intermediate mesoderm 
using small molecule-based differentiation methods. PLoS ONE. 
2014;9:e84881.

124. Takasato M, Er PX, Chiu HS, et al. Kidney organoids from human 
iPS cells contain multiple lineages and model human nephrogenesis. 
Nature. 2015;526:564–568.

125. Takasato M, Little MH. A strategy for generating kidney organoids: 
Recapitulating the development in human pluripotent stem cells. 
Dev Biol. 2016;420:210–220.

126. Morizane R, Bonventre JV. Generation of nephron progenitor cells 
and kidney organoids from human pluripotent stem cells. Nat 
Protoc. 2017;12:195–207.

127. Yamaguchi S, Morizane R, Homma K, et al. Generation of kidney 
tubular organoids from human pluripotent stem cells. Sci Rep. 
2016;6:38353.

128. Takasato M, Little MH. Making a kidney organoid using the directed 
differentiation of human pluripotent stem cells. Methods Mol Biol. 
2017;1597:195–206.

129. Higashijima Y, Hirano S, Nangaku M, et al. Applications of the 
CRISPR-Cas9 system in kidney research. Kidney Int. 2017;92:324–335.

130. Singh P, Schimenti JC, Bolcun-Filas E. A mouse geneticist’s practical 
guide to CRISPR applications. Genetics. 2015;199:1–15.

131. Garreta E, Gonzalez F, Montserrat N. Studying kidney disease using 
tissue and genome engineering in human pluripotent stem cells. 
Nephron. 2017.

132. Rookmaaker MB, Schutgens F, Verhaar MC, et al. Development 
and application of human adult stem or progenitor cell organoids. 
Nat Rev Nephrol. 2015;11:546–554.

133. Auerbach R, Grobstein C. Inductive interaction of embryonic tissues 
after dissociation and reaggregation. Exp Cell Res. 1958;15:384–397.

134. Grobstein C. Morphogenetic interaction between embryonic mouse 
tissues separated by a membrane filter. Nature. 1953;172:869–870.

135. Carroll TJ, Park JS, Hayashi S, et al. Wnt9b plays a central role in 
the regulation of mesenchymal to epithelial transitions underly-
ing organogenesis of the mammalian urogenital system. Dev Cell. 
2005;9:283–292.



37.e4 SECTION I — NORMAL STRUCTURE AND FUNCTION

189. Sainio K, Suvanto P, Davies J, et al. Glial-cell-line-derived neuro-
trophic factor is required for bud initiation from ureteric epithelium. 
Development. 1997;124:4077–4087.

190. Alberti L, Borrello MG, Ghizzoni S, et al. Grb2 binding to the  
different isoforms of Ret tyrosine kinase. Oncogene. 1998;17:1079– 
1087.

191. Arighi E, Alberti L, Torriti F, et al. Identification of Shc docking 
site on Ret tyrosine kinase. Oncogene. 1997;14:773–782.

192. Borrello MG, Alberti L, Arighi E, et al. The full oncogenic activity of 
Ret/ptc2 depends on tyrosine 539, a docking site for phospholipase 
Cgamma. Mol Cell Biol. 1996;16:2151–2163.

193. Borrello MG, Pelicci G, Arighi E, et al. The oncogenic versions 
of the Ret and Trk tyrosine kinases bind Shc and Grb2 adaptor 
proteins. Oncogene. 1994;9:1661–1668.

194. Crowder RJ, Enomoto H, Yang M, et al. Dok-6, a Novel p62 Dok 
family member, promotes Ret-mediated neurite outgrowth. J Biol 
Chem. 2004;279:42072–42081.

195. Grimm J, Sachs M, Britsch S, et al. Novel p62dok family members, 
dok-4 and dok-5, are substrates of the c-Ret receptor tyrosine kinase 
and mediate neuronal differentiation. J Cell Biol. 2001;154:345–354.

196. Kurokawa K, Iwashita T, Murakami H, et al. Identification of SNT/
FRS2 docking site on RET receptor tyrosine kinase and its role for 
signal transduction. Oncogene. 2001;20:1929–1938.

197. Melillo RM, Barone MV, Lupoli G, et al. Ret-mediated mitogenesis 
requires Src kinase activity. Cancer Res. 1999;59:1120–1126.

198. Melillo RM, Santoro M, Ong SH, et al. Docking protein FRS2 links 
the protein tyrosine kinase RET and its oncogenic forms with the 
mitogen-activated protein kinase signaling cascade. Mol Cell Biol. 
2001;21:4177–4187.

199. Pandey A, Duan H, Di Fiore PP, et al. The Ret receptor protein 
tyrosine kinase associates with the SH2-containing adapter protein 
Grb10. J Biol Chem. 1995;270:21461–21463.

200. Pandey A, Liu X, Dixon JE, et al. Direct association between the 
Ret receptor tyrosine kinase and the Src homology 2-containing 
adapter protein Grb7. J Biol Chem. 1996;271:10607–10610.

201. Perrinjaquet M, Vilar M, Ibanez CF. Protein-tyrosine phosphatase 
SHP2 contributes to GDNF neurotrophic activity through direct 
binding to phospho-Tyr687 in the RET receptor tyrosine kinase. 
J Biol Chem. 2010;285:31867–31875.

202. Tang MJ, Worley D, Sanicola M, et al. The RET-glial cell-derived 
neurotrophic factor (GDNF) pathway stimulates migration and 
chemoattraction of epithelial cells. J Cell Biol. 1998;142:1337–1345.

203. Jain S, Encinas M, Johnson EM Jr, et al. Critical and distinct roles 
for key RET tyrosine docking sites in renal development. Genes 
Dev. 2006;20:321–333.

204. Jain S, Knoten A, Hoshi M, et al. Organotypic specificity of key RET 
adaptor-docking sites in the pathogenesis of neurocristopathies 
and renal malformations in mice. J Clin Invest. 2010;120:778–790.

205. Jijiwa M, Fukuda T, Kawai K, et al. A targeting mutation of tyrosine 
1062 in Ret causes a marked decrease of enteric neurons and renal 
hypoplasia. Mol Cell Biol. 2004;24:8026–8036.

206. Wong A, Bogni S, Kotka P, et al. Phosphotyrosine 1062 is critical 
for the in vivo activity of the Ret9 receptor tyrosine kinase isoform. 
Mol Cell Biol. 2005;25:9661–9673.

207. Willecke R, Heuberger J, Grossmann K, et al. The tyrosine 
phosphatase Shp2 acts downstream of GDNF/Ret in branching 
morphogenesis of the developing mouse kidney. Dev Biol. 2011;360:310– 
317.

208. Ihermann-Hella A, Lume M, Miinalainen IJ, et al. Mitogen-activated 
protein kinase (MAPK) pathway regulates branching by remodeling 
epithelial cell adhesion. PLoS Genet. 2014;10:e1004193.

209. Kim D, Dressler GR. PTEN modulates GDNF/RET mediated 
chemotaxis and branching morphogenesis in the developing kidney. 
Dev Biol. 2007;307:290–299.

210. Lu BC, Cebrian C, Chi X, et al. Etv4 and Etv5 are required down-
stream of GDNF and Ret for kidney branching morphogenesis. 
Nat Genet. 2009;41:1295–1302.

211. Majumdar A, Vainio S, Kispert A, et al. Wnt11 and Ret/Gdnf path-
ways cooperate in regulating ureteric branching during metanephric 
kidney development. Development. 2003;130:3175–3185.

212. Kuure S, Chi X, Lu B, et al. The transcription factors Etv4 and Etv5 
mediate formation of the ureteric bud tip domain during kidney 
development. Development. 2010;137:1975–1979.

213. Kramer S, Okabe M, Hacohen N, et al. Sprouty: a common antagonist 
of FGF and EGF signaling pathways in Drosophila. Development. 
1999;126:2515–2525.

164. Vega QC, Worby CA, Lechner MS, et al. Glial cell line-derived 
neurotrophic factor activates the receptor tyrosine kinase RET 
and promotes kidney morphogenesis. Proc Natl Acad Sci USA. 
1996;93:10657–10661.

165. Pitera JE, Scambler PJ, Woolf AS. Fras1, a basement membrane-
associated protein mutated in Fraser syndrome, mediates both 
the initiation of the mammalian kidney and the integrity of renal 
glomeruli. Hum Mol Genet. 2008;17:3953–3964.

166. Vrontou S, Petrou P, Meyer BI, et al. Fras1 deficiency results in 
cryptophthalmos, renal agenesis and blebbed phenotype in mice. 
Nat Genet. 2003;34:209–214.

167. Uchiyama Y, Sakaguchi M, Terabayashi T, et al. Kif26b, a kinesin 
family gene, regulates adhesion of the embryonic kidney mesen-
chyme. Proc Natl Acad Sci U S A. 2010;107:9240–9245.

168. Linton JM, Martin GR, Reichardt LF. The ECM protein nephronectin 
promotes kidney development via integrin alpha8beta1-mediated 
stimulation of Gdnf expression. Development. 2007;134:2501– 
2509.

169. Muller U, Wang D, Denda S, et al. Integrin alpha8beta1 is critically 
important for epithelial-mesenchymal interactions during kidney 
morphogenesis. Cell. 1997;88:603–613.

170. Dressler GR, Deutsch U, Chowdhury K, et al. Pax2, a new murine 
paired-box-containing gene and its expression in the developing 
excretory system. Development. 1990;109:787–795.

171. Brophy PD, Ostrom L, Lang KM, et al. Regulation of ureteric 
bud outgrowth by Pax2-dependent activation of the glial derived 
neurotrophic factor gene. Development. 2001;128:4747–4756.

172. Wellik DM, Hawkes PJ, Capecchi MR. Hox11 paralogous genes 
are essential for metanephric kidney induction. Genes Dev. 
2002;16:1423–1432.

173. Kobayashi H, Kawakami K, Asashima M, et al. Six1 and Six4 are 
essential for Gdnf expression in the metanephric mesenchyme 
and ureteric bud formation, while Six1 deficiency alone causes 
mesonephric-tubule defects. Mech Dev. 2007;124:290–303.

174. Clarke JC, Patel SR, Raymond RM Jr, et al. Regulation of c-Ret in 
the developing kidney is responsive to Pax2 gene dosage. Hum 
Mol Genet. 2006;15:3420–3428.

175. Patel SR, Kim D, Levitan I, et al. The BRCT-domain containing 
protein PTIP links PAX2 to a histone H3, lysine 4 methyltransferase 
complex. Dev Cell. 2007;13:580–592.

176. Gong KQ, Yallowitz AR, Sun H, et al. A Hox-Eya-Pax complex 
regulates early kidney developmental gene expression. Mol Cell 
Biol. 2007;27:7661–7668.

177. Wu W, Kitamura S, Truong DM, et al. Beta1-integrin is required 
for kidney collecting duct morphogenesis and maintenance of 
renal function. Am J Physiol Renal Physiol. 2009;297:F210–F217.

178. Bouchard M, Souabni A, Mandler M, et al. Nephric lineage specifica-
tion by Pax2 and Pax8. Genes Dev. 2002;16:2958–2970.

179. Grote D, Souabni A, Busslinger M, et al. Pax 2/8-regulated Gata 
3 expression is necessary for morphogenesis and guidance of the 
nephric duct in the developing kidney. Development. 2006;133:53–61.

180. Grote D, Boualia SK, Souabni A, et al. Gata3 acts downstream 
of beta-catenin signaling to prevent ectopic metanephric kidney 
induction. PLoS Genet. 2008;4:e1000316.

181. Bridgewater D, Cox B, Cain J, et al. Canonical WNT/beta-catenin 
signaling is required for ureteric branching. Dev Biol. 2008;317:83–94.

182. Chia I, Grote D, Marcotte M, et al. Nephric duct insertion is a crucial 
step in urinary tract maturation that is regulated by a Gata3-Raldh2-
Ret molecular network in mice. Development. 2011;138:2089–2097.

183. Lim KC, Lakshmanan G, Crawford SE, et al. Gata3 loss leads 
to embryonic lethality due to noradrenaline deficiency of the 
sympathetic nervous system. Nat Genet. 2000;25:209–212.

184. Pedersen A, Skjong C, Shawlot W. Lim 1 is required for nephric 
duct extension and ureteric bud morphogenesis. Dev Biol. 2005;288: 
571–581.

185. Marose TD, Merkel CE, McMahon AP, et al. Beta-catenin is neces-
sary to keep cells of ureteric bud/Wolffian duct epithelium in a 
precursor state. Dev Biol. 2008;314:112–126.

186. Chi X, Michos O, Shakya R, et al. Ret-dependent cell rearrangements 
in the Wolffian duct epithelium initiate ureteric bud morphogenesis. 
Dev Cell. 2009;17:199–209.

187. Michael L, Davies JA. Pattern and regulation of cell proliferation 
during murine ureteric bud development. J Anat. 2004;204:241–255.

188. Pepicelli CV, Kispert A, Rowitch DH, et al. GDNF induces branching 
and increased cell proliferation in the ureter of the mouse. Dev 
Biol. 1997;192:193–198.



 CHAPTER 1 — EMBRYOLOGY OF THE KIDNEY 37.e5

238. Grieshammer U, Le M, Plump AS, et al. SLIT2-mediated ROBO2 
signaling restricts kidney induction to a single site. Dev Cell. 
2004;6:709–717.

239. Lu W, van Eerde AM, Fan X, et al. Disruption of ROBO2 is associ-
ated with urinary tract anomalies and confers risk of vesicoureteral 
reflux. Am J Hum Genet. 2007;80:616–632.

240. Wainwright EN, Wilhelm D, Combes AN, et al. ROBO2 restricts 
the nephrogenic field and regulates Wolffian duct-nephrogenic 
cord separation. Dev Biol. 2015;404:88–102.

241. Kim HJ, Bar-Sagi D. Modulation of signalling by Sprouty: a develop-
ing story. Nat Rev Mol Cell Biol. 2004;5:441–450.

242. Miyazaki Y, Oshima K, Fogo A, et al. Bone morphogenetic protein 
4 regulates the budding site and elongation of the mouse ureter. 
J Clin Invest. 2000;105:863–873.

243. Michos O, Goncalves A, Lopez-Rios J, et al. Reduction of BMP4 
activity by gremlin 1 enables ureteric bud outgrowth and GDNF/
WNT11 feedback signalling during kidney branching morphogen-
esis. Development. 2007;134:2397–2405.

244. Fischer E, Legue E, Doyen A, et al. Defective planar cell polarity 
in polycystic kidney disease. Nat Genet. 2006;38:21–23.

245. Yu J, Carroll TJ, Rajagopal J, et al. A Wnt7b-dependent pathway 
regulates the orientation of epithelial cell division and establishes 
the cortico-medullary axis of the mammalian kidney. Development. 
2009;136:161–171.

246. Maezawa Y, Binnie M, Li C, et al. A new Cre driver mouse line, 
Tcf21/Pod1-Cre, targets metanephric mesenchyme. PLoS ONE. 
2012;7:e40547.

247. Boivin FJ, Bridgewater D. β-Catenin in stromal progenitors con-
trols medullary stromal development. Am J Physiol Renal Physiol. 
2018;314:F1177–F1187.

248. Zhang Z, Pascuet E, Hueber PA, et al. Targeted inactivation of EGF 
receptor inhibits renal collecting duct development and function. 
J Am Soc Nephrol. 2010;21:573–578.

249. Liu Y, Chattopadhyay N, Qin S, et al. Coordinate integrin and 
c-Met signaling regulate Wnt gene expression during epithelial 
morphogenesis. Development. 2009;136:843–853.

250. Pietila I, Ellwanger K, Railo A, et al. Secreted Wnt antagonist 
Dickkopf-1 controls kidney papilla development coordinated by 
Wnt-7b signalling. Dev Biol. 2011;353:50–60.

251. Kreidberg JA, Donovan MJ, Goldstein SL, et al. Alpha 3 beta 1 
integrin has a crucial role in kidney and lung organogenesis. 
Development. 1996;122:3537–3547.

252. Ohuchi H, Hori Y, Yamasaki M, et al. FGF10 acts as a major ligand 
for FGF receptor 2 IIIb in mouse multi-organ development. Biochem 
Biophys Res Commun. 2000;277:643–649.

253. Qiao J, Uzzo R, Obara-Ishihara T, et al. FGF-7 modulates ureteric bud 
growth and nephron number in the developing kidney. Development. 
1999;126:547–554.

254. Hartwig S, Bridgewater D, Di Giovanni V, et al. BMP receptor 
ALK3 controls collecting system development. J Am Soc Nephrol. 
2008;19:117–124.

255. Yosypiv IV. Renin-angiotensin system in ureteric bud branching 
morphogenesis: implications for kidney disease. Pediatr Nephrol. 
2013.

256. Kim HS, Krege JH, Kluckman KD, et al. Genetic control of blood 
pressure and the angiotensinogen locus. Proc Natl Acad Sci U S A. 
1995;92:2735–2739.

257. Niimura F, Labosky PA, Kakuchi J, et al. Gene targeting in mice 
reveals a requirement for angiotensin in the development and 
maintenance of kidney morphology and growth factor regulation. 
J Clin Invest. 1995;96:2947–2954.

258. Krege JH, John SW, Langenbach LL, et al. Male-female differ-
ences in fertility and blood pressure in ACE-deficient mice. Nature. 
1995;375:146–148.

259. Esther CR Jr, Howard TE, Marino EM, et al. Mice lacking angiotensin-
converting enzyme have low blood pressure, renal pathology, and 
reduced male fertility. Lab Invest. 1996;74:953–965.

260. Tsuchida S, Matsusaka T, Chen X, et al. Murine double nullizygotes 
of the angiotensin type 1A and 1B receptor genes duplicate severe 
abnormal phenotypes of angiotensinogen nullizygotes. J Clin Invest. 
1998;101:755–760.

261. Oliverio MI, Kim HS, Ito M, et al. Reduced growth, abnormal  
kidney structure, and type 2 (AT2) angiotensin receptor-mediated 
blood pressure regulation in mice lacking both AT1A and AT1B 
receptors for angiotensin II. Proc Natl Acad Sci U S A. 1998;95: 
15496–15501.

214. Hacohen N, Kramer S, Sutherland D, et al. Sprouty encodes a 
novel antagonist of FGF signaling that patterns apical branching 
of the Drosophila airways. Cell. 1998;92:253–263.

215. Reich A, Sapir A, Shilo B. Sprouty is a general inhibitor of receptor 
tyrosine kinase signaling. Development. 1999;126:4139–4147.

216. Zhang S, Lin Y, Itaranta P, et al. Expression of Sprouty genes 1, 2 
and 4 during mouse organogenesis. Mech Dev. 2001;109:367–370.

217. Miyamoto R, Jijiwa M, Asai M, et al. Loss of Sprouty2 partially 
rescues renal hypoplasia and stomach hypoganglionosis but not 
intestinal aganglionosis in Ret Y1062F mutant mice. Dev Biol. 
2011;349:160–168.

218. Basson MA, Akbulut S, Watson-Johnson J, et al. Sprouty1 is a criti-
cal regulator of GDNF/RET-mediated kidney induction. Dev Cell. 
2005;8:229–239.

219. Chi L, Zhang S, Lin Y, et al. Sprouty proteins regulate ureteric 
branching by coordinating reciprocal epithelial Wnt11, mesenchymal 
Gdnf and stromal Fgf7 signalling during kidney development. 
Development. 2004;131:3345–3356.

220. Chi X, Hadjantonakis AK, Wu Z, et al. A transgenic mouse that 
reveals cell shape and arrangement during ureteric bud branching. 
Genesis. 2009;47:61–66.

221. Gross I, Morrison DJ, Hyink DP, et al. The receptor tyrosine 
kinase regulator Sprouty1 is a target of the tumor suppres-
sor WT1 and important for kidney development. J Biol Chem. 
2003;278:41420–41430.

222. Michos O, Cebrian C, Hyink D, et al. Kidney development in the 
absence of Gdnf and Spry1 requires Fgf10. PLoS Genet. 2010;6: 
e1000809.

223. Rozen EJ, Schmidt H, Dolcet X, et al. Loss of Sprouty1 rescues renal 
agenesis caused by Ret mutation. J Am Soc Nephrol. 2009;20:255– 
259.

224. Brandenberger R, Schmidt A, Linton J, et al. Identification and 
characterization of a novel extracellular matrix protein nephronectin 
that is associated with integrin alpha8beta1 in the embryonic kidney. 
J Cell Biol. 2001;154:447–458.

225. Kiyozumi D, Takeichi M, Nakano I, et al. Basement membrane 
assembly of the integrin alpha8beta1 ligand nephronectin requires 
Fraser syndrome-associated proteins. J Cell Biol. 2012;197:677–689.

226. Saisawat P, Tasic V, Vega-Warner V, et al. Identification of two novel 
CAKUT-causing genes by massively parallel exon resequencing of 
candidate genes in patients with unilateral renal agenesis. Kidney 
Int. 2012;81:196–200.

227. Alazami AM, Shaheen R, Alzahrani F, et al. FREM1 mutations cause 
bifid nose, renal agenesis, and anorectal malformations syndrome. 
Am J Hum Genet. 2009;85:414–418.

228. Kiyozumi D, Sugimoto N, Sekiguchi K. Breakdown of the reciprocal 
stabilization of QBRICK/Frem1, Fras1, and Frem2 at the basement 
membrane provokes Fraser syndrome-like defects. Proc Natl Acad 
Sci USA. 2006;103:11981–11986.

229. Takamiya K, Kostourou V, Adams S, et al. A direct functional link 
between the multi-PDZ domain protein GRIP1 and the Fraser 
syndrome protein Fras1. Nat Genet. 2004;36:172–177.

230. Schanze D, Kayserili H, Satkin BN, et al. Fraser syndrome due to 
mutations in GRIP1–clinical phenotype in two families and expan-
sion of the mutation spectrum. Am J Med Genet A. 2014;164A:837–840.

231. Vogel MJ, van Zon P, Brueton L, et al. Mutations in GRIP1 cause 
Fraser syndrome. J Med Genet. 2012;49:303–306.

232. Yang DH, McKee KK, Chen ZL, et al. Renal collecting system growth 
and function depend upon embryonic gamma1 laminin expression. 
Development. 2011;138:4535–4544.

233. Miner JH, Li C. Defective glomerulogenesis in the absence of 
laminin alpha5 demonstrates a developmental role for the kidney 
glomerular basement membrane. Dev Biol. 2000;217:278–289.

234. Noakes PG, Miner JH, Gautam M, et al. The renal glomerulus of 
mice lacking s-laminin/laminin beta 2: nephrosis despite molecular 
compensation by laminin beta 1. Nat Genet. 1995;10:400–406.

235. Tsukahara Y, Tanaka M, Miyajima A. TROP2 expressed in the trunk 
of the ureteric duct regulates branching morphogenesis during 
kidney development. PLoS ONE. 2011;6:e28607.

236. Smeeton J, Zhang X, Bulus N, et al. Integrin-linked kinase regulates 
p38 MAPK-dependent cell cycle arrest in ureteric bud development. 
Development. 2010;137:3233–3243.

237. Kume T, Deng K, Hogan BL. Murine forkhead/winged helix  
genes Foxc1 (Mf1) and Foxc2 (Mfh1) are required for the early 
organogenesis of the kidney and urinary tract. Development. 2000;127: 
1387–1395.



37.e6 SECTION I — NORMAL STRUCTURE AND FUNCTION

289. Park JS, Valerius MT, McMahon AP. Wnt/beta-catenin signaling 
regulates nephron induction during mouse kidney development. 
Development. 2007;134:2533–2539.

290. Ramalingam H, Fessler AR, Das A, et al. Disparate levels of beta-
catenin activity determine nephron progenitor cell fate. Dev Biol. 
2018;440:13–21.

291. Pan X, Karner CM, Carroll TJ. Myc cooperates with beta-catenin 
to drive gene expression in nephron progenitor cells. Development. 
2017;144:4173–4182.

292. Chung E, Deacon P, Marable S, et al. Notch signaling promotes 
nephrogenesis by downregulating Six2. Development. 2016;143: 
3907–3913.

293. Chung E, Deacon P, Park JS. Notch is required for the formation 
of all nephron segments and primes nephron progenitors for 
differentiation. Development. 2017;144:4530–4539.

294. Dudley AT, Lyons KM, Robertson EJ. A requirement for bone 
morphogenetic protein-7 during development of the mammalian 
kidney and eye. Genes Dev. 1995;9:2795–2807.

295. Luo G, Hofmann C, Bronckers AL, et al. BMP-7 is an inducer 
of nephrogenesis, and is also required for eye development and 
skeletal patterning. Genes Dev. 1995;9:2808–2820.

296. Tomita M, Asada M, Asada N, et al. Bmp7 maintains undifferentiated 
kidney progenitor population and determines nephron numbers 
at birth. PLoS ONE. 2013;8:e73554.

297. Blank U, Brown A, Adams DC, et al. BMP7 promotes proliferation 
of nephron progenitor cells via a JNK-dependent mechanism. 
Development. 2009;136:3557–3566.

298. Muthukrishnan SD, Yang X, Friesel R, et al. Concurrent BMP7 and 
FGF9 signalling governs AP-1 function to promote self-renewal of 
nephron progenitor cells. Nat Commun. 2015;6:10027.

299. Gai Z, Zhou G, Itoh S, et al. Trps1 functions downstream of Bmp7 
in kidney development. J Am Soc Nephrol. 2009;20:2403–2411.

300. Brown AC, Muthukrishnan SD, Guay JA, et al. Role for compart-
mentalization in nephron progenitor differentiation. Proc Natl Acad 
Sci USA. 2013;110:4640–4645.

301. Labbe E, Letamendia A, Attisano L. Association of Smads with 
lymphoid enhancer binding factor 1/T cell-specific factor mediates 
cooperative signaling by the transforming growth factor-beta and 
wnt pathways. Proc Natl Acad Sci U S A. 2000;97:8358–8363.

302. Persad S, Troussard AA, McPhee TR, et al. Tumor suppressor PTEN 
inhibits nuclear accumulation of beta-catenin and T cell/lymphoid 
enhancer factor 1-mediated transcriptional activation. J Cell Biol. 
2001;153:1161–1174.

303. He XC, Zhang J, Tong WG, et al. BMP signaling inhibits intestinal 
stem cell self-renewal through suppression of Wnt-beta-catenin 
signaling. Nat Genet. 2004;36:1117–1121.

304. Poladia DP, Kish K, Kutay B, et al. Role of fibroblast growth factor 
receptors 1 and 2 in the metanephric mesenchyme. Dev Biol. 
2006;291:325–339.

305. Barak H, Huh SH, Chen S, et al. FGF9 and FGF20 maintain the 
stemness of nephron progenitors in mice and man. Dev Cell. 2012;22: 
1191–1207.

306. Perantoni AO, Dove LF, Karavanova I. Basic fibroblast growth factor 
can mediate the early inductive events in renal development. Proc 
Natl Acad Sci USA. 1995;92:4696–4700.

307. Caruana G. Genetic studies define MAGUK proteins as regulators 
of epithelial cell polarity. Int J Dev Biol. 2002;46:511–518.

308. Ahn SY, Kim Y, Kim ST, et al. Scaffolding proteins DLG1 and CASK 
cooperate to maintain the nephron progenitor population during 
kidney development. J Am Soc Nephrol. 2013;24:1127–1138.

309. Cotter L, Ozcelik M, Jacob C, et al. Dlg1-PTEN interaction regulates 
myelin thickness to prevent damaging peripheral nerve overmy-
elination. Science. 2010;328:1415–1418.

310. Etienne-Manneville S, Manneville JB, Nicholls S, et al. Cdc42 and 
Par6-PKCzeta regulate the spatially localized association of Dlg1 
and APC to control cell polarization. J Cell Biol. 2005;170:895–901.

311. Allanson JE, Hunter AG, Mettler GS, et al. Renal tubular dysgenesis: 
a not uncommon autosomal recessive syndrome: a review. Am J 
Med Genet. 1992;43:811–814.

312. Lindstrom NO, De Sena Brandine G, Tran T, et al. Progressive 
recruitment of mesenchymal progenitors reveals a time-dependent 
process of cell fate acquisition in mouse and human nephrogenesis. 
Dev Cell. 2018;45:651–660.e4.

313. Georgas K, Rumballe B, Valerius MT, et al. Analysis of early nephron 
patterning reveals a role for distal RV proliferation in fusion to the 

262. Song R, Preston G, Khalili A, et al. Angiotensin II regulates growth 
of the developing papillas ex vivo. Am J Physiol Renal Physiol. 
2012;302:F1112–F1120.

263. Chiang C, Litingtung Y, Lee E, et al. Cyclopia and defective axial 
patterning in mice lacking Sonic hedgehog gene function. Nature. 
1996;383:407–413.

264. Hu MC, Mo R, Bhella S, et al. GLI3-dependent transcriptional 
repression of Gli1, Gli2 and kidney patterning genes disrupts renal 
morphogenesis. Development. 2006;133:569–578.

265. Kang S, Graham JM Jr, Olney AH, et al. GLI3 frameshift mutations 
cause autosomal dominant Pallister-Hall syndrome. Nat Genet. 
1997;15:266–268.

266. Bose J, Grotewold L, Ruther U. Pallister-Hall syndrome phenotype 
in mice mutant for Gli3. Hum Mol Genet. 2002;11:1129–1135.

267. Park J, Shrestha R, Qiu C, et al. Single-cell transcriptomics of the 
mouse kidney reveals potential cellular targets of kidney disease. 
Science. 2018;360:758–763.

268. Enerback S, Nilsson D, Edwards N, et al. Acidosis and deafness 
in patients with recessive mutations in FOXI1. J Am Soc Nephrol. 
2018;29:1041–1048.

269. Blomqvist SR, Vidarsson H, Fitzgerald S, et al. Distal renal tubular 
acidosis in mice that lack the forkhead transcription factor Foxi1. 
J Clin Invest. 2004;113:1560–1570.

270. El-Dahr SS, Li Y, Liu J, et al. p63+ ureteric bud tip cells are progeni-
tors of intercalated cells. JCI Insight. 2017;2.

271. Guo Q, Wang Y, Tripathi P, et al. Adam10 mediates the choice 
between principal cells and intercalated cells in the kidney. J Am 
Soc Nephrol. 2015;26:149–159.

272. Jeong HW, Jeon US, Koo BK, et al. Inactivation of Notch signaling 
in the renal collecting duct causes nephrogenic diabetes insipidus 
in mice. J Clin Invest. 2009;119:3290–3300.

273. Werth M, Schmidt-Ott KM, Leete T, et al. Transcription factor 
TFCP2L1 patterns cells in the mouse kidney collecting ducts. Elife. 
2017;6.

274. Grassmeyer J, Mukherjee M, deRiso J, et al. Elf5 is a principal cell 
lineage specific transcription factor in the kidney that contributes 
to Aqp2 and Avpr2 gene expression. Dev Biol. 2017;424:77–89.

275. Wu H, Chen L, Zhou Q, et al. Aqp2-expressing cells give rise to 
renal intercalated cells. J Am Soc Nephrol. 2013;24:243–252.

276. Wu H, Chen L, Zhang X, et al. Aqp5 is a new transcriptional target 
of Dot1a and a regulator of Aqp2. PLoS ONE. 2013;8:e53342.

277. Xiao Z, Chen L, Zhou Q, et al. Dot1l deficiency leads to increased 
intercalated cells and upregulation of V-ATPase B1 in mice. Exp 
Cell Res. 2016;344:167–175.

278. Self M, Lagutin OV, Bowling B, et al. Six2 is required for suppression 
of nephrogenesis and progenitor renewal in the developing kidney. 
EMBO J. 2006;25:5214–5228.

279. Kanda S, Tanigawa S, Ohmori T, et al. Sall1 maintains nephron 
progenitors and nascent nephrons by acting as both an activator 
and a repressor. J Am Soc Nephrol. 2014;25:2584–2595.

280. Park JS, Ma W, O’Brien LL, et al. Six2 and Wnt regulate self-renewal 
and commitment of nephron progenitors through shared gene 
regulatory networks. Dev Cell. 2012;23:637–651.

281. Xu J, Liu H, Chai OH, et al. Osr1 interacts synergistically with Wt1 
to regulate kidney organogenesis. PLoS ONE. 2016;11:e0159597.

282. Xu J, Liu H, Park JS, et al. Osr1 acts downstream of and interacts 
synergistically with Six2 to maintain nephron progenitor cells during 
kidney organogenesis. Development. 2014;141:1442–1452.

283. Karner CM, Das A, Ma Z, et al. Canonical Wnt9b signaling bal-
ances progenitor cell expansion and differentiation during kidney 
development. Development. 2011;138:1247–1257.

284. Tanigawa S, Wang H, Yang Y, et al. Wnt4 induces nephronic tubules 
in metanephric mesenchyme by a non-canonical mechanism. Dev 
Biol. 2011;352:58–69.

285. Stark K, Vainio S, Vassileva G, et al. Epithelial transformation of 
metanephric mesenchyme in the developing kidney regulated by 
Wnt-4. Nature. 1994;372:679–683.

286. Perantoni AO, Timofeeva O, Naillat F, et al. Inactivation of FGF8 
in early mesoderm reveals an essential role in kidney development. 
Development. 2005;132:3859–3871.

287. Grieshammer U, Cebrian C, Ilagan R, et al. FGF8 is required for cell 
survival at distinct stages of nephrogenesis and for regulation of gene 
expression in nascent nephrons. Development. 2005;132:3847–3857.

288. Burn SF, Webb A, Berry RL, et al. Calcium/NFAT signalling promotes 
early nephrogenesis. Dev Biol. 2011;352:288–298.



 CHAPTER 1 — EMBRYOLOGY OF THE KIDNEY 37.e7

338. Hendry C, Rumballe B, Moritz K, et al. Defining and redefining the 
nephron progenitor population. Pediatr Nephrol. 2011;26:1395–1406.

339. Quaggin SE, Schwartz L, Cui S, et al. The basic-helix-loop-helix 
protein pod1 is critically important for kidney and lung organo-
genesis. Development. 1999;126:5771–5783.

340. Quaggin SE, Vanden Heuvel GB, Igarashi P. Pod-1, a mesoderm-
specific basic-helix-loop-helix protein expressed in mesenchymal 
and glomerular epithelial cells in the developing kidney. Mech Dev. 
1998;71:37–48.

341. Levinson RS, Batourina E, Choi C, et al. Foxd1-dependent signals 
control cellularity in the renal capsule, a structure required for 
normal renal development. Development. 2005;132:529–539.

342. Valdimarsdottir G, Goumans MJ, Rosendahl A, et al. Stimulation 
of Id1 expression by bone morphogenetic protein is sufficient and 
necessary for bone morphogenetic protein-induced activation of 
endothelial cells. Circulation. 2002;106:2263–2270.

343. Fetting JL, Guay JA, Karolak MJ, et al. FOXD1 promotes nephron 
progenitor differentiation by repressing decorin in the embryonic 
kidney. Development. 2014;141:17–27.

344. Sequeira-Lopez ML, Lin EE, Li M, et al. The earliest metanephric 
arteriolar progenitors and their role in kidney vascular development. 
Am J Physiol Regul Integr Comp Physiol. 2015;308:R138–R149.

345. Mukherjee E, Maringer K, Papke E, et al. Endothelial marker-
expressing stromal cells are critical for kidney formation. Am J 
Physiol Renal Physiol. 2017;313:F611–F620.

346. Cui S, Schwartz L, Quaggin SE. Pod1 is required in stromal cells 
for glomerulogenesis. Dev Dyn. 2003;226:512–522.

347. Cui S, Li C, Ema M, et al. Rapid isolation of glomeruli coupled 
with gene expression profiling identifies downstream targets in 
Pod1 knockout mice. J Am Soc Nephrol. 2005;16:3247–3255.

348. Mendelsohn C, Batourina E, Fung S, et al. Stromal cells mediate 
retinoid-dependent functions essential for renal development. 
Development. 1999;126:1139–1148.

349. Moreau E, Vilar J, Lelievre-Pegorier M, et al. Regulation of c-ret 
expression by retinoic acid in rat metanephros: implication in 
nephron mass control. Am J Physiol. 1998;275:F938–F945.

350. Vilar J, Gilbert T, Moreau E, et al. Metanephros organogenesis is 
highly stimulated by vitamin A derivatives in organ culture. Kidney 
Int. 1996;49:1478–1487.

351. Paroly SS, Wang F, Spraggon L, et al. Stromal protein ecm1 regulates 
ureteric bud patterning and branching. PLoS ONE. 2013;8:e84155.

352. Das A, Tanigawa S, Karner CM, et al. Stromal-epithelial crosstalk 
regulates kidney progenitor cell differentiation. Nat Cell Biol. 
2013;15:1035–1044.

353. Bagherie-Lachidan M, Reginensi A, Pan Q, et al. Stromal Fat4 acts 
non-autonomously with Dchs1/2 to restrict the nephron progenitor 
pool. Development. 2015;142:2564–2573.

354. McNeill H, Reginensi A. Lats1/2 regulate Yap/Taz to control 
nephron progenitor epithelialization and inhibit myofibroblast 
formation. J Am Soc Nephrol. 2017;28:852–861.

355. Reginensi A, Scott RP, Gregorieff A, et al. Yap- and Cdc42-dependent 
nephrogenesis and morphogenesis during mouse kidney develop-
ment. PLoS Genet. 2013;9:e1003380.

356. Mao Y, Francis-West P, Irvine KD. Fat4/Dchs1 signaling between 
stromal and cap mesenchyme cells influences nephrogenesis and 
ureteric bud branching. Development. 2015;142:2574–2585.

357. Schnabel CA, Godin RE, Cleary ML. Pbx1 regulates nephrogen-
esis and ureteric branching in the developing kidney. Dev Biol. 
2003;254:262–276.

358. Ohmori T, Tanigawa S, Kaku Y, et al. Sall1 in renal stromal pro-
genitors non-cell autonomously restricts the excessive expansion 
of nephron progenitors. Sci Rep. 2015;5:15676.

359. Airik R, Bussen M, Singh MK, et al. Tbx18 regulates the development 
of the ureteral mesenchyme. J Clin Invest. 2006;116:663–674.

360. Xu J, Nie X, Cai X, et al. Tbx18 is essential for normal develop-
ment of vasculature network and glomerular mesangium in the 
mammalian kidney. Dev Biol. 2014;391:17–31.

361. Nie X, Sun J, Gordon RE, et al. SIX1 acts synergistically with TBX18 
in mediating ureteral smooth muscle formation. Development. 
2010;137:755–765.

362. McCright B. Notch signaling in kidney development. Curr Opin 
Nephrol Hypertens. 2003;12:5–10.

363. McCright B, Gao X, Shen L, et al. Defects in development of 
the kidney, heart and eye vasculature in mice homozygous for a 
hypomorphic Notch2 mutation. Development. 2001;128:491–502.

ureteric tip via a cap mesenchyme-derived connecting segment. 
Dev Biol. 2009;332:273–286.

314. Schneider J, Arraf AA, Grinstein M, et al. Wnt signaling orients 
the proximal-distal axis of chick kidney nephrons. Development. 
2015;142:2686–2695.

315. Massa F, Garbay S, Bouvier R, et al. Hepatocyte nuclear factor 
1beta controls nephron tubular development. Development. 2013;140: 
886–896.

316. Heliot C, Desgrange A, Buisson I, et al. HNF1B controls 
proximal-intermediate nephron segment identity in vertebrates 
by regulating Notch signalling components and Irx1/2. Development. 
2013;140:873–885.

317. Naylor RW, Przepiorski A, Ren Q, et al. HNF1beta is essential for 
nephron segmentation during nephrogenesis. J Am Soc Nephrol. 
2013;24:77–87.

318. Basta JM, Robbins L, Denner DR, et al. A Sall1-NuRD interaction 
regulates multipotent nephron progenitors and is required for 
loop of Henle formation. Development. 2017;144:3080–3094.

319. Mittaz L, Ricardo S, Martinez G, et al. Neonatal calyceal dilation 
and renal fibrosis resulting from loss of Adamts-1 in mouse kidney 
is due to a developmental dysgenesis. Nephrol Dial Transplant. 
2005;20:419–423.

320. Nakai S, Sugitani Y, Sato H, et al. Crucial roles of Brn1 in distal 
tubule formation and function in mouse kidney. Development. 
2003;130:4751–4759.

321. Mittaz L, Russell DL, Wilson T, et al. Adamts-1 is essential for the 
development and function of the urogenital system. Biol Reprod. 
2004;70:1096–1105.

322. Seifert JR, Mlodzik M. Frizzled/PCP signalling: a conserved 
mechanism regulating cell polarity and directed motility. Nat Rev 
Genet. 2007;8:126–138.

323. Zallen JA. Planar polarity and tissue morphogenesis. Cell. 
2007;129:1051–1063.

324. Bacallao RL, McNeill H. Cystic kidney diseases and planar cell 
polarity signaling. Clin Genet. 2009;75:107–117.

325. Karner CM, Chirumamilla R, Aoki S, et al. Wnt9b signaling regulates 
planar cell polarity and kidney tubule morphogenesis. Nat Genet. 
2009;41:793–799.

326. Verdeguer F, Le Corre S, Fischer E, et al. A mitotic transcriptional 
switch in polycystic kidney disease. Nat Med. 2010;16:106–110.

327. Ma Z, Gong Y, Patel V, et al. Mutations of HNF-1beta inhibit epithelial 
morphogenesis through dysregulation of SOCS-3. Proc Natl Acad 
Sci U S A. 2007;104:20386–20391.

328. Hiesberger T, Shao X, Gourley E, et al. Role of the hepatocyte 
nuclear factor-1beta (HNF-1beta) C-terminal domain in Pkhd1 
(ARPKD) gene transcription and renal cystogenesis. J Biol Chem. 
2005;280:10578–10586.

329. Gresh L, Fischer E, Reimann A, et al. A transcriptional network 
in polycystic kidney disease. EMBO J. 2004;23:1657–1668.

330. Saburi S, Hester I, Fischer E, et al. Loss of Fat4 disrupts PCP signaling 
and oriented cell division and leads to cystic kidney disease. Nat 
Genet. 2008;40:1010–1015.

331. Brzoska HL, d’Esposito AM, Kolatsi-Joannou M, et al. Planar 
cell polarity genes Celsr1 and Vangl2 are necessary for kidney 
growth, differentiation, and rostrocaudal patterning. Kidney Int. 
2016;90:1274–1284.

332. Yates LL, Papakrivopoulou J, Long DA, et al. The planar cell 
polarity gene Vangl2 is required for mammalian kidney-branching 
morphogenesis and glomerular maturation. Hum Mol Genet. 
2010;19:4663–4676.

333. Hartman HA, Lai HL, Patterson LT. Cessation of renal morpho-
genesis in mice. Dev Biol. 2007;310:379–387.

334. Hinchliffe SA, Sargent PH, Howard CV, et al. Human intrauterine 
renal growth expressed in absolute number of glomeruli assessed 
by the disector method and Cavalieri principle. Lab Invest. 1991;64: 
777–784.

335. Rumballe BA, Georgas KM, Combes AN, et al. Nephron formation 
adopts a novel spatial topology at cessation of nephrogenesis. Dev 
Biol. 2011;360:110–122.

336. Brunskill EW, Lai HL, Jamison DC, et al. Microarrays and RNA-Seq 
identify molecular mechanisms driving the end of nephron produc-
tion. BMC Dev Biol. 2011;11:15.

337. Combes AN, Wilson S, Phipson B, et al. Haploinsufficiency for the 
Six2 gene increases nephron progenitor proliferation promoting 
branching and nephron number. Kidney Int. 2018;93:589–598.



37.e8 SECTION I — NORMAL STRUCTURE AND FUNCTION

390. Pitera JE, Woolf AS, Gale NW, et al. Dysmorphogenesis of kidney 
cortical peritubular capillaries in angiopoietin-2-deficient mice. 
Am J Pathol. 2004;165:1895–1906.

391. Davis B, Dei Cas A, Long DA, et al. Podocyte-specific expression 
of angiopoietin-2 causes proteinuria and apoptosis of glomerular 
endothelia. J Am Soc Nephrol. 2007;18:2320–2329.

392. Partanen J, Puri MC, Schwartz L, et al. Cell autonomous functions 
of the receptor tyrosine kinase TIE in a late phase of angiogenic 
capillary growth and endothelial cell survival during murine 
development. Development. 1996;122:3013–3021.

393. Gerety SS, Anderson DJ. Cardiovascular ephrinB2 function is essen-
tial for embryonic angiogenesis. Development. 2002;129:1397–1410.

394. Wang HU, Anderson DJ. Eph family transmembrane ligands can 
mediate repulsive guidance of trunk neural crest migration and 
motor axon outgrowth. Neuron. 1997;18:383–396.

395. Andres AC, Munarini N, Djonov V, et al. EphB4 receptor tyrosine 
kinase transgenic mice develop glomerulopathies reminiscent of 
aglomerular vascular shunts. Mech Dev. 2003;120:511–516.

396. Foo SS, Turner CJ, Adams S, et al. Ephrin-B2 controls cell motility and 
adhesion during blood-vessel-wall assembly. Cell. 2006;124:161–173.

397. Takahashi T, Takahashi K, Gerety S, et al. Temporally compartmental-
ized expression of ephrin-B2 during renal glomerular development. 
J Am Soc Nephrol. 2001;12:2673–2682.

398. Kazama I, Mahoney Z, Miner JH, et al. Podocyte-derived BMP7 is criti-
cal for nephron development. J Am Soc Nephrol. 2008;19:2181–2191.

399. Ueda H, Miyazaki Y, Matsusaka T, et al. Bmp in podocytes is essen-
tial for normal glomerular capillary formation. J Am Soc Nephrol. 
2008;19:685–694.

400. Ding M, Cui S, Li C, et al. Loss of the tumor suppressor Vhlh leads 
to upregulation of Cxcr4 and rapidly progressive glomerulonephritis 
in mice. Nat Med. 2006;12:1081–1087.

401. Takabatake Y, Sugiyama T, Kohara H, et al. The CXCL12 (SDF-1)/
CXCR4 axis is essential for the development of renal vasculature. 
J Am Soc Nephrol. 2009;20:1714–1723.

402. Haege S, Einer C, Thiele S, et al. CXC chemokine receptor 7 
(CXCR7) regulates CXCR4 protein expression and capillary tuft 
development in mouse kidney. PLoS ONE. 2012;7:e42814.

403. Matsui T, Kanai-Azuma M, Hara K, et al. Redundant roles of 
Sox17 and Sox18 in postnatal angiogenesis in mice. J Cell Sci. 
2006;119:3513–3526.

404. Kanai-Azuma M, Kanai Y, Gad JM, et al. Depletion of definitive 
gut endoderm in Sox17-null mutant mice. Development. 2002;129: 
2367–2379.

405. Pennisi D, Bowles J, Nagy A, et al. Mice null for sox18 are viable 
and display a mild coat defect. Mol Cell Biol. 2000;20:9331–9336.

406. Irrthum A, Devriendt K, Chitayat D, et al. Mutations in the transcrip-
tion factor gene SOX18 underlie recessive and dominant forms 
of hypotrichosis-lymphedema-telangiectasia. Am J Hum Genet. 
2003;72:1470–1478.

407. Kenig-Kozlovsky Y, Scott RP, Onay T, et al. Ascending vasa recta 
are angiopoietin/Tie2-dependent lymphatic-like vessels. J Am Soc 
Nephrol. 2018;29:1097–1107.

408. Bell RD, Keyl MJ, Shrader FR, et al. Renal lymphatics: the internal 
distribution. Nephron. 1968;5:454–463.

409. Holmes MJ, O’Morchoe PJ, O’Morchoe CC. Morphology of the 
intrarenal lymphatic system. Capsular and hilar communications. 
Am J Anat. 1977;149:333–351.

410. Kriz W, Dieterich HJ. [The lymphatic system of the kidney in some 
mammals. Light and electron microscopic investigations]. Z Anat 
Entwicklungsgesch. 1970;131:111–147 [in German].

411. Lee HW, Qin YX, Kim YM, et al. Expression of lymphatic endo-
thelium-specific hyaluronan receptor LYVE-1 in the developing 
mouse kidney. Cell Tissue Res. 2011;343:429–444.

412. Karkkainen MJ, Haiko P, Sainio K, et al. Vascular endothelial growth 
factor C is required for sprouting of the first lymphatic vessels from 
embryonic veins. Nat Immunol. 2004;5:74–80.

413. Veikkola T, Jussila L, Makinen T, et al. Signalling via vascular endo-
thelial growth factor receptor-3 is sufficient for lymphangiogenesis 
in transgenic mice. EMBO J. 2001;20:1223–1231.

414. Makinen T, Jussila L, Veikkola T, et al. Inhibition of lymphangio-
genesis with resulting lymphedema in transgenic mice expressing 
soluble VEGF receptor-3. Nat Med. 2001;7:199–205.

415. Nurmi H, Saharinen P, Zarkada G, et al. VEGF-C is required for 
intestinal lymphatic vessel maintenance and lipid absorption. EMBO 
Mol Med. 2015;7:1418–1425.

364. Lin EE, Sequeira-Lopez ML, Gomez RA. RBP-J in FOXD1+ renal 
stromal progenitors is crucial for the proper development and 
assembly of the kidney vasculature and glomerular mesangial cells. 
Am J Physiol Renal Physiol. 2014;306:F249–F258.

365. Schmidt-Ott KM, Chen X, Paragas N, et al. c-kit delineates a 
distinct domain of progenitors in the developing kidney. Dev Biol. 
2006;299:238–249.

366. Gao X, Chen X, Taglienti M, et al. Angioblast-mesenchyme induc-
tion of early kidney development is mediated by Wt1 and Vegfa. 
Development. 2005;132:5437–5449.

367. Ballermann BJ. Glomerular endothelial cell differentiation. Kidney 
Int. 2005;67:1668–1671.

368. Sariola H, Ekblom P, Lehtonen E, et al. Differentiation and vascu-
larization of the metanephric kidney grafted on the chorioallantoic 
membrane. Dev Biol. 1983;96:427–435.

369. Ekblom P. Formation of basement membranes in the embryonic 
kidney: an immunohistological study. J Cell Biol. 1981;91:1–10.

370. Munro DAD, Hohenstein P, Davies JA. Cycles of vascular plexus 
formation within the nephrogenic zone of the developing mouse 
kidney. Sci Rep. 2017;7:3273.

371. Daniel E, Azizoglu DB, Ryan AR, et al. Spatiotemporal heterogene-
ity and patterning of developing renal blood vessels. Angiogenesis.  
2018.

372. Buchholz B, Schley G, Eckardt KU. The impact of hypoxia on 
nephrogenesis. Curr Opin Nephrol Hypertens. 2016;25:180–186.

373. Hemker SL, Sims-Lucas S, Ho J. Role of hypoxia during nephro-
genesis. Pediatr Nephrol. 2016;31:1571–1577.

374. Rymer C, Paredes J, Halt K, et al. Renal blood flow and oxygenation 
drive nephron progenitor differentiation. Am J Physiol Renal Physiol. 
2014;307:F337–F345.

375. Eremina V, Sood M, Haigh J, et al. Glomerular-specific alterations 
of VEGF-A expression lead to distinct congenital and acquired 
renal diseases. J Clin Invest. 2003;111:707–716.

376. Eremina V, Cui S, Gerber H, et al. Vascular endothelial growth 
factor a signaling in the podocyte-endothelial compartment is 
required for mesangial cell migration and survival. J Am Soc Nephrol. 
2006;17:724–735.

377. Sison K, Eremina V, Baelde H, et al. Glomerular structure and 
function require paracrine, not autocrine, VEGF-VEGFR-2 signaling. 
J Am Soc Nephrol. 2010;21:1691–1701.

378. Dimke H, Sparks MA, Thomson BR, et al. Tubulovascular cross-
talk by vascular endothelial growth factor a maintains peritubular 
microvasculature in kidney. J Am Soc Nephrol. 2014.

379. Suri C, Jones PF, Patan S, et al. Requisite role of angiopoietin-1, a 
ligand for the TIE2 receptor, during embryonic angiogenesis [see 
comments]. Cell. 1996;87:1171–1180.

380. Kolatsi-Joannou M, Li XZ, Suda T, et al. Expression and potential 
role of angiopoietins and Tie-2 in early development of the mouse 
metanephros. Dev Dyn. 2001;222:120–126.

381. Suri C, Jones PF, Patan S, et al. Requisite role of angiopoietin-1, 
a ligand for the TIE2 receptor, during embryonic angiogenesis. 
Cell. 1996;87:1171–1180.

382. Jeansson M, Gawlik A, Anderson G, et al. Angiopoietin-1 is essential 
in mouse vasculature during development and in response to injury. 
J Clin Invest. 2011;121:2278–2289.

383. Maisonpierre PC, Suri C, Jones PF, et al. Angiopoietin-2, a natural 
antagonist for Tie2 that disrupts in vivo angiogenesis [see com-
ments]. Science. 1997;277:55–60.

384. Augustin HG, Breier G. Angiogenesis: molecular mechanisms and 
functional interactions. Thromb Haemost. 2003;89:190–197.

385. Yuan HT, Suri C, Yancopoulos GD, et al. Expression of angiopoi-
etin-1, angiopoietin-2, and the Tie-2 receptor tyrosine kinase during 
mouse kidney maturation. J Am Soc Nephrol. 1999;10:1722–1736.

386. Woolf AS, Yuan HT. Angiopoietin growth factors and Tie receptor 
tyrosine kinases in renal vascular development. Pediatr Nephrol. 
2001;16:177–184.

387. Yuan HT, Suri C, Landon DN, et al. Angiopoietin-2 is a site-specific 
factor in differentiation of mouse renal vasculature. J Am Soc Nephrol. 
2000;11:1055–1066.

388. Satchell SC, Harper SJ, Mathieson PW. Angiopoietin-1 is normally 
expressed by periendothelial cells. Thromb Haemost. 2001;86: 
1597–1598.

389. Satchell SC, Harper SJ, Tooke JE, et al. Human podocytes express 
angiopoietin 1, a potential regulator of glomerular vascular endo-
thelial growth factor. J Am Soc Nephrol. 2002;13:544–550.



 CHAPTER 1 — EMBRYOLOGY OF THE KIDNEY 37.e9

440. Maezawa Y, Onay T, Scott RP, et al. Loss of the podocyte-expressed 
transcription factor Tcf21/Pod1 results in podocyte differentiation 
defects and FSGS. J Am Soc Nephrol. 2014;25:2459–2470.

441. Suleiman H, Heudobler D, Raschta AS, et al. The podocyte-specific 
inactivation of Lmx1b, Ldb1 and E2a yields new insight into a 
transcriptional network in podocytes. Dev Biol. 2007;304:701–712.

442. Dreyer SD, Zhou G, Baldini A, et al. Mutations in LMX1B cause 
abnormal skeletal patterning and renal dysplasia in nail patella 
syndrome. Nat Genet. 1998;19:47–50.

443. Boute N, Gribouval O, Roselli S, et al. NPHS2, encoding the 
glomerular protein podocin, is mutated in autosomal recessive 
steroid-resistant nephrotic syndrome. Nat Genet. 2000;24:349–354.

444. Kestila M, Lenkkeri U, Mannikko M, et al. Positionally cloned gene 
for a novel glomerular protein—nephrin—is mutated in congenital 
nephrotic syndrome. Mol Cell. 1998;1:575–582.

445. Holzman LB, St John PL, Kovari IA, et al. Nephrin localizes to the  
slit pore of the glomerular epithelial cell. Kidney Int. 1999;56: 
1481–1491.

446. Huber TB, Kottgen M, Schilling B, et al. Interaction with podocin 
facilitates nephrin signaling. J Biol Chem. 2001;276:41543–41546.

447. Huber TB, Simons M, Hartleben B, et al. Molecular basis of the 
functional podocin-nephrin complex: mutations in the NPHS2 
gene disrupt nephrin targeting to lipid raft microdomains. Hum 
Mol Genet. 2003;12:3397–3405.

448. Ruotsalainen V, Ljungberg P, Wartiovaara J, et al. Nephrin is specifi-
cally located at the slit diaphragm of glomerular podocytes. Proc 
Natl Acad Sci U S A. 1999;96:7962–7967.

449. Schwarz K, Simons M, Reiser J, et al. Podocin, a raft-associated 
component of the glomerular slit diaphragm, interacts with CD2AP 
and nephrin. J Clin Invest. 2001;108:1621–1629.

450. Tzur S, Rosset S, Shemer R, et al. Missense mutations in the APOL1 
gene are highly associated with end stage kidney disease risk previ-
ously attributed to the MYH9 gene. Hum Genet. 2010;128:345–350.

451. Kaplan JM, Kim SH, North KN, et al. Mutations in ACTN4, encoding 
alpha-actinin-4, cause familial focal segmental glomerulosclerosis. 
Nat Genet. 2000;24:251–256.

452. Kos CH, Le TC, Sinha S, et al. Mice deficient in alpha-actinin-4 
have severe glomerular disease. J Clin Invest. 2003;111:1683–1690.

453. Yao J, Le TC, Kos CH, et al. Alpha-actinin-4-mediated FSGS: an 
inherited kidney disease caused by an aggregated and rapidly 
degraded cytoskeletal protein. PLoS Biol. 2004;2:e167.

454. Ashworth S, Teng B, Kaufeld J, et al. Cofilin-1 inactivation leads 
to proteinuria—studies in zebrafish, mice and humans. PLoS ONE. 
2010;5:e12626.

455. Boyer O, Benoit G, Gribouval O, et al. Mutations in INF2 are a major 
cause of autosomal dominant focal segmental glomerulosclerosis. 
J Am Soc Nephrol. 2011;22:239–245.

456. Brown EJ, Schlondorff JS, Becker DJ, et al. Mutations in the formin 
gene INF2 cause focal segmental glomerulosclerosis. Nat Genet. 
2010;42:72–76.

457. Akilesh S, Suleiman H, Yu H, et al. Arhgap24 inactivates Rac1 in 
mouse podocytes, and a mutant form is associated with familial focal 
segmental glomerulosclerosis. J Clin Invest. 2011;121:4127–4137.

458. Krendel M, Kim SV, Willinger T, et al. Disruption of myosin 1e 
promotes podocyte injury. J Am Soc Nephrol. 2009;20:86–94.

459. Ciani L, Patel A, Allen ND, et al. Mice lacking the giant proto-
cadherin mFAT1 exhibit renal slit junction abnormalities and a 
partially penetrant cyclopia and anophthalmia phenotype. Mol Cell 
Biol. 2003;23:3575–3582.

460. Reiser J, Polu KR, Moller CC, et al. TRPC6 is a glomerular slit 
diaphragm-associated channel required for normal renal function. 
Nat Genet. 2005;37:739–744.

461. Diomedi-Camassei F, Di Giandomenico S, Santorelli FM, et al.  
COQ2 nephropathy: a newly described inherited mitochondriopathy 
with primary renal involvement. J Am Soc Nephrol. 2007;18:2773– 
2780.

462. Heeringa SF, Chernin G, Chaki M, et al. COQ6 mutations in human 
patients produce nephrotic syndrome with sensorineural deafness. 
J Clin Invest. 2011;121:2013–2024.

463. Hinkes B, Wiggins RC, Gbadegesin R, et al. Positional cloning 
uncovers mutations in PLCE1 responsible for a nephrotic syndrome 
variant that may be reversible. Nat Genet. 2006;38:1397–1405.

464. Lal MA, Andersson AC, Katayama K, et al. Rhophilin-1 is a key 
regulator of the podocyte cytoskeleton and is essential for glomerular 
filtration. J Am Soc Nephrol. 2014.

416. Heinolainen K, Karaman S, D’Amico G, et al. VEGFR3 modulates 
vascular permeability by controlling VEGF/VEGFR2 signaling. Circ 
Res. 2017;120:1414–1425.

417. Schnermann J. Homer W. Smith Award lecture. The juxtaglomerular 
apparatus: from anatomical peculiarity to physiological relevance. 
J Am Soc Nephrol. 2003;14:1681–1694.

418. Song R, Lopez M, Yosypiv IV. Foxd1 is an upstream regulator of the 
renin-angiotensin system during metanephric kidney development. 
Pediatr Res. 2017;82:855–862.

419. Starke C, Betz H, Hickmann L, et al. Renin lineage cells repopu-
late the glomerular mesangium after injury. J Am Soc Nephrol. 
2015;26:48–54.

420. Sequeira Lopez ML, Pentz ES, Nomasa T, et al. Renin cells are 
precursors for multiple cell types that switch to the renin phenotype 
when homeostasis is threatened. Dev Cell. 2004;6:719–728.

421. Husain A, Graham R. Enzymes and Receptors of the Renin-Angiotensin 
System: Celebrating a Century of Discovery. Sidney: Harwood Academic; 
2000.

422. Cooper WO, Hernandez-Diaz S, Arbogast PG, et al. Major congenital 
malformations after first-trimester exposure to ACE inhibitors.  
N Engl J Med. 2006;354:2443–2451.

423. Friberg P, Sundelin B, Bohman SO, et al. Renin-angiotensin  
system in neonatal rats: induction of a renal abnormality in 
response to ACE inhibition or angiotensin II antagonism. Kidney 
Int. 1994;45:485–492.

424. Timmermans PB, Wong PC, Chiu AT, et al. Angiotensin II 
receptors and angiotensin II receptor antagonists. Pharmacol Rev. 
1993;45:205–251.

425. Ito M, Oliverio MI, Mannon PJ, et al. Regulation of blood pressure 
by the type 1A angiotensin II receptor gene. Proc Natl Acad Sci  
U S A. 1995;92:3521–3525.

426. Sugaya T, Nishimatsu S, Tanimoto K, et al. Angiotensin II type 
1a receptor-deficient mice with hypotension and hyperreninemia.  
J Biol Chem. 1995;270:18719–18722.

427. Ichiki T, Labosky PA, Shiota C, et al. Effects on blood pressure 
and exploratory behaviour of mice lacking angiotensin II type-2 
receptor. Nature. 1995;377:748–750.

428. Hein L, Barsh GS, Pratt RE, et al. Behavioural and cardiovascular 
effects of disrupting the angiotensin II type-2 receptor in mice. 
Nature. 1995;377:744–747.

429. Nishimura H, Yerkes E, Hohenfellner K, et al. Role of the angiotensin 
type 2 receptor gene in congenital anomalies of the kidney and 
urinary tract, CAKUT, of mice and men. Mol Cell. 1999;3:1–10.

430. Sequeira-Lopez ML, Weatherford ET, Borges GR, et al. The 
microRNA-processing enzyme dicer maintains juxtaglomerular 
cells. J Am Soc Nephrol. 2010;21:460–467.

431. Pan L, Glenn ST, Jones CA, et al. Activation of the rat renin promoter 
by HOXD10.PBX1b.PREP1, Ets-1, and the intracellular domain of 
notch. J Biol Chem. 2005;280:20860–20866.

432. Castellanos Rivera RM, Monteagudo MC, et al. Transcriptional 
regulator RBP-J regulates the number and plasticity of renin cells. 
Physiol Genomics. 2011;43:1021–1028.

433. Ichimura K, Kakuta S, Kawasaki Y, et al. Morphological process of 
podocyte development revealed by block-face scanning electron 
microscopy. J Cell Sci. 2017;130:132–142.

434. Sadl V, Jin F, Yu J, et al. The mouse Kreisler (Krml1/MafB) segmenta-
tion gene is required for differentiation of glomerular visceral 
epithelial cells. Dev Biol. 2002;249:16–29.

435. Chen H, Lun Y, Ovchinnikov D, et al. Limb and kidney defects in 
Lmx1b mutant mice suggest an involvement of LMX1B in human 
nail patella syndrome. Nat Genet. 1998;19:51–55.

436. Hammes A, Guo JK, Lutsch G, et al. Two splice variants of the Wilms’ 
tumor 1 gene have distinct functions during sex determination 
and nephron formation. Cell. 2001;106:319–329.

437. Moore AW, McInnes L, Kreidberg J, et al. YAC complementation 
shows a requirement for Wt1 in the development of epicardium, 
adrenal gland and throughout nephrogenesis. Development. 1999;126: 
1845–1857.

438. Natoli TA, Liu J, Eremina V, et al. A mutant form of the Wilms’ 
tumor suppressor gene WT1 observed in Denys- Drash syndrome 
interferes with glomerular capillary development. J Am Soc Nephrol. 
2002;13:2058–2067.

439. Kann M, Ettou S, Jung YL, et al. Genome-wide analysis of Wilms’ 
tumor 1-controlled gene expression in podocytes reveals key 
regulatory mechanisms. J Am Soc Nephrol. 2015;26:2097–2104.



37.e10 SECTION I — NORMAL STRUCTURE AND FUNCTION

492. Ho J, Ng KH, Rosen S, et al. Podocyte-specific loss of functional 
microRNAs leads to rapid glomerular and tubular injury. J Am Soc 
Nephrol. 2008;19:2069–2075.

493. Harvey SJ, Jarad G, Cunningham J, et al. Podocyte-specific deletion 
of dicer alters cytoskeletal dynamics and causes glomerular disease. 
J Am Soc Nephrol. 2008;19:2150–2158.

494. Shi S, Yu L, Chiu C, et al. Podocyte-selective deletion of dicer 
induces proteinuria and glomerulosclerosis. J Am Soc Nephrol. 
2008;19:2159–2169.

495. Byron A, Randles MJ, Humphries JD, et al. Glomerular cell cross-talk 
influences composition and assembly of extracellular matrix. J Am 
Soc Nephrol. 2014;25:953–966.

496. Lennon R, Byron A, Humphries JD, et al. Global analysis reveals 
the complexity of the human glomerular extracellular matrix. J 
Am Soc Nephrol. 2014;25:939–951.

497. Suleiman H, Zhang L, Roth R, et al. Nanoscale protein architecture 
of the kidney glomerular basement membrane. Elife. 2013;2:e01149.

498. Kruegel J, Rubel D, Gross O. Alport syndrome–insights from basic 
and clinical research. Nat Rev Nephrol. 2013;9:170–178.

499. Savige J. Alport syndrome: its effects on the glomerular filtra-
tion barrier and implications for future treatment. J Physiol. 
2014;592:4013–4023.

500. Miner JH, Sanes JR. Collagen IV alpha 3, alpha 4, and alpha 5 chains 
in rodent basal laminae: sequence, distribution, association with 
laminins, and developmental switches. J Cell Biol. 1994;127:879–891.

501. Candiello J, Cole GJ, Halfter W. Age-dependent changes in the 
structure, composition and biophysical properties of a human 
basement membrane. Matrix Biol. 2010;29:402–410.

502. Cui Z, Zhao MH. Advances in human antiglomerular basement 
membrane disease. Nat Rev Nephrol. 2011;7:697–705.

503. Matejas V, Hinkes B, Alkandari F, et al. Mutations in the human 
laminin beta2 (LAMB2) gene and the associated phenotypic 
spectrum. Hum Mutat. 2010;31:992–1002.

504. Zenker M, Aigner T, Wendler O, et al. Human laminin beta2 
deficiency causes congenital nephrosis with mesangial sclerosis 
and distinct eye abnormalities. Hum Mol Genet. 2004;13:2625–2632.

505. Goldberg S, Adair-Kirk TL, Senior RM, et al. Maintenance of 
glomerular filtration barrier integrity requires laminin alpha5. J 
Am Soc Nephrol. 2010;21:579–586.

506. Kikkawa Y, Miner JH. Molecular dissection of laminin alpha 5 in vivo 
reveals separable domain-specific roles in embryonic development 
and kidney function. Dev Biol. 2006;296:265–277.

507. Shannon MB, Patton BL, Harvey SJ, et al. A hypomorphic mutation 
in the mouse laminin alpha5 gene causes polycystic kidney disease. 
J Am Soc Nephrol. 2006;17:1913–1922.

508. Lindahl P, Hellstrom M, Kalen M, et al. Paracrine PDGF-B/PDGF-
Rbeta signaling controls mesangial cell development in kidney 
glomeruli. Development. 1998;125:3313–3322.

509. Bjarnegard M, Enge M, Norlin J, et al. Endothelium-specific abla-
tion of PDGFB leads to pericyte loss and glomerular, cardiac and 
placental abnormalities. Development. 2004;131:1847–1857.

510. Bartlett CS, Scott RP, Carota IA, et al. Glomerular mesangial cell 
recruitment and function require the co-receptor neuropilin-1. 
Am J Physiol Renal Physiol. 2017;313:F1232–F1242.

511. Barnes JL, Hevey KA, Hastings RR, et al. Mesangial cell migration 
precedes proliferation in Habu snake venom-induced glomerular 
injury. Lab Invest. 1994;70:460–467.

512. Nakao N, Hiraiwa N, Yoshiki A, et al. Tenascin-C promotes healing of 
Habu-snake venom-induced glomerulonephritis: studies in knockout 
congenic mice and in culture. Am J Pathol. 1998;152:1237–1245.

513. Wnuk M, Hlushchuk R, Tuffin G, et al. The effects of PTK787/
ZK222584, an inhibitor of VEGFR and PDGFRbeta pathways, on 
intussusceptive angiogenesis and glomerular recovery from Thy1.1 
nephritis. Am J Pathol. 2011;178:1899–1912.

514. Ichimura K, Kurihara H, Sakai T. Involvement of mesangial 
cells expressing alpha-smooth muscle actin during restorative 
glomerular remodeling in Thy-1.1 nephritis. J Histochem Cytochem. 
2006;54:1291–1301.

515. Ichimura K, Stan RV, Kurihara H, et al. Glomerular endothelial cells 
form diaphragms during development and pathologic conditions. 
J Am Soc Nephrol. 2008;19:1463–1471.

516. Gharib SA, Pippin JW, Ohse T, et al. Transcriptional landscape of 
glomerular parietal epithelial cells. PLoS ONE. 2014;9:e105289.

517. Ohse T, Chang AM, Pippin JW, et al. A new function for parietal 
epithelial cells: a second glomerular barrier. Am J Physiol Renal 
Physiol. 2009;297:F1566–F1574.

465. Khoshnoodi J, Sigmundsson K, Ofverstedt LG, et al. Nephrin 
promotes cell-cell adhesion through homophilic interactions. Am 
J Pathol. 2003;163:2337–2346.

466. Wartiovaara J, Ofverstedt LG, Khoshnoodi J, et al. Nephrin strands 
contribute to a porous slit diaphragm scaffold as revealed by electron 
tomography. J Clin Invest. 2004;114:1475–1483.

467. Inoue T, Yaoita E, Kurihara H, et al. FAT is a component of 
glomerular slit diaphragms. Kidney Int. 2001;59:1003–1012.

468. Brasch J, Harrison OJ, Honig B, et al. Thinking outside the cell: 
how cadherins drive adhesion. Trends Cell Biol. 2012;22:299–310.

469. Gerke P, Huber TB, Sellin L, et al. Homodimerization and het-
erodimerization of the glomerular podocyte proteins nephrin and 
NEPH1. J Am Soc Nephrol. 2003;14:918–926.

470. Heikkila E, Ristola M, Havana M, et al. Trans-interaction of 
nephrin and Neph1/Neph3 induces cell adhesion that associates 
with decreased tyrosine phosphorylation of nephrin. Biochem J. 
2011;435:619–628.

471. Hartleben B, Schweizer H, Lubben P, et al. Neph-Nephrin proteins 
bind the Par3-Par6-atypical protein kinase C (aPKC) complex to 
regulate podocyte cell polarity. J Biol Chem. 2008;283:23033–23038.

472. Hirose T, Satoh D, Kurihara H, et al. An essential role of the universal 
polarity protein, aPKClambda, on the maintenance of podocyte 
slit diaphragms. PLoS ONE. 2009;4:e4194.

473. Huber TB, Hartleben B, Winkelmann K, et al. Loss of podocyte 
aPKClambda/iota causes polarity defects and nephrotic syndrome. 
J Am Soc Nephrol. 2009;20:798–806.

474. Scott RP, Hawley SP, Ruston J, et al. Podocyte-specific loss of cdc42 
leads to congenital nephropathy. J Am Soc Nephrol. 2012;23:1149–1154.

475. Satoh D, Hirose T, Harita Y, et al. aPKClambda maintains the 
integrity of the glomerular slit diaphragm through trafficking of 
nephrin to the cell surface. J Biochem. 2014;156:115–128.

476. Shirato I, Sakai T, Kimura K, et al. Cytoskeletal changes in podocytes 
associated with foot process effacement in Masugi nephritis. Am J 
Pathol. 1996;148:1283–1296.

477. Verma R, Kovari I, Soofi A, et al. Nephrin ectodomain engagement 
results in Src kinase activation, nephrin phosphorylation, Nck recruit-
ment, and actin polymerization. J Clin Invest. 2006;116:1346–1359.

478. Verma R, Wharram B, Kovari I, et al. Fyn binds to and phosphory-
lates the kidney slit diaphragm component Nephrin. J Biol Chem. 
2003;278:20716–20723.

479. Schell C, Baumhakl L, Salou S, et al. N-WASP is required for 
stabilization of podocyte foot processes. J Am Soc Nephrol. 2013.

480. Tu Y, Li F, Goicoechea S, et al. The LIM-only protein PINCH directly 
interacts with integrin-linked kinase and is recruited to integrin-rich 
sites in spreading cells. Mol Cell Biol. 1999;19:2425–2434.

481. Dai C, Stolz DB, Bastacky SI, et al. Essential role of integrin-linked 
kinase in podocyte biology: bridging the integrin and slit diaphragm 
signaling. J Am Soc Nephrol. 2006;17:2164–2175.

482. El-Aouni C, Herbach N, Blattner SM, et al. Podocyte-specific deletion 
of integrin-linked kinase results in severe glomerular basement 
membrane alterations and progressive glomerulosclerosis. J Am 
Soc Nephrol. 2006;17:1334–1344.

483. Yaddanapudi S, Altintas MM, Kistler AD, et al. CD2AP in mouse 
and human podocytes controls a proteolytic program that 
regulates cytoskeletal structure and cellular survival. J Clin Invest. 
2011;121:3965–3980.

484. Shih NY, Li J, Karpitskii V, et al. Congenital nephrotic syndrome 
in mice lacking CD2-associated protein. Science. 1999;286:312–315.

485. Kim JM, Wu H, Green G, et al. CD2-associated protein haploin-
sufficiency is linked to glomerular disease susceptibility. Science. 
2003;300:1298–1300.

486. Schermer B, Benzing T. Lipid-protein interactions along the slit 
diaphragm of podocytes. J Am Soc Nephrol. 2009;20:473–478.

487. Huber TB, Schermer B, Benzing T. Podocin organizes ion channel-
lipid supercomplexes: implications for mechanosensation at the 
slit diaphragm. Nephron Exp Nephrol. 2007;106:e27–e31.

488. Huang M, Gu G, Ferguson EL, et al. A stomatin-like protein necessary 
for mechanosensation in C. elegans. Nature. 1995;378:292–295.

489. Winn MP, Conlon PJ, Lynn KL, et al. A mutation in the TRPC6 
cation channel causes familial focal segmental glomerulosclerosis. 
Science. 2005;308:1801–1804.

490. Heeringa SF, Moller CC, Du J, et al. A novel TRPC6 mutation that 
causes childhood FSGS. PLoS ONE. 2009;4:e7771.

491. Jin J, Sison K, Li C, et al. Soluble FLT1 binds lipid microdomains 
in podocytes to control cell morphology and glomerular barrier 
function. Cell. 2012;151:384–399.



 CHAPTER 1 — EMBRYOLOGY OF THE KIDNEY 37.e11

544. Desgrange A, Heliot C, Skovorodkin I, et al. HNF1B controls epi-
thelial organization and cell polarity during ureteric bud branching  
and collecting duct morphogenesis. Development. 2017;144:4704– 
4719.

545. Patterson LT, Pembaur M, Potter SS. Hoxa11 and Hoxd11 regulate 
branching morphogenesis of the ureteric bud in the developing 
kidney. Development. 2001;128:2153–2161.

546. Bullock SL, Fletcher JM, Beddington RS, et al. Renal agenesis in 
mice homozygous for a gene trap mutation in the gene encoding 
heparan sulfate 2-sulfotransferase. Genes Dev. 1998;12:1894–1906.

547. Kaku Y, Ohmori T, Kudo K, et al. Islet1 deletion causes kidney 
agenesis and hydroureter resembling CAKUT. J Am Soc Nephrol. 
2013;24:1242–1249.

548. Kanasaki K, Kanda Y, Palmsten K, et al. Integrin beta1-mediated 
matrix assembly and signaling are critical for the normal development 
and function of the kidney glomerulus. Dev Biol. 2008;313:584–593.

549. Pozzi A, Jarad G, Moeckel GW, et al. Beta1 integrin expression by 
podocytes is required to maintain glomerular structural integrity. 
Dev Biol. 2008;316:288–301.

550. Kobayashi A, Kwan KM, Carroll TJ, et al. Distinct and sequential 
tissue-specific activities of the LIM-class homeobox gene Lim1 for 
tubular morphogenesis during kidney development. Development. 
2005;132:2809–2823.

551. Ledig S, Brucker S, Barresi G, et al. Frame shift mutation of LHX1 is 
associated with Mayer-Rokitansky-Kuster-Hauser (MRKH) syndrome. 
Hum Reprod. 2012;27:2872–2875.

552. Kariminejad A, Stollfuss B, Li Y, et al. Severe Cenani-Lenz 
syndrome caused by loss of LRP4 function. Am J Med Genet A. 
2013;161A:1475–1479.

553. Karner CM, Dietrich MF, Johnson EB, et al. Lrp4 regulates initiation 
of ureteric budding and is crucial for kidney formation–a mouse 
model for Cenani-Lenz syndrome. PLoS ONE. 2010;5:e10418.

554. Khan TN, Klar J, Ali Z, et al. Cenani-Lenz syndrome restricted to 
limb and kidney anomalies associated with a novel LRP4 missense 
mutation. Eur J Med Genet. 2013;56:371–374.

555. Li Y, Pawlik B, Elcioglu N, et al. LRP4 mutations alter Wnt/beta-
catenin signaling and cause limb and kidney malformations in 
Cenani-Lenz syndrome. Am J Hum Genet. 2010;86:696–706.

556. Akchurin O, Du Z, Ramkellawan N, et al. Partitioning-defective 1a/b 
depletion impairs glomerular and proximal tubule development. 
J Am Soc Nephrol. 2016;27:3725–3737.

557. Narlis M, Grote D, Gaitan Y, et al. Pax2 and Pax8 regulate branch-
ing morphogenesis and nephron differentiation in the developing 
kidney. J Am Soc Nephrol. 2007;18:1121–1129.

558. Schnabel CA, Selleri L, Cleary ML. Pbx1 is essential for adrenal devel-
opment and urogenital differentiation. Genesis. 2003;37:123–130.

559. Le Tanno P, Breton J, Bidart M, et al. PBX1 haploinsufficiency 
leads to syndromic congenital anomalies of the kidney and urinary 
tract (CAKUT) in humans. J Med Genet. 2017;54:502–510.

560. Heidet L, Moriniere V, Henry C, et al. Targeted exome sequencing 
identifies PBX1 as involved in monogenic congenital anomalies of 
the kidney and urinary tract. J Am Soc Nephrol. 2017;28:2901–2914.

561. Vlangos CN, Siuniak AN, Robinson D, et al. Next-generation 
sequencing identifies the Danforth’s short tail mouse mutation 
as a retrotransposon insertion affecting Ptf1a expression. PLoS 
Genet. 2013;9:e1003205.

562. Semba K, Araki K, Matsumoto K, et al. Ectopic expression of Ptf1a 
induces spinal defects, urogenital defects, and anorectal malforma-
tions in Danforth’s short tail mice. PLoS Genet. 2013;9:e1003204.

563. Mesrobian HG, Sulik KK. Characterization of the upper urinary 
tract anatomy in the Danforth spontaneous murine mutation.  
J Urol. 1992;148:752–755.

564. Sato A, Kishida S, Tanaka T, et al. Sall1, a causative gene for 
Townes-Brocks syndrome, enhances the canonical Wnt signaling 
by localizing to heterochromatin. Biochem Biophys Res Commun. 
2004;319:103–113.

565. Reginensi A, Clarkson M, Neirijnck Y, et al. SOX9 controls epithelial 
branching by activating RET effector genes during kidney develop-
ment. Hum Mol Genet. 2011;20:1143–1153.

566. Mathew S, Palamuttam RJ, Mernaugh G, et al. Talin regulates integrin 
beta1-dependent and -independent cell functions in ureteric bud 
development. Development. 2017;144:4148–4158.

567. Pietila I, Prunskaite-Hyyrylainen R, Kaisto S, et al. Wnt5a deficiency 
leads to anomalies in ureteric tree development, tubular epithelial 
cell organization and basement membrane integrity pointing to a role 
in kidney collecting duct patterning. PLoS ONE. 2016;11:e0147171.

518. Akpa MM, Iglesias DM, Chu LL, et al. Wilms tumour suppressor, 
WT1, suppresses epigenetic silencing of the beta-catenin gene.  
J Biol Chem. 2014;290:2279–2288.

519. Grouls S, Iglesias DM, Wentzensen N, et al. Lineage specification 
of parietal epithelial cells requires beta-catenin/Wnt signaling.  
J Am Soc Nephrol. 2012;23:63–72.

520. Dai C, Stolz DB, Kiss LP, et al. Wnt/beta-catenin signaling pro-
motes podocyte dysfunction and albuminuria. J Am Soc Nephrol. 
2009;20:1997–2008.

521. Sata Y, Head GA, Denton K, et al. Role of the sympathetic nervous 
system and its modulation in renal hypertension. Front Med (Lau-
sanne). 2018;5:82.

522. Kumagai H, Oshima N, Matsuura T, et al. Importance of rostral 
ventrolateral medulla neurons in determining efferent sympathetic 
nerve activity and blood pressure. Hypertens Res. 2012;35:132–141.

523. Sata Y, Kawada T, Shimizu S, et al. Predominant role of neural arc 
in sympathetic baroreflex resetting of spontaneously hypertensive 
rats. Circ J. 2015;79:592–599.

524. Grassi G, Mark A, Esler M. The sympathetic nervous system altera-
tions in human hypertension. Circ Res. 2015;116:976–990.

525. Schlaich MP, Sobotka PA, Krum H, et al. Renal sympathetic-nerve 
ablation for uncontrolled hypertension. N Engl J Med. 2009;361: 
932–934.

526. Krum H, Schlaich M, Whitbourn R, et al. Catheter-based renal sym-
pathetic denervation for resistant hypertension: a multicentre safety 
and proof-of-principle cohort study. Lancet. 2009;373:1275–1281.

527. Barajas L, Liu L, Powers K. Anatomy of the renal innervation: 
intrarenal aspects and ganglia of origin. Can J Physiol Pharmacol. 
1992;70:735–749.

528. McKenna OC, Angelakos ET. Adrenergic innervation of the canine 
kidney. Circ Res. 1968;22:345–354.

529. Mulder J, Hokfelt T, Knuepfer MM, et al. Renal sensory and sym-
pathetic nerves reinnervate the kidney in a similar time-dependent 
fashion after renal denervation in rats. Am J Physiol Regul Integr 
Comp Physiol. 2013;304:R675–R682.

530. Sariola H, Holm K, Henke-Fahle S. Early innervation of the 
metanephric kidney. Development. 1988;104:589–599.

531. Boualia SK, Gaitan Y, Murawski I, et al. Vesicoureteral reflux and 
other urinary tract malformations in mice compound heterozygous 
for Pax2 and Emx2. PLoS ONE. 2011;6:e21529.

532. Bebee TW, Sims-Lucas S, Park JW, et al. Ablation of the epithelial-
specific splicing factor Esrp1 results in ureteric branching defects 
and reduced nephron number. Dev Dyn. 2016;245:991–1000.

533. McPherron AC, Lawler AM, Lee SJ. Regulation of anterior/posterior 
patterning of the axial skeleton by growth/differentiation factor 
11. Nat Genet. 1999;22:260–264.

534. Srinivas S, Wu Z, Chen CM, et al. Dominant effects of RET receptor 
misexpression and ligand-independent RET signaling on ureteric 
bud development. Development. 1999;126:1375–1386.

535. Jing S, Wen D, Yu Y, et al. GDNF-induced activation of the ret protein 
tyrosine kinase is mediated by GDNFR-alpha, a novel receptor for 
GDNF. Cell. 1996;85:1113–1124.

536. Schuchardt A, D’Agati V, Pachnis V, et al. Renal agenesis and 
hypodysplasia in ret-k- mutant mice result from defects in ureteric 
bud development. Development. 1996;122:1919–1929.

537. Enomoto H, Araki T, Jackman A, et al. GFR alpha1-deficient mice 
have deficits in the enteric nervous system and kidneys. Neuron. 
1998;21:317–324.

538. Wang H, Zhang C, Wang X, et al. Disruption of Gen1 causes 
congenital anomalies of the kidney and urinary tract in mice. Int 
J Biol Sci. 2018;14:10–20.

539. Brophy PD, Rasmussen M, Parida M, et al. A gene implicated in 
activation of retinoic acid receptor targets is a novel renal agenesis 
gene in humans. Genetics. 2017;207:215–228.

540. Sanna-Cherchi S, Khan K, Westland R, et al. Exome-wide association 
study identifies GREB1L mutations in congenital kidney malforma-
tions. Am J Hum Genet. 2017;101:789–802.

541. De Tomasi L, David P, Humbert C, et al. Mutations in GREB1L 
cause bilateral kidney agenesis in humans and mice. Am J Hum 
Genet. 2017;101:803–814.

542. Hinze C, Ruffert J, Walentin K, et al. GRHL2 is required for collecting 
duct epithelial barrier function and renal osmoregulation. J Am 
Soc Nephrol. 2018;29:857–868.

543. Aue A, Hinze C, Walentin K, et al. A grainyhead-like 2/Ovo-like 
2 pathway regulates renal epithelial barrier function and lumen 
expansion. J Am Soc Nephrol. 2015;26:2704–2715.



37.e12 SECTION I — NORMAL STRUCTURE AND FUNCTION

594. Wang P, Pereira FA, Beasley D, et al. Presenilins are required for the 
formation of comma- and S-shaped bodies during nephrogenesis. 
Development. 2003;130:5019–5029.

595. Norwood VF, Morham SG, Smithies O. Postnatal development and 
progression of renal dysplasia in cyclooxygenase-2 null mice. Kidney 
Int. 2000;58:2291–2300.

596. Bonegio RG, Beck LH, Kahlon RK, et al. The fate of Notch-deficient 
nephrogenic progenitor cells during metanephric kidney develop-
ment. Kidney Int. 2011;79:1099–1112.

597. Cheng HT, Kim M, Valerius MT, et al. Notch2, but not Notch1, is 
required for proximal fate acquisition in the mammalian nephron. 
Development. 2007;134:801–811.

598. Moser M, Pscherer A, Roth C, et al. Enhanced apoptotic cell death 
of renal epithelial cells in mice lacking transcription factor AP-2beta. 
Genes Dev. 1997;11:1938–1948.

599. Li Y, Liu J, Li W, et al. p53 enables metabolic fitness and self-renewal 
of nephron progenitor cells. Development. 2015;142:1228–1241.

600. Gui T, Sun Y, Gai Z, et al. The loss of Trps1 suppresses ureteric 
bud branching because of the activation of TGF-beta signaling. 
Dev Biol. 2013;377:415–427.

601. Chi L, Saarela U, Railo A, et al. A secreted BMP antagonist, Cer1, 
fine tunes the spatial organization of the ureteric bud tree during 
mouse kidney development. PLoS ONE. 2011;6:e27676.

602. Paces-Fessy M, Fabre M, Lesaulnier C, et al. Hnf1b and Pax2 
cooperate to control different pathways in kidney and ureter 
morphogenesis. Hum Mol Genet. 2012;21:3143–3155.

603. Desai PB, San Agustin JT, Stuck MW, et al. Ift25 is not a cystic kidney 
disease gene but is required for early steps of kidney development. 
Mech Dev. 2018.

604. Peng Y, Clark C, Luong R, et al. The leucine zipper putative tumor 
suppressor 2 protein LZTS2 regulates kidney development. J Biol 
Chem. 2011;286:40331–40342.

605. Korostylev A, Worzfeld T, Deng S, et al. A functional role for 
semaphorin 4D/plexin B1 interactions in epithelial branching mor-
phogenesis during organogenesis. Development. 2008;135:3333–3343.

606. Nishita M, Qiao S, Miyamoto M, et al. Role of Wnt5a-Ror2 signaling 
in morphogenesis of the metanephric mesenchyme during ureteric 
budding. Mol Cell Biol. 2014;34:3096–3105.

607. Morishita Y, Matsuzaki T, Hara-chikuma M, et al. Disruption of 
aquaporin-11 produces polycystic kidneys following vacuolization 
of the proximal tubule. Mol Cell Biol. 2005;25:7770–7779.

608. Veis DJ, Sorenson CM, Shutter JR, et al. Bcl-2-deficient mice 
demonstrate fulminant lymphoid apoptosis, polycystic kidneys, 
and hypopigmented hair. Cell. 1993;75:229–240.

609. Tran U, Zakin L, Schweickert A, et al. The RNA-binding protein 
bicaudal C regulates polycystin 2 in the kidney by antagonizing 
miR-17 activity. Development. 2010;137:1107–1116.

610. Cook SA, Collin GB, Bronson RT, et al. A mouse model for Meckel 
syndrome type 3. J Am Soc Nephrol. 2009;20:753–764.

611. Veikkolainen V, Naillat F, Railo A, et al. ErbB4 modulates tubular 
cell polarity and lumen diameter during kidney development.  
J Am Soc Nephrol. 2012;23:112–122.

612. Cappello S, Gray MJ, Badouel C, et al. Mutations in genes encoding 
the cadherin receptor-ligand pair DCHS1 and FAT4 disrupt cerebral 
cortical development. Nat Genet. 2013;45:1300–1308.

613. Kang HS, Beak JY, Kim YS, et al. Glis3 is associated with primary 
cilia and Wwtr1/TAZ and implicated in polycystic kidney disease. 
Mol Cell Biol. 2009;29:2556–2569.

614. Senee V, Chelala C, Duchatelet S, et al. Mutations in GLIS3 are 
responsible for a rare syndrome with neonatal diabetes mellitus 
and congenital hypothyroidism. Nat Genet. 2006;38:682–687.

615. Cano-Gauci DF, Song HH, Yang H, et al. Glypican-3-deficient 
mice exhibit developmental overgrowth and some of the abnor-
malities typical of Simpson-Golabi-Behmel syndrome. J Cell Biol. 
1999;146:255–264.

616. Grisaru S, Rosenblum ND. Glypicans and the biology of renal 
malformations. Pediatr Nephrol. 2001;16:302–306.

617. Grisaru S, Cano-Gauci D, Tee J, et al. Glypican-3 modulates BMP- and 
FGF-mediated effects during renal branching morphogenesis. Dev 
Biol. 2001;231:31–46.

618. Murcia NS, Richards WG, Yoder BK, et al. The Oak Ridge Polycystic 
Kidney (orpk) disease gene is required for left-right axis determina-
tion. Development. 2000;127:2347–2355.

619. Moyer JH, Lee-Tischler MJ, Kwon HY, et al. Candidate gene associ-
ated with a mutation causing recessive polycystic kidney disease in 
mice. Science. 1994;264:1329–1333.

568. Yun K, Ajima R, Sharma N, et al. Non-canonical Wnt5a/Ror2 signal-
ing regulates kidney morphogenesis by controlling intermediate 
mesoderm extension. Hum Mol Genet. 2014;23:6807–6814.

569. Qi X, Okinaka Y, Nishita M, et al. Essential role of Wnt5a-Ror1/Ror2 
signaling in metanephric mesenchyme and ureteric bud formation. 
Genes Cells. 2016;21:325–334.

570. Boerboom D, Lafond JF, Zheng X, et al. Partially redundant functions 
of Adamts1 and Adamts4 in the perinatal development of the renal 
medulla. Dev Dyn. 2011;240:1806–1814.

571. Naim E, Bernstein A, Bertram JF, et al. Mutagenesis of the epithelial 
polarity gene, discs large 1, perturbs nephrogenesis in the developing 
mouse kidney. Kidney Int. 2005;68:955–965.

572. Elias BC, Das A, Parekh DV, et al. Cdc42 regulates epithelial cell 
polarity and cytoskeletal function during kidney tubule development. 
J Cell Sci. 2015;128:4293–4305.

573. Kuure S, Cebrian C, Machingo Q, et al. Actin depolymerizing 
factors cofilin1 and destrin are required for ureteric bud branching 
morphogenesis. PLoS Genet. 2010;6:e1001176.

574. Denner DR, Rauchman M. Mi-2/NuRD is required in renal 
progenitor cells during embryonic kidney development. Dev Biol. 
2013;375:105–116.

575. Mao Y, Mulvaney J, Zakaria S, et al. Characterization of a Dchs1 
mutant mouse reveals requirements for Dchs1-Fat4 signaling during 
mammalian development. Development. 2011;138:947–957.

576. Nagalakshmi VK, Ren Q, Pugh MM, et al. Dicer regulates the 
development of nephrogenic and ureteric compartments in the 
mammalian kidney. Kidney Int. 2011;79:317–330.

577. Chu JY, Sims-Lucas S, Bushnell DS, et al. Dicer function is required 
in the metanephric mesenchyme for early kidney development. 
Am J Physiol Renal Physiol. 2014;306:F764–F772.

578. Kobayashi H, Liu J, Urrutia AA, et al. Hypoxia-inducible factor 
prolyl-4-hydroxylation in FOXD1 lineage cells is essential for normal 
kidney development. Kidney Int. 2017;92:1370–1383.

579. Pepper MS. Literature watch. FOXC2 haploinsufficient mice are 
a model for human autosomal dominant lymphedema-distichiasis 
syndrome. Lymphat Res Biol. 2003;1:245–249.

580. Sims-Lucas S, Cullen-McEwen L, Eswarakumar VP, et al. Deletion 
of Frs2alpha from the ureteric epithelium causes renal hypoplasia. 
Am J Physiol Renal Physiol. 2009;297:F1208–F1219.

581. Ye X, Wang Y, Rattner A, et al. Genetic mosaic analysis reveals 
a major role for frizzled 4 and frizzled 8 in controlling ureteric 
growth in the developing kidney. Development. 2011;138:1161–1172.

582. Chen S, Yao X, Li Y, et al. Histone deacetylase 1 and 2 regulate 
Wnt and p53 pathways in the ureteric bud epithelium. Development. 
2015;142:1180–1192.

583. Liu H, Chen S, Yao X, et al. Histone deacetylases 1 and 2 regulate 
the transcriptional programs of nephron progenitors and renal 
vesicles. Development. 2018;145.

584. Reginensi A, Enderle L, Gregorieff A, et al. A critical role for NF2 
and the Hippo pathway in branching morphogenesis. Nat Commun. 
2016;7:12309.

585. Kato S, Matsubara M, Matsuo T, et al. Leucine-rich repeat-containing 
G protein-coupled receptor-4 (LGR4, Gpr48) is essential for renal 
development in mice. Nephron Exp Nephrol. 2006;104:e63–e75.

586. Yi T, Weng J, Siwko S, et al. LGR4/GPR48 inactivation leads to 
aniridia-genitourinary anomalies-mental retardation syndrome 
defects. J Biol Chem. 2014;289:8767–8780.

587. Hilliard SA, Yao X, El-Dahr SS. Mdm2 is required for maintenance 
of the nephrogenic niche. Dev Biol. 2014;387:1–14.

588. Hilliard S, Aboudehen K, Yao X, et al. Tight regulation of p53 
activity by Mdm2 is required for ureteric bud growth and branching. 
Dev Biol. 2011;353:354–366.

589. Kume T, Deng K, Hogan BL. Minimal phenotype of mice homo-
zygous for a null mutation in the forkhead/winged helix gene, 
Mf2. Mol Cell Biol. 2000;20:1419–1425.

590. Phelep A, Laouari D, Bharti K, et al. MITF-A controls branching 
morphogenesis and nephron endowment. PLoS Genet. 2017;13: 
e1007093.

591. Perala N, Jakobson M, Ola R, et al. Sema4C-Plexin B2 signalling 
modulates ureteric branching in developing kidney. Differentiation. 
2011;81:81–91.

592. Song R, Preston G, Ichihara A, et al. Deletion of the prorenin 
receptor from the ureteric bud causes renal hypodysplasia. PLoS 
ONE. 2013;8:e63835.

593. Song R, Preston G, Kidd L, et al. Prorenin receptor is critical for 
nephron progenitors. Dev Biol. 2016;409:382–391.



 CHAPTER 1 — EMBRYOLOGY OF THE KIDNEY 37.e13

646. Tachibana K, Hirota S, Iizasa H, et al. The chemokine receptor 
CXCR4 is essential for vascularization of the gastrointestinal tract. 
Nature. 1998;393:591–594.

647. Soda K, Balkin DM, Ferguson SM, et al. Role of dynamin, synap-
tojanin, and endophilin in podocyte foot processes. J Clin Invest. 
2012;122:4401–4411.

648. Fukusumi Y, Zhang Y, Yamagishi R, et al. Nephrin-binding Ephrin-B1 
at the slit diaphragm controls podocyte function through the JNK 
pathway. J Am Soc Nephrol. 2018;29:1462–1474.

649. Gee HY, Sadowski CE, Aggarwal PK, et al. FAT1 mutations cause 
a glomerulotubular nephropathy. Nat Commun. 2016;7:10822.

650. Sun Y, Guo C, Ma P, et al. Kindlin-2 association with Rho GDP-
dissociation inhibitor α suppresses Rac1 activation and podocyte 
injury. J Am Soc Nephrol. 2017;28:3545–3562.

651. Motojima M, Kume T, Matsusaka T. Foxc1 and Foxc2 are necessary 
to maintain glomerular podocytes. Exp Cell Res. 2017;352:265–272.

652. Motojima M, Tanimoto S, Ohtsuka M, et al. Characterization of 
kidney and skeleton phenotypes of mice double heterozygous for 
Foxc1 and Foxc2. Cells Tissues Organs. 2016;201:380–389.

653. Yu CC, Yen TS, Lowell CA, et al. Lupus-like kidney disease in mice 
deficient in the Src family tyrosine kinases Lyn and Fyn. Curr Biol. 
2001;11:34–38.

654. Moriguchi T, Yu L, Otsuki A, et al. Gata3 hypomorphic mutant 
mice rescued with a yeast artificial chromosome transgene suffer a 
glomerular mesangial cell defect. Mol Cell Biol. 2016;36:2272–2281.

655. Lachmann P, Hickmann L, Steglich A, et al. Interference with 
Gsalpha-Coupled receptor signaling in renin-producing cells leads 
to renal endothelial damage. J Am Soc Nephrol. 2017;28:3479–3489.

656. Chen L, Kim SM, Oppermann M, et al. Regulation of renin in mice 
with Cre recombinase-mediated deletion of G protein Gsalpha in 
juxtaglomerular cells. Am J Physiol Renal Physiol. 2007;292:F27–F37.

657. Wharram BL, Goyal M, Gillespie PJ, et al. Altered podocyte structure 
in GLEPP1 (Ptpro)-deficient mice associated with hypertension and 
low glomerular filtration rate. J Clin Invest. 2000;106:1281–1290.

658. Welsh GI, Hale LJ, Eremina V, et al. Insulin signaling to the 
glomerular podocyte is critical for normal kidney function. Cell 
Metab. 2010;12:329–340.

659. Viquez OM, Yazlovitskaya EM, Tu T, et al. Integrin alpha6 maintains 
the structural integrity of the kidney collecting system. Matrix Biol. 
2017;57-58:244–257.

660. Jarad G, Cunningham J, Shaw AS, et al. Proteinuria precedes 
podocyte abnormalities in Lamb2-/- mice, implicating the glo-
merular basement membrane as an albumin barrier. J Clin Invest. 
2006;116:2272–2279.

661. Burghardt T, Kastner J, Suleiman H, et al. LMX1B is essential 
for the maintenance of differentiated podocytes in adult kidneys.  
J Am Soc Nephrol. 2013;24:1830–1848.

662. Rohr C, Prestel J, Heidet L, et al. The LIM-homeodomain transcrip-
tion factor Lmx1b plays a crucial role in podocytes. J Clin Invest. 
2002;109:1073–1082.

663. Miner JH, Morello R, Andrews KL, et al. Transcriptional induc-
tion of slit diaphragm genes by Lmx1b is required in podocyte 
differentiation. J Clin Invest. 2002;109:1065–1072.

664. Bierzynska A, Soderquest K, Dean P, et al. MAGI2 mutations cause 
congenital nephrotic syndrome. J Am Soc Nephrol. 2017;28:1614–1621.

665. Balbas MD, Burgess MR, Murali R, et al. MAGI-2 scaffold protein 
is critical for kidney barrier function. Proc Natl Acad Sci U S A. 
2014;111:14876–14881.

666. Ihara K, Asanuma K, Fukuda T, et al. MAGI-2 is critical for the 
formation and maintenance of the glomerular filtration barrier 
in mouse kidney. Am J Pathol. 2014;184:2699–2708.

667. Weide T, Vollenbroker B, Schulze U, et al. Pals1 haploinsuffi-
ciency results in proteinuria and cyst formation. J Am Soc Nephrol. 
2017;28:2093–2107.

668. Weiher H, Noda T, Gray DA, et al. Transgenic mouse model of 
kidney disease: insertional inactivation of ubiquitously expressed 
gene leads to nephrotic syndrome. Cell. 1990;62:425–434.

669. Cina DP, Onay T, Paltoo A, et al. Inhibition of MTOR disrupts 
autophagic flux in podocytes. J Am Soc Nephrol. 2012;23:412–420.

670. Sanna-Cherchi S, Burgess KE, Nees SN, et al. Exome sequencing 
identified MYO1E and NEIL1 as candidate genes for human 
autosomal recessive steroid-resistant nephrotic syndrome. Kidney 
Int. 2011;80:389–396.

671. Mele C, Iatropoulos P, Donadelli R, et al. MYO1E mutations and 
childhood familial focal segmental glomerulosclerosis. N Engl J 
Med. 2011;365:295–306.

620. Gong X, Guo X, Huang R, et al. Expression of ILK in renal stroma 
is essential for multiple aspects of renal development. Am J Physiol 
Renal Physiol. 2018.

621. Mochizuki T, Tsuchiya K, Yokoyama T. Molecular cloning of a gene 
for inversion of embryo turning (inv) with cystic kidney. Nephrol 
Dial Transplant. 2002;17(suppl 9):68–70.

622. Mochizuki T, Saijoh Y, Tsuchiya K, et al. Cloning of inv, a gene that 
controls left/right asymmetry and kidney development. Nature. 
1998;395:177–181.

623. Lin F, Hiesberger T, Cordes K, et al. Kidney-specific inactivation 
of the KIF3A subunit of kinesin-II inhibits renal ciliogenesis 
and produces polycystic kidney disease. Proc Natl Acad Sci U S A. 
2003;100:5286–5291.

624. Moriguchi T, Hamada M, Morito N, et al. MafB is essential for 
renal development and F4/80 expression in macrophages. Mol 
Cell Biol. 2006;26:5715–5727.

625. Wang PW, Eisenbart JD, Cordes SP, et al. Human KRML 
(MAFB): cDNA cloning, genomic structure, and evaluation as a 
candidate tumor suppressor gene in myeloid leukemias. Genomics. 
1999;59:275–281.

626. Kyttala M, Tallila J, Salonen R, et al. MKS1, encoding a component 
of the flagellar apparatus basal body proteome, is mutated in Meckel 
syndrome. Nat Genet. 2006;38:155–157.

627. Lu W, Peissel B, Babakhanlou H, et al. Perinatal lethality with kidney 
and pancreas defects in mice with a targetted Pkd1 mutation. Nat 
Genet. 1997;17:179–181.

628. Hossain Z, Ali SM, Ko HL, et al. Glomerulocystic kidney disease 
in mice with a targeted inactivation of Wwtr1. Proc Natl Acad Sci  
U S A. 2007;104:1631–1636.

629. Makita R, Uchijima Y, Nishiyama K, et al. Multiple renal cysts, urinary 
concentration defects, and pulmonary emphysematous changes in 
mice lacking TAZ. Am J Physiol Renal Physiol. 2008;294:F542–F553.

630. Rankin EB, Tomaszewski JE, Haase VH. Renal cyst development 
in mice with conditional inactivation of the von Hippel-Lindau 
tumor suppressor. Cancer Res. 2006;66:2576–2583.

631. Condac E, Silasi-Mansat R, Kosanke S, et al. Polycystic disease caused  
by deficiency in xylosyltransferase 2, an initiating enzyme of glycosami-
noglycan biosynthesis. Proc Natl Acad Sci U S A. 2007;104:9416–9421.

632. Rasouly HM, Kumar S, Chan S, et al. Loss of Zeb2 in mesenchyme-
derived nephrons causes primary glomerulocystic disease. Kidney 
Int. 2016;90:1262–1273.

633. Oliverio MI, Madsen K, Best CF, et al. Renal growth and development 
in mice lacking AT1A receptors for angiotensin II. Am J Physiol. 
1998;274:F43–F50.

634. Toyama K, Morisaki H, Cheng J, et al. Proteinuria in AMPD2-deficient 
mice. Genes Cells. 2012;17:28–38.

635. Auguste D, Maier M, Baldwin C, et al. Disease-causing mutations 
of RhoGDIalpha induce Rac1 hyperactivation in podocytes. Small 
GTPases. 2016;7:107–121.

636. Sachs N, Kreft M, van den Bergh Weerman MA, et al. Kidney failure 
in mice lacking the tetraspanin CD151. J Cell Biol. 2006;175:33–39.

637. Karamatic Crew V, Burton N, Kagan A, et al. CD151, the first member 
of the tetraspanin (TM4) superfamily detected on erythrocytes, is 
essential for the correct assembly of human basement membranes 
in kidney and skin. Blood. 2004;104:2217–2223.

638. Weinhold B, Sellmeier M, Schaper W, et al. Deficits in sialylation 
impair podocyte maturation. J Am Soc Nephrol. 2012;23:1319–1328.

639. Miner JH, Sanes JR. Molecular and functional defects in kidneys of 
mice lacking collagen alpha 3(IV): implications for Alport syndrome. 
J Cell Biol. 1996;135:1403–1413.

640. Cosgrove D, Meehan DT, Grunkemeyer JA, et al. Collagen COL4A3 
knockout: a mouse model for autosomal Alport syndrome. Genes 
Dev. 1996;10:2981–2992.

641. Lu W, Phillips CL, Killen PD, et al. Insertional mutation of the 
collagen genes Col4a3 and Col4a4 in a mouse model of Alport 
syndrome. Genomics. 1999;61:113–124.

642. Rheault MN, Kren SM, Thielen BK, et al. Mouse model of X-linked 
Alport syndrome. J Am Soc Nephrol. 2004;15:1466–1474.

643. Park E, Ahn YH, Kang HG, et al. COQ6 mutations in children 
with steroid-resistant focal segmental glomerulosclerosis and 
sensorineural hearing loss. Am J Kidney Dis. 2017;70:139–144.

644. Ebarasi L, Ashraf S, Bierzynska A, et al. Defects of CRB2 cause steroid-
resistant nephrotic syndrome. Am J Hum Genet. 2015;96:153–161.

645. George B, Fan Q, Dlugos CP, et al. Crk1/2 and CrkL form a 
hetero-oligomer and functionally complement each other during 
podocyte morphogenesis. Kidney Int. 2014;85:1382–1394.



37.e14 SECTION I — NORMAL STRUCTURE AND FUNCTION

698. Raphael KL, Strait KA, Stricklett PK, et al. Inactivation of Pkd1 in 
principal cells causes a more severe cystic kidney disease than in 
intercalated cells. Kidney Int. 2009;75:626–633.

699. Miller RL, Lucero OM, Riemondy KA, et al. The V-ATPase B1-subunit 
promoter drives expression of Cre recombinase in intercalated 
cells of the kidney. Kidney Int. 2009;75:435–439.

700. Oxburgh L, Chu GC, Michael SK, et al. TGFbeta superfamily 
signals are required for morphogenesis of the kidney mesenchyme 
progenitor population. Development. 2004;131:4593–4605.

701. Shao X, Johnson JE, Richardson JA, et al. A minimal Ksp-cadherin 
promoter linked to a green fluorescent protein reporter gene 
exhibits tissue-specific expression in the developing kidney and 
genitourinary tract. J Am Soc Nephrol. 2002;13:1824–1836.

702. Shao X, Somlo S, Igarashi P. Epithelial-specific Cre/lox recombina-
tion in the developing kidney and genitourinary tract. J Am Soc 
Nephrol. 2002;13:1837–1846.

703. Boyle S, Misfeldt A, Chandler KJ, et al. Fate mapping using Cited1-
CreERT2 mice demonstrates that the cap mesenchyme contains 
self-renewing progenitor cells and gives rise exclusively to nephronic 
epithelia. Dev Biol. 2008;313:234–245.

704. Gorski JA, Talley T, Qiu M, et al. Cortical excitatory neurons and glia, 
but not GABAergic neurons, are produced in the Emx1-expressing 
lineage. J Neurosci. 2002;22:6309–6314.

705. Humphreys BD, Lin SL, Kobayashi A, et al. Fate tracing reveals 
the pericyte and not epithelial origin of myofibroblasts in kidney 
fibrosis. Am J Pathol. 2010;176:85–97.

706. Cebrian C, Asai N, D’Agati V, et al. The number of fetal nephron 
progenitor cells limits ureteric branching and adult nephron 
endowment. Cell Rep. 2014;7:127–137.

707. Sepulveda AR, Huang SL, Lebovitz RM, et al. A 346-base pair region 
of the mouse gamma-glutamyl transpeptidase type II promoter 
contains sufficient cis-acting elements for kidney- restricted expres-
sion in transgenic mice. J Biol Chem. 1997;272:11959–11967.

708. Lowe LA, Yamada S, Kuehn MR. HoxB6-Cre transgenic mice express 
Cre recombinase in extra-embryonic mesoderm, in lateral plate and 
limb mesoderm and at the midbrain/hindbrain junction. Genesis. 
2000;26:118–120.

709. Lavoie JL, Lake-Bruse KD, Sigmund CD. Increased blood pressure 
in transgenic mice expressing both human renin and angioten-
sinogen in the renal proximal tubule. Am J Physiol Renal Physiol. 
2004;286:F965–F971.

710. Li H, Zhou X, Davis DR, et al. An androgen-inducible proximal 
tubule-specific Cre recombinase transgenic model. Am J Physiol 
Renal Physiol. 2008;294:F1481–F1486.

711. Moeller MJ, Kovari IA, Holzman LB. Evaluation of a new tool  
for exploring podocyte biology: mouse Nphs1 5′ flanking region 
drives LacZ expression in podocytes. J Am Soc Nephrol. 2000;11: 
2306–2314.

712. Wong MA, Cui S, Quaggin SE. Identification and characterization 
of a glomerular-specific promoter from the human nephrin gene. 
Am J Physiol Renal Physiol. 2000;279:F1027–F1032.

713. Moeller MJ, Sanden SK, Soofi A, et al. Two gene fragments that 
direct podocyte-specific expression in transgenic mice. J Am Soc 
Nephrol. 2002;13:1561–1567.

714. Grieshammer U, Agarwal P, Martin GR. A Cre transgene active 
in developing endodermal organs, heart, limb, and extra-ocular 
muscle. Genesis. 2008;46:69–73.

715. Mugford JW, Sipila P, Kobayashi A, et al. Hoxd11 specifies a program 
of metanephric kidney development within the intermediate 
mesoderm of the mouse embryo. Dev Biol. 2008;319:396–405.

716. Lan Y, Wang Q, Ovitt CE, et al. A unique mouse strain expressing 
Cre recombinase for tissue-specific analysis of gene function in 
palate and kidney development. Genesis. 2007;45:618–624.

717. Ohyama T, Groves AK. Generation of Pax2-Cre mice by modification 
of a Pax2 bacterial artificial chromosome. Genesis. 2004;38:195–199.

718. Engleka KA, Gitler AD, Zhang M, et al. Insertion of Cre into the 
Pax3 locus creates a new allele of Splotch and identifies unexpected 
Pax3 derivatives. Dev Biol. 2005;280:396–406.

719. Li J, Chen F, Epstein JA. Neural crest expression of Cre recombinase 
directed by the proximal Pax3 promoter in transgenic mice. Genesis. 
2000;26:162–164.

720. Traykova-Brauch M, Schonig K, Greiner O, et al. An efficient and 
versatile system for acute and chronic modulation of renal tubular 
function in transgenic mice. Nat Med. 2008;14:979–984.

721. Espana-Agusti J, Zou X, Wong K, et al. Generation and characterisa-
tion of a Pax8-CreERT2 transgenic line and a Slc22a6-CreERT2 

672. Lebel SP, Chen Y, Gingras D, et al. Morphofunctional studies of 
the glomerular wall in mice lacking entactin-1. J Histochem Cytochem. 
2003;51:1467–1478.

673. Surendran K, Boyle S, Barak H, et al. The contribution of Notch1 
to nephron segmentation in the developing kidney is revealed in a 
sensitized Notch2 background and can be augmented by reducing 
Mint dosage. Dev Biol. 2009.

674. Roselli S, Heidet L, Sich M, et al. Early glomerular filtration defect 
and severe renal disease in podocin-deficient mice. Mol Cell Biol. 
2004;24:550–560.

675. Zimmerman SE, Hiremath C, Tsunezumi J, et al. Nephronectin 
regulates mesangial cell adhesion and behavior in glomeruli.  
J Am Soc Nephrol. 2018;29:1128–1140.

676. Bechtel W, Helmstadter M, Balica J, et al. The class III phospha-
tidylinositol 3-kinase PIK3C3/VPS34 regulates endocytosis and 
autophagosome-autolysosome formation in podocytes. Autophagy. 
2013;9.

677. Bechtel W, Helmstadter M, Balica J, et al. Vps34 deficiency reveals 
the importance of endocytosis for podocyte homeostasis. J Am Soc 
Nephrol. 2013;24:727–743.

678. Doyonnas R, Kershaw DB, Duhme C, et al. Anuria, omphalocele, 
and perinatal lethality in mice lacking the CD34-related protein 
podocalyxin. J Exp Med. 2001;194:13–27.

679. Kang HG, Lee M, Lee KB, et al. Loss of podocalyxin causes a novel 
syndromic type of congenital nephrotic syndrome. Exp Mol Med. 
2017;49:e414.

680. Ozaltin F, Ibsirlioglu T, Taskiran EZ, et al. Disruption of PTPRO 
causes childhood-onset nephrotic syndrome. Am J Hum Genet. 2011; 
89:139–147.

681. Giardino L, Armelloni S, Corbelli A, et al. Podocyte glutamatergic 
signaling contributes to the function of the glomerular filtration 
barrier. J Am Soc Nephrol. 2009;20:1929–1940.

682. Fan X, Li Q, Pisarek-Horowitz A, et al. Inhibitory effects of Robo2 on 
nephrin: a crosstalk between positive and negative signals regulating 
podocyte structure. Cell Rep. 2012;2:52–61.

683. Ly JP, Onay T, Sison K, et al. The Sweet Pee model for Sglt2 mutation. 
J Am Soc Nephrol. 2011;22:113–123.

684. Takahashi S, Tomioka M, Hiromura K, et al. SIRPalpha signaling 
regulates podocyte structure and function. Am J Physiol Renal Physiol. 
2013;305:F861–F870.

685. Huang J, Arsenault M, Kann M, et al. The transcription factor 
Sry-related HMG box-4 (SOX4) is required for normal renal 
development in vivo. Dev Dyn. 2013;242:790–799.

686. Fukusumi Y, Wakamatsu A, Takashima N, et al. SV2B is essential 
for the integrity of the glomerular filtration barrier. Lab Invest. 
2015;95:534–545.

687. Itoh M, Nakadate K, Horibata Y, et al. The structural and functional 
organization of the podocyte filtration slits is regulated by Tjp1/
ZO-1. PLoS ONE. 2014;9:e106621.

688. Gigante M, Caridi G, Montemurno E, et al. TRPC6 mutations in 
children with steroid-resistant nephrotic syndrome and atypical 
phenotype. Clin J Am Soc Nephrol. 2011;6:1626–1634.

689. Krall P, Canales CP, Kairath P, et al. Podocyte-specific overexpression 
of wild type or mutant trpc6 in mice is sufficient to cause glomerular 
disease. PLoS ONE. 2010;5:e12859.

690. Eckel J, Lavin PJ, Finch EA, et al. TRPC6 enhances angiotensin 
II-induced albuminuria. J Am Soc Nephrol. 2011;22:526–535.

691. Kistler AD, Singh G, Altintas MM, et al. Transient receptor potential 
channel 6 (TRPC6) protects podocytes during complement-mediated 
glomerular disease. J Biol Chem. 2013;288:36598–36609.

692. Eremina V, Jefferson JA, Kowalewska J, et al. VEGF inhibition and 
renal thrombotic microangiopathy. N Engl J Med. 2008;358:1129–1136.

693. Schell C, Baumhakl L, Salou S, et al. N-wasp is required for stabiliza-
tion of podocyte foot processes. J Am Soc Nephrol. 2013;24:713–721.

694. Roker LA, Nemri K, Yu J. Wnt7b signaling from the ureteric bud 
epithelium regulates medullary capillary development. J Am Soc 
Nephrol. 2017;28:259.

695. Nagy II, Xu Q, Naillat F, et al. Impairment of Wnt11 function 
leads to kidney tubular abnormalities and secondary glomerular 
cystogenesis. BMC Dev Biol. 2016;16:30.

696. Naray-Fejes-Toth A, Fejes-Toth G. Novel mouse strain with Cre 
recombinase in 11beta-hydroxysteroid dehydrogenase-2-expressing 
cells. Am J Physiol Renal Physiol. 2007;292:F486–F494.

697. Nelson RD, Stricklett P, Gustafson C, et al. Expression of an AQP2 
Cre recombinase transgene in kidney and male reproductive system 
of transgenic mice. Am J Physiol. 1998;275:C216–C226.



 CHAPTER 1 — EMBRYOLOGY OF THE KIDNEY 37.e15

knock-in line for inducible and specific genetic manipulation of 
renal tubular epithelial cells. PLoS ONE. 2016;11:e0148055.

722. Claxton S, Kostourou V, Jadeja S, et al. Efficient, inducible Cre-
recombinase activation in vascular endothelium. Genesis. 2008;46: 
74–80.

723. Lakhe-Reddy S, Li V, Arnold TD, et al. Mesangial cell αvβ8--integrin 
regulates glomerular capillary integrity and repair. Am J Physiol 
Renal Physiol. 2014;306:F1400–F1409.

724. Truman LA, Bentley KL, Smith EC, et al. ProxTom lymphatic vessel 
reporter mice reveal Prox1 expression in the adrenal medulla, 
megakaryocytes, and platelets. Am J Pathol. 2012;180:1715–1725.

725. Srinivasan RS, Dillard ME, Lagutin OV, et al. Lineage tracing 
demonstrates the venous origin of the mammalian lymphatic 
vasculature. Genes Dev. 2007;21:2422–2432.

726. Srinivasan RS, Geng X, Yang Y, et al. The nuclear hormone receptor 
Coup-TFII is required for the initiation and early maintenance of 
Prox1 expression in lymphatic endothelial cells. Genes Dev. 2010;24: 
696–707.

727. Luo W, Enomoto H, Rice FL, et al. Molecular identification of rapidly 
adapting mechanoreceptors and their developmental dependence 
on ret signaling. Neuron. 2009;64:841–856.

728. Inoue S, Inoue M, Fujimura S, et al. A mouse line expressing 
Sall1-driven inducible Cre recombinase in the kidney mesenchyme. 
Genesis. 2010;48:207–212.

729. Rubera I, Poujeol C, Bertin G, et al. Specific cre/lox recombination 
in the mouse proximal tubule. J Am Soc Nephrol. 2004;15:2050– 
2056.

730. Kartopawiro J, Bower NI, Karnezis T, et al. Arap3 is dysregulated 
in a mouse model of hypotrichosis-lymphedema-telangiectasia 
and regulates lymphatic vascular development. Hum Mol Genet. 
2014;23:1286–1297.

731. Davies JA, Little MH, Aronow B, et al. Access and use of the 
GUDMAP database of genitourinary development. Methods Mol 
Biol. 2012;886:185–201.

732. Harding SD, Armit C, Armstrong J, et al. The GUDMAP data-
base—an online resource for genitourinary research. Development. 
2011;138:2845–2853.

733. Sakata K, Ohmuraya M, Araki K, et al. Generation and analysis of 
serine protease inhibitor kazal type 3-cre driver mice. Exp Anim. 
2014;63:45–53.

734. Wang Y, Tripathi P, Guo Q, et al. Cre/lox recombination in the 
lower urinary tract. Genesis. 2009;47:409–413.

735. Kisanuki YY, Hammer RE, Miyazaki J, et al. Tie2-Cre transgenic 
mice: a new model for endothelial cell-lineage analysis in vivo. 
Dev Biol. 2001;230:230–242.

736. Koni PA, Joshi SK, Temann UA, et al. Conditional vascular cell 
adhesion molecule 1 deletion in mice: impaired lymphocyte 
migration to bone marrow. J Exp Med. 2001;193:741–754.

737. Braren R, Hu H, Kim YH, et al. Endothelial FAK is essential for 
vascular network stability, cell survival, and lamellipodial formation. 
J Cell Biol. 2006;172:151–162.

738. Gustafsson E, Brakebusch C, Hietanen K, et al. Tie-1-directed 
expression of Cre recombinase in endothelial cells of embryoid 
bodies and transgenic mice. J Cell Sci. 2001;114:671–676.

739. Zhu X, Cheng J, Gao J, et al. Isolation of mouse THP gene promoter 
and demonstration of its kidney-specific activity in transgenic mice. 
Am J Physiol Renal Physiol. 2002;282:F608–F617.

740. Shan J, Jokela T, Peltoketo H, et al. Generation of an allele to 
inactivate Wnt4 gene function conditionally in the mouse. Genesis. 
2009;47:782–788.

741. Barak H, Boyle SC. Organ culture and immunostaining of mouse 
embryonic kidneys. Cold Spring Harb Protoc. 2011;2011:pdb prot5558.



37.e16 SECTION I — NORMAL STRUCTURE AND FUNCTION

BOARD REVIEW QUESTIONS

1. Which of the following class of drugs is not recommended 
for antihypertensive treatment during pregnancy and why? 
Which aspect of renal development is prominently affected 
by these contraindicated medications?
 a. Adrenergic blockers
 b. Calcium channel blockers
 c. ACE inhibitors and angiotensin receptor blockers 

(ARBs)
Answer: c
Rationale: ACE inhibitors/ARBs are teratogens, causing 

multiorgan congenital malformations (not limited to the 
genitourinary tract) and fetal death. Angiotensin is important 
in the normal development of collecting ducts, and its inhibi-
tion causes atrophy of the renal papillae and pelvis.

2. Fetal vitamin A status is proposed as a factor contributing 
to variability of kidney size and nephron endowment across 
populations. Which of the following is not true about the 
effect of vitamin A on renal development?
 a. Vitamin A modulates the pattern of ureteric 

branching
 b. Vitamin A regulates epithelial transformation of the 

metanephric mesenchyme
 c. Vitamin A promotes the conversion of the interstitial 

stroma into nephrons
 d. Vitamin A deficiency can cause paucity in nephrons 

(oligonephronia)
Answer: c
Rationale: Vitamin A is required for the patterned branch-

ing of the ureteric bud (UB) and the epithelialization of the 

metanephric mesenchyme (MM) into nephrons. Defective 
renal branching and nephrogenesis due to vitamin A defi-
ciency can contribute to asymptomatic renal hypoplasia. The 
interstitial stroma is important for both the synthesis of renal 
retinoic acid (active vitamin A) and express vitamin A recep-
tors, allowing the stroma to signal to both the UB and the 
MM to induce their differentiation. The stromal cells are 
distinct from the precursors of nephrons.

3. A patient presenting with recurring urinary tract infection 
was shown to have duplex kidneys by radiography. Which 
developmental anomaly is less likely to be the cause?
 a. Expanded zone of glial cell-derived neurotrophic factor 

(GDNF) expression in the metanephric mesenchyme
 b. Cystic dilatation of renal tubules
 c. Ureteric bud inappropriately induced
 d. Misexpression of Ret receptor along the wolffian duct
Answer: b
Rationale: The collecting ducts, the renal calyces, and the 

ureter are all derivatives of the ureteric bud (UB). The UB 
is normally induced on a single site on each wolffian duct. 
Inappropriate emergence of the UB along the wolffian duct, 
either through abnormal expansion of GDNF expression in 
the presumptive metanephric mesenchyme or the misplaced 
expression of Ret along the wolffian duct, can lead to ectopic 
UBs and duplicated collecting duct systems with attendant 
errors in ureter-bladder connections, thus causing urinary 
obstruction and reflux.
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The structure of the kidney, including the ultrastructure of 
individual cell types, their axial distribution, and arrangement 
within the kidney, is essential to normal renal function. In 
this chapter, we describe normal mammalian renal structure, 
including gross anatomy, histology, and ultrastructure.

GROSS FEATURES

Normal mammalian kidneys are paired and retroperitoneal. 
In the human, the kidneys are located approximately between 
the twelfth thoracic and third lumbar vertebrae on opposite 
sides of the vertebral column. The right kidney is usually 
slightly more caudal in position than the left. Each kidney 
normally weighs between 125 to 170 g in adult males and 
115 to 155 g in adult females, and measures approximately 
11 to 12 cm long, 5.0 to 7.5 cm wide, and 2.5 to 3.0 cm thick. 
By magnetic resonance imaging, the mean kidney lengths 
are 12.4 +/– 0.9 cm for men and 11.6 +/– 1.1 cm for women, 
and the mean kidney volumes are 202 +/– 36 mL for men 
and 154 +/– 33 mL for women.1 Located on the medial or 
concave surface of each kidney is the hilum, an indentation 
where the renal pelvis, the renal artery and vein, the lymphat-
ics, and a nerve plexus pass into the sinus of the kidney. A 
thin tough fibrous capsule covers the surface of the kidney.

In humans and most mammals, each kidney is normally 
supplied by a single renal artery, although one or more 
accessory renal arteries may be present. The renal artery 
enters the hilum and usually divides into an anterior and a 
posterior branch. Three segmental or lobar arteries arise 
from the anterior branch and supply the upper, middle, and 
lower thirds of the anterior surface of the kidney (Fig. 2.1). 
The posterior branch supplies more than half of the posterior 
surface and occasionally gives rise to a small apical segmental 
branch. However, the apical segmental or lobar branch arises 
most commonly from the anterior division. No collateral 
circulation exists between individual segmental or lobar 
arteries or their subdivisions. The kidneys often receive 
aberrant arteries from the superior mesenteric, suprarenal, 

testicular, or ovarian arteries. True accessory arteries that 
arise from the abdominal aorta usually supply the lower pole 
of the kidney. The arterial and venous circulations in the 
kidney are described in detail in Chapter 3.

On the cut surface of a bisected human kidney, two main 
regions are visible, a granular outer region, the cortex, and 
a striated inner region, the medulla (Fig. 2.2). In humans, 
the medulla is composed of renal pyramids, conical tissue 
masses with the base of each pyramid at the corticomedullary 
boundary, and the apex extending toward the renal pelvis, 
forming a papilla. On the tip of each papilla is the area 
cribrosa (Fig. 2.3), where the distal ends of collecting ducts 
(ducts of Bellini) open into the renal pelvis. A single renal 
pyramid and its surrounding cortex comprise a renal lobe. 
In contrast to the human kidney, the kidney of the rat and 
many other laboratory animals has a single renal pyramid 
with its overlying cortex and is therefore termed “unipapillate.” 
Otherwise, these kidneys resemble the human kidney in their 
gross appearance. In humans, the renal cortex is about 1 cm 
in thickness, forms a cap over the base of each renal pyramid, 
and extends downward between the individual pyramids to 
form the columns of Bertin (see Figs. 2.2 and 2.4). From 
the base of the renal pyramid, at the corticomedullary junc-
tion, the “medullary rays” extend into the cortex. The 
medullary rays are formed by the cortical collecting ducts, 
the straight segments of the proximal tubules, and the cortical 
thick ascending limbs (TALs) of loop of Henle, aligned 
together. These straight segments are interposed among the 
convoluted tubules and appear to radiate from the medulla 
into the cortex, hence the name.

The renal pelvis represents the expanded portion of the 
upper urinary tract. In humans, transitional epithelium or 
urothelium, composed of multiple cell layers, lines the pelvis 
and ureter. In rodents, cuboidal epithelium lines the renal 
pelvis and also covers the urinary surface of the papilla. Two 
and sometimes three extensions of the renal pelvis, the major 
calyces, reach outward from the upper dilated part of the 
pelvis, which further divides into several minor calyces. These 
receive the urine discharged at the area cribrosa of each renal 
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THE NEPHRON

The nephron is the functional unit of the kidney, composed 
of the renal corpuscle (the term renal or Malpighian corpuscle 
comprises the glomerulus and Bowman’s capsule) and the 
associated renal tubules from the proximal tubule through 
the connecting segment (CNT) (Fig. 2.5). Although the 
average nephron number in adult humans is approximately 
900,000 to 1 million per kidney, numbers for individual human 
kidneys range from approximately 200,000 to more than 2.5 
million,3–6 contrasting with the approximately 30,000 nephrons 
in each adult rat kidney.7–9 The origin of the nephron is the 
metanephric blastema. Although there has not been universal 
agreement on the origin of the connecting tubule, it is now 
generally believed also to derive from the metanephric 

pyramid. In unipapillate kidneys, the papilla is directly sur-
rounded by the renal pelvis. The ureters originate from the 
distal renal pelvis at the ureteropelvic junction and discharge 
into the fundus of the urinary bladder. In adult humans, the 
ureters are approximately 28 to 34 cm long and have a mean 
diameter of 1.8 mm, with a maximum of 3 mm considered 
normal.2 The walls of the calyces, pelvis, and ureters contain 
smooth muscle-related cells and interstitial cells, which serve 
a pacemaker function to propel the urine to the bladder.
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Fig. 2.1 Diagram of the vascular supply of the human kidney. The 

anterior half of the kidney can be divided into upper (U), middle (M), 

and lower (L) segments, each supplied by a segmental branch of the 

anterior division of the renal artery. A small apical segment (A) is 

usually supplied by a division from the anterior segmental branch. 

The posterior half of the kidney is divided into apical (A), posterior 

(P), and lower (L) segments, each supplied by branches of the posterior 

division of the renal artery. (Modified from Graves FT. The anatomy of 

the intrarenal arteries and its application to segmental resection of the 

kidney. Br J Surg. 1954;42:132–139.)

   Cortex     

Outer mtedulla

     Papilla

Columns of Bertin

Fig. 2.2 Bisected kidney from a 4-year-old child demonstrating the difference in appearance between the light-staining cortex and the 

dark-staining outer medulla. The inner medulla and papillae are less dense than the outer medulla. The columns of Bertin can be seen extending 

downward to separate the papillae. 

1 mm

Fig. 2.3 Scanning electron micrograph of papilla from a rat kidney 

(upper center), illustrating the area cribrosa formed by slit-like openings 

where the ducts of Bellini terminate. The renal pelvis (below) surrounds 

the papilla. 



40 SECTION I — NORMAL STRUCTURE AND FUNCTION

Fig. 2.5). The length of the loop of Henle is generally related 
to the position of its parent glomerulus in the cortex. Most 
nephrons originating from superficial and midcortical loca-
tions have shorter loops of Henle that bend within the inner 
stripe of the outer medulla close to the inner medulla; these 
nephrons have no, or very short, ascending thin limbs, as the 
hairpin turn connects descending thin limb to TAL. A few 
species, including humans, also possess cortical nephrons 
with extremely short loops that never enter the medulla but 
turn back within the cortex.11 Juxtamedullary nephrons have 
long loops of Henle with long descending and ascending 
thin limb segments that extend into the inner medulla. 
Many variations exist, however, between the two basic types 
of nephrons, depending on their relative positions in the 
cortex. The ratio of long- and short-loop nephrons varies 

blastema.10 The collecting duct system, which includes the 
initial collecting tubule (ICT), the cortical collecting duct 
(CCD), the outer medullary collecting duct (OMCD), and 
the inner medullary collecting duct (IMCD), is not considered 
part of the nephron because it has a different embryonic 
origin, the ureteric bud, multiple nephrons merge into the 
system, and the collecting duct was formerly considered simply 
a conduit for the tubule fluid. Thus, the collecting duct 
classically has not been included as a component of an 
individual functional unit. Nonetheless, the collecting ducts 
make critical contributions to renal function and the com-
ponents of the nephron and the collecting duct system are 
functionally interrelated.

The various tubule segments are composed of structurally 
distinct epithelial cells along a basement membrane that 
faces the interstitium on the blood side of the cell. A tubule 
lumen is formed at the apical side of the cell, which contains 
the glomerular filtrate that is modified by transport processes 
to ultimately produce urine. With the exception of intercalated 
cells and the IMCD cell in the terminal portion of the IMCD, 
all epithelial cells in the renal tubules and glomeruli contain 
a single cilium that extends into the tubule lumen or  
Bowman’s space. Many epithelial cells of the renal tubules 
exhibit significant structural alterations in response to physi-
ologic stimuli, such as changes in cell size, the complexity 
of the plasma membrane compartments, the abundance of 
cytoplasmic vesicles, and the abundance and appearance of 
lysosomes and multivesicular bodies. As such, the specific 
descriptions of epithelial cell ultrastructure that follow are 
based on observations of the cells under basal conditions, 
with added examples of structural alterations induced by 
changes in diet or physiologic stimuli.

Individual nephrons are classified as superficial, midcortical, 
and juxtamedullary, based on the position of the glomerulus 
in the cortex. These typically have differences in the length 
of loop of Henle and are subject to variations in blood supply 
under different physiologic states. The loop of Henle contains 
the straight portion of the proximal tubule (pars recta), 
descending and ascending thin limb segments, and the 
straight portion of the distal tubule (TAL, or pars recta) (see  
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Fig. 2.4 Diagram of the cut surface of a bisected kidney, depicting 

important anatomic structures. 
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Fig. 2.5 Diagram illustrating superficial and juxtamedullary nephron. 

CCD, Cortical collecting duct; CNT, connecting tubule; CTAL, cortical 

thick ascending limb; DCT, distal convoluted tubule; IMCDi, initial 

inner medullary collecting duct; IMCDt, terminal inner medullary col-

lecting duct; MTAL, medullary thick ascending limb; OMCD, outer 

medullary collecting duct; PCT, proximal convoluted tubule; PST, 

proximal straight tubule; TL, thin limb of loop of Henle. (Modified from 

Madsen KM, Tisher CC. Structural-functional relationship along the distal 

nephron. Am J Physiol. 1986;250:F1–F15.)
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GLOMERULUS

The nephron begins with the glomerulus, which is composed 
of a capillary network lined by a thin layer of endothelial 
cells, a central region of mesangial cells with surrounding 
matrix material, and the visceral epithelial cells (podocytes) 
overlying the capillaries (Figs. 2.7–2.10). The parietal layer 
of Bowman’s capsule with its basement membrane encases 
the glomerulus. Bowman’s space, or the urinary space, is the 
cavity between the visceral and parietal epithelia. Although 
“renal corpuscle” is strictly the correct terminology to refer 
to the glomerulus and Bowman’s capsule, glomerulus is used 
throughout this chapter because of its common use. At the 
vascular pole, where the afferent and efferent arterioles enter 
and exit the glomerulus, the visceral epithelium is continuous 
with the parietal epithelium. The parietal epithelium transi-
tions to proximal tubule epithelium at or near the urinary 
pole. The average diameter of a glomerulus is approximately 
200 µm in the human kidney and 120 µm in the rat kidney. 
However, the size and number of glomeruli vary significantly 
with age, gender, birth weight, and renal health. The average 
glomerular volume is 0.6 to 1 million µm3 in rats7,8 and 3 to 
7 million µm3 in humans,3,4,6 although individual glomerular 
volume within single human kidneys can vary as much as 
eightfold.5 Rat juxtamedullary glomeruli are larger than 
superficial glomeruli; this is not the case in the human 
kidney.17

among species. Humans and rodents have more short-looped 
than long-looped nephrons.12–16 Renal tubules that are located 
on the surface of the renal cortex, where they are accessible 
for micropuncture experiments, belong almost exclusively 
to superficial, hence short-looped, nephrons.

The medulla is divided into inner and outer regions; the 
outer medulla is subdivided into inner and outer stripes 
(Figs. 2.5 and 2.6). These distinctions are based on the 
populations of specific renal tubule segments. The inner 
medulla is easily distinguished from the outer medulla by 
the absence of TALs. There is a distinct border between 
the two regions, visible in histologic sections, where the 
thin ascending limbs make an abrupt transition to TALs 
(Fig. 2.6). The inner medulla contains both descending and 
ascending thin limbs and collecting ducts, but no TALs. In 
the outer medulla, the inner and outer stripes are easily 
distinguished by the presence of proximal tubules in the 
outer stripe and their absence in the inner stripe; the border 
is marked by the abrupt transition from proximal straight 
tubules (PSTs) to descending thin limbs (Fig. 2.6). Thus, 
the inner stripe contains TALs, descending thin limbs, and 
collecting ducts, but no proximal tubules. The outer stripe 
contains the terminal portion of PSTs, TALs, and collecting 
ducts. By contrast, the renal cortex contains the glomeruli, 
both convoluted and PSTs, TALs, distal convoluted tubules 
(DCTs), CNTs, and collecting ducts, but not thin limbs of 
loop of Henle.

Fig. 2.6 Light micrograph of a sagittal section of normal mouse kidney. The renal cortex is the region between the arcuate vessels and the 

renal capsule. The borders between the outer stripe of the outer medulla (OMo), inner stripe or the outer medulla (OMi), and inner medulla (IM) 

are easily distinguished by the changes in the staining intensity. The OMo, which contains proximal tubules, has a similar staining intensity as 

the cortex. OMi by comparison, has paler staining due to the absence of proximal tubules. IM stains even more weakly due to the absence of 

thick ascending limbs in this region. The tip of the papilla, identified by the area cribrosa, extends into the proximal ureter in mouse kidneys. 

Hematoxylin and eosin stain. 
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Fig. 2.7 Scanning electron micrograph of a rat glomerulus. The glomerular tuft is encased by Bowman’s capsule. Podocytes, with their 

interdigitating foot processes, cover the capillaries. The glomerular filtrate drains into the proximal tubule at the urinary pole. (From Sands JM, 

Verlander JW. Functional anatomy of the kidney. In: McQueen C, ed. Comprehensive Toxicology, 3rd ed. St. Louis: Elsevier; 2017.)

Fig. 2.8 Light micrograph of a normal glomerulus from a rat, demonstrating the four major cellular components: endothelial cell (E), mesangial 

cell (M), parietal epithelial cell (P), and visceral epithelial cell or podocyte (V). The macula densa (MD) is located in the thick ascending limb at 

the vascular pole. 
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50 µm

Fig. 2.9 Scanning electron micrograph of a cast of a glomerulus 

with its many capillary loops (CL) and adjacent renal vessels. The 

afferent arteriole (A) takes its origin from an interlobular artery at lower 

left. The efferent arteriole (E) branches to form the peritubular capillary 

plexus (upper left). (Courtesy Waykin Nopanitaya, PhD.)

Fig. 2.10 Transmission electron micro-

graph of a normal rat glomerulus. The 

capillary loops are lined by fenestrated 

endothelial cells (E), facing the capil-

lary lumen (CL). Mesangial cells (M) lie 

beneath the endothelial cells, among 

the capillary loops. Podocytes (P) and 

their extensive, interdigitating primary 

and secondary foot processes (arrows), 

cover the surface of the capillaries, 

facing the glomerular filtrate in Bow-

man’s space (BS). Parietal epithelial cells 

(PEC) line Bowman’s capsule facing 

Bowman’s space. 

The main function of the glomerulus is filtration of the 
plasma. The layers of the glomerular capillary wall, the 
fenestrated capillary endothelium, the glomerular basement 
membrane (GBM), and the filtration slit diaphragm between 
the foot processes of the visceral epithelial cells form the 
filtration barrier between the blood and the urinary space 
(Fig. 2.11). To cross the capillary wall, a molecule must pass 
sequentially through the fenestrated endothelium, the GBM, 
and the filtration slit diaphragm. Although the glomerular 
capillary wall allows passage of small molecules, the prevailing 
view is that it normally restricts the passage of cells and larger 
molecules, such as albumin, due to its size- and charge-selective 
properties.18

ENDOTHELIAL CELLS

The glomerular capillaries are lined by a thin fenestrated 
endothelium (Figs. 2.11 and 2.12). These endothelial cells 
form the initial barrier to the passage of blood constituents 
from the capillary lumen to Bowman’s space. Under normal 
conditions, the formed elements of the blood, including 
erythrocytes, leukocytes, and platelets, do not gain access to 
the subendothelial space.

The endothelial cell nucleus lies adjacent to the mesan-
gium, with the remainder of the cell irregularly attenuated 
around the capillary lumen (see Fig. 2.10). The endothelium 
contains pores or fenestrae that range from 70 to 100 nm in 
diameter in human (see Figs. 2.11 and 2.12).19 Nonfenestrated, 
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present in the embryo, where they may compensate for the 
functional immaturity of the embryonic glomerular filtra-
tion barrier.21 The glomerular endothelium is covered by a 
glycocalyx layer, the visualization of which requires special 
methods such as electron microscopy with cationic dyes or 
lipid particles.22–24 The glycocalyx also fills the endothelial 
fenestrae forming “sieve plugs,” the exact function of which 
is unknown.25 The glycocalyx consists of membrane-bound 
proteoglycans (syndecan and glypican) with attached glycos-
aminoglycans (GAGs), secreted glycoproteins (perlecan and 
versican), and secreted GAGs (hyaluronan), which provide 
a negative charge.26

Classic ultrastructural studies demonstrated that endog-
enous albumin is largely confined to the glomerular capillary 
lumen and does not pass through the endothelium.27 In 
recent years, more studies have addressed the potential role 
of the glomerular endothelium, and particularly its glycocalyx, 
in filtration. Studies in rats showed that eluting molecular 
components of the glomerular endothelial glycocalyx with 
hypertonic sodium chloride induced a 12-fold increase in 
proteinuria.28 Injection of hyaluronidase, a hyaluronan-
degrading enzyme, in mice led to disruption of the glomerular 
endothelial glycocalyx and leakage of albumin across the 
endothelium.29 Using isolated human and rodent glomeruli, 
enzymatic disruption of the glomerular endothelial glycocalyx 
resulted in increased glomerular albumin permeability.30 
Thus, experimental evidence supports that the glomerular 
endothelial glycocalyx is an important component of the 
filtration barrier.

Signaling between glomerular cells is critical for the 
development and maintenance of the filtration barrier.31 The 
surfaces of glomerular endothelial cells express receptors 
for the vascular endothelial growth factor (VEGF) family.32 
VEGF is synthesized by podocytes (glomerular visceral epi-
thelial cells) and is an important regulator of microvascular 
permeability.32,33 VEGF increases endothelial cell permeability 
and induces the formation of endothelial fenestrations.34,35 
VEGF-A is the best characterized podocyte growth factor, 
and its principal receptor is VEGFR2, expressed on endothelial 
cells. Podocyte-specific alterations of VEGF-A have demon-
strated that it is required for normal differentiation of glo-
merular endothelial cells.36,37 Moreover, drug inhibition of 
VEGF-A in patients or podocyte-specific deletion of VEGF-A 
in adult mice results in severe glomerular endothelial injury 
and thrombotic microangiopathy.38 Thus, VEGF produced 
by podocytes plays a critical role in the differentiation and 
maintenance of glomerular endothelial cells and is an 
important regulator of endothelial cell permeability.

Several other cell–cell communication pathways exist 
between glomerular cells. For example, angiopoietin–TIE 
signaling regulates endothelial homeostasis in an intricate 
manner.31 Angiopoietin-1 (ANGPT1) produced in podocytes 
binds to endothelial-expressed tyrosine kinase receptor TIE2, 
the phosphorylation of which promotes endothelial survival. 
In contrast, angiopoietin-2 secreted by endothelial cells is 
an antagonist of ANGPT1-mediated TIE2 activation in 
endothelial cells.

GLOMERULAR BASEMENT MEMBRANE

By transmission electron microscopy, the GBM is composed 
of a central dense layer, the lamina densa, and two thinner, 

ridgelike structures termed “cytofolds” are found near the 
cell borders. An extensive network of intermediate filaments 
and microtubules is present in the endothelial cells, and 
microfilaments surround the fenestrations.20 Most studies 
indicate adult glomerular endothelial cells lack diaphragms 
across the fenestrae, whereas diaphragmed fenestrae are 

Fig. 2.11 Transmission electron micrograph of normal rat glomerular 

capillary wall fixed in a 1% glutaraldehyde solution containing tannic 

acid. Note the relationship among the three layers of the glomerular 

basement membrane and the presence of the pedicels (P) embedded 

in the lamina rara externa (arrowhead). The filtration slit diaphragm 

with the central dense spot (thin arrow) is especially evident between 

the individual pedicels. The fenestrated endothelial lining of the capillary 

loop is shown below the basement membrane. A portion of an 

erythrocyte is located in the extreme lower right corner. BS, Bowman’s 

space; CL, capillary lumen. 

Fig. 2.12 Scanning electron micrograph of a glomerular capillary 

from the kidney of a normal rat. Numerous endothelial pores, or 

fenestrae, are present in the endothelial cells lining the capillary lumen. 

The ridgelike structures are localized thickenings of the endothelial 

cells. Interdigitating foot processes of the podocytes cover the urinary 

side of the capillaries. 
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side of the GBM. Laminin-521 is situated in two layers near 
the endothelial and podocyte sides of the GBM and also in 
the central portion of the GBM. Agrin localizes in two layers 
along the endothelial and podocyte surfaces of the GBM, 
with more detected near the podocytes.

The contribution of the GBM to the glomerular filtration 
barrier has been studied for decades.60,61 Ultrastructural tracer 
studies provided evidence to suggest that the GBM constitutes 
both a size-selective and a charge-selective barrier.62–64 Addi-
tional studies revealed a lattice of anionic sites with a spacing 
between them of approximately 60 nm (Fig. 2.13) throughout 
the lamina rara interna and lamina rara externa.65,66 The 
anionic sites in the GBM consist of heparan sulfate GAG 
side chains of the proteoglycans rich in heparan sulfate.67,68 
Removal of the heparan sulfate side chains by enzymatic 
digestion resulted in an increase in the in vitro permeability 
of the GBM to ferritin69 and to bovine serum albumin,70 
suggesting that HSPGs play a role in establishing the perme-
ability properties of the GBM to plasma proteins (see Fig. 
2.13). However, in vivo studies have addressed the role of 
proteoglycans and charge selectivity in the GBM. Overexpres-
sion of heparanase in transgenic mice led to a fivefold 
reduction in GAG-associated sites in the GBM but no pro-
teinuria.71 Moreover, podocyte-specific deletion of agrin alone 
or in combination with deletion of perlecan heparan sulfate 
side chains in mice resulted in a dramatic reduction in GBM 
anionic sites but did not alter the filtration barrier to albumin 
or a negatively charged tracer.72,73 Thus, more recent data 
suggest the role of GBM anionic charge, at least that con-
tributed by proteoglycans, is minimal in the function of the 
glomerular filtration barrier.

Nevertheless, a variety of genetic findings in humans and 
studies in mice indicate that an intact GBM serves a barrier 
function to protein permeability. The absence of an intact 
α3α4α5(IV) network in the GBM of Alport syndrome eventu-
ally results in proteinuria. In humans and animal models of 
Alport syndrome, there is a compensatory increase in the 
α1α2α1(IV) network, laminin α5 chain, and ectopic laminin 
isoforms (α1, α2, and β1 chains) in the defective GBM.74,75 
These secondary changes alter cell matrix signaling, are 
accompanied by characteristic splitting and “basket-weave” 
lamellation of the GBM, and produce proteinuria.

Strong evidence for a specific role of the GBM in the filtra-
tion barrier is the presence of laminin β2 mutations in humans 
or mice resulting in massive proteinuria.76,77 Laminin-β2–
deficient (Lamb2–/–) mice develop severe proteinuria and 
ectopic laminin chains (α1,α2,α3, β3, and γ2) that accumulate 
in the GBM, but this ectopic deposition fails to compensate 
for the absence of laminin β2.78 Importantly, the albuminuria 
in the mice precedes podocyte foot process effacement and 
filtration slit diaphragm abnormalities, indicating the GBM 
has an essential role in the filtration barrier. Remarkably, 
injection of recombinant human LM-521 accumulates in the 
correct orientation in the GBM and delays the onset of 
proteinuria in Lamb2–/– mice, which lack LM-521.79

PODOCYTES

Podocytes (visceral epithelial cells) are the largest cells in 
the glomerulus and are positioned on the outside of the 
glomerular capillary wall (see Figs. 2.7, 2.10–2.12, and 2.14). 
Mature podocytes are terminally differentiated and generally 

more electron-lucent layers, the lamina rara externa and the 
lamina rara interna (see Fig. 2.11). The latter two layers 
measure approximately 20 to 40 nm in thickness.19 Although 
in the rat the width of the GBM has been found to be 
132 nm,39 the width of the human GBM has consistently 
been reported to be more than 300 nm40,41 with a slightly 
thicker basement membrane in men (373 nm) than in women 
(326 nm).42 Compared with other basement membranes, the 
GBM is thicker, likely at least in part from fusion of endothelial 
and epithelial basement membranes during development.43 
Mass spectrometry–based proteomic analysis has revealed at 
least 212 proteins in the normal human glomerular extracel-
lular matrix; however, like other basement membranes in 
the body, the GBM is composed primarily of type IV collagen, 
laminin, nidogen (entactin), and heparan sulfate proteogly-
cans (HSPGs).44–49

Type IV collagen consists of six chains, α1(IV) through 
α6(IV). Three α(ΙV) chains self-associate intracellularly to 
form triple helical molecules called protomers. Three types 
of promoters are formed: α1α2α1, α3α4α5, and α5α6α5. 
Upon secretion into the extracellular space, the protomers 
self-associate via their amino- and carboxy-terminal domains 
to form polymerized networks. Three sets of collagen IV 
networks form: α1α2α1(IV)-α1α2α1(IV), α3α4α5(IV)-
α3α4α5(IV), and α1α2α1(IV)-α5α6α5(IV). The networks 
undergo specific extracellular modifications to form an 
elaborate scaffold that tethers other molecules, serve as a 
cell-signaling interface, and provide support for adjacent 
cells.50 Halogens facilitate the assembly of the collagen IV 
scaffold. For example, extracellular chloride ions activate a 
molecular switch that enables individual promoter carboxy 
domains to oligomerize,51 and ionic bromide is essential for 
enzymatic cross-linking to stabilize the protomer–protomer 
connections.52 The α3α4α5(IV)-α3α4α5(IV) network pre-
dominates in the GBM, whereas the α1α2α1(IV)-α5α6α5(IV) 
network is in Bowman’s capsule. Whereas α1α2α1(IV) 
protomers are synthesized from both endothelial cells and 
podocytes, α3α4α5(IV) protomers are secreted only by 
podocytes.53 Mutations in the genes encoding α3, α4, and 
α5(IV) chains cause Alport syndrome, and autoantibodies 
against the carboxy terminal a3(IV) chain are responsible 
for anti-GBM disease.54

Laminins (LMs) are large heterotrimeric glycoproteins 
composed of three chains; α, β, and γ. The major laminin 
in the adult GBM is LM-521 (containing the α5, β2, and γ1 
chains). Both glomerular endothelial cells and podocytes 
synthesize laminin α5 and β2.55 Mutations of laminin β2 
result in a congenital nephrotic syndrome called Pierson 
syndrome in humans.56

Nidogens, also known as entactins, are glycoproteins. 
Nidogen-1 binds to both collagen IV and laminin but does 
not appear essential for GBM formation.57 HSPGs consist of 
a core protein linked to sulfated GAG side chains. Agrin, 
perlecan, and type XVIII collagen are HSPGs found in the 
GBM.58 Agrin is the major HSPG in the GBM, whereas 
perlecan and type XVIII collagen are found mainly in the 
mesangium.

Subdiffraction resolution stochastic optical reconstruction 
microscopy has provided a precise view of the nanoscale 
organization of these molecular networks within the GBM.59 
The α3α4α5(IV) network localizes to the center of the GBM, 
whereas the α1α2α1(IV) network maps near the endothelial 



46 SECTION I — NORMAL STRUCTURE AND FUNCTION

��

��

��

��

Fig. 2.13 Transmission electron micrographs of the glomerular filtration barrier in normal rats perfused with native anionic ferritin (A) or cationic 

ferritin (C) and in rats treated with heparitinase before perfusion with anionic (B) or cationic ferritin (D). In normal animals, anionic ferritin is 

present in the capillary (Cap) but does not enter the glomerular basement membrane (GBM), as shown in (A). In contrast, cationic ferritin binds 

to the negatively charged sites in the lamina rara interna (LRI) and lamina rara externa (LRE) of the GBM (see C). After treatment with heparitinase, 

both anionic (B) and cationic (D) ferritin penetrate into the GBM, but there is no labeling of negatively charged sites by cationic ferritin.  

En, Endothelial fenestrae; Fp, foot processes; LD, lamina densa; US, urinary space. (Modified from Kanwar YS. Biophysiology of glomerular filtration 

and proteinuria. Lab Invest. 1984;51:7–21.)
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processes.86 Ultrastructural studies have demonstrated two 
distinct actin filament networks in foot processes of rat 
podocytes.87,88 “Actin bundles,” containing α-actinin and 
synaptopodin, extend along the longitudinal axis of the foot 
processes above the level of the slit diaphragm. The cortical 
actin network, containing cortactin, lies between the actin 
bundle and the plasma membrane. In glomerular diseases 
associated with proteinuria, the podocyte cytoskeleton is 
disrupted, slit diaphragms are lost, and the interdigitating 
foot processes are replaced by broad regions of podocyte 
processes covering the GBM.89 This “foot process effacement” 
is often accompanied by aggregated filaments appearing as 
a cytoplasmic mat juxtaposed to the GBM.

Actin fibers are composed of bundles of actin filaments. 
Both contractile and noncontractile actin fibers are present in 
most cells, and the former (actin stress fibers) are character-
ized by periodic alternating bands of α-actinin and myosin.90 
Studies using superresolution microscopic methods have 
revealed a detailed model of the podocyte actin cytoskeleton 
in both mice and humans.91 Actin fibers in the center of 
the foot process contain α-actinin and synaptopodin but 
lack myosin IIA, whereas actin fibers in the podocyte cell 
body and primary processes contain myosin IIA but lack 
synaptopodin. These findings suggest the actin fibers in the 
foot process are noncontractile, whereas the actin fibers 
in the cell body and primary processes are contractile. In 
podocyte injury models with foot process effacement and 
proteinuria, myosin IIA translocates to cytoplasm adjacent 
to the GBM, forming sarcomere-like structures with alternat-
ing synaptopodin and α-actinin staining. Thus, podocytes 
contain distinct actin filament networks that appear to provide 

do not replicate. They have a prominent cell body containing 
nuclei, endoplasmic reticulum, Golgi apparatus, and an 
endocytic–lysosomal system. The cell bodies give rise to long 
cytoplasmic primary processes that branch into secondary 
and tertiary processes, surround the capillaries, and finally 
divide into foot processes. The foot processes come into 
direct contact with the lamina rara externa of the GBM (see 
Figs. 2.11 and 2.13). By scanning electron microscopy (SEM), 
it is apparent that adjacent foot processes are derived from 
different podocytes (Fig. 2.14). The gap between adjacent 
foot processes is bridged by a thin structure called the “filtra-
tion slit diaphragm.” Advanced techniques, including serial 
block-face SEM (SBF-SEM) and focused ion beam SEM 
(FIB-SEM), show that foot processes emerge directly from 
the podocyte cell body as well as the elongated cytoplasmic 
processes.80,81 These studies reveal tortuous ridgelike promi-
nences along the basal surface of the cell body and the 
cytoplasmic processes, from which the proximal portions of 
the foot processes emerge.

A series of studies using three-dimensional (3D) electron 
microscopic reconstruction and SBF-SEM have supported 
the existence of a subpodocyte space (SPS) under the 
podocyte cell body and a narrow interpodocyte space, which 
interconnects the SPS with the peripheral Bowman’s space.82,83 
Whether these spaces act as a resistance pathway across the 
filtration barrier remains to be determined.

Podocytes have an elaborate cytoskeleton that underlies 
their shape, stability, adhesion, and response to stress.84 Large 
numbers of microtubules and intermediate filaments (vimen-
tin) are present in the cell body and primary processes,85 
whereas actin filaments are especially abundant in the foot 

Fig. 2.14 Scanning electron micrograph of a glomerulus from the kidney of a normal rat. The visceral epithelial cells, or podocytes (P), extend 

multiple processes outward from the main cell body to wrap around individual capillary loops. Immediately adjacent pedicels, or foot processes, 

arise from different podocytes. 
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microscopy techniques have provided alternative models and 
insights into the SD structure. Based on a freeze-etching 
replica ultrastructural method, it was proposed the SD has 
a sheetlike rather than a zipper-like substructure.113 Electron 
microscope tomography showed the SD to consist of a network 
of winding cross strands, 30–35 nm in length, which merge 
centrally into a longitudinal density.114 Although this study 
generally concurred with the zipper-like model, the pores sur-
rounding the strands appeared more irregular than originally 
proposed. In contrast, an investigation using enhanced SEM 
revealed variable-shape pores in the center of the SD and no 
central filament.115 This finding is more consistent with the SD 
as a heteroporous structure rather than the zipper-like model. 
High-resolution helium-ion SEM studies demonstrate the SD 
with cross-bridging filaments and surrounding pores forming 
a ladderlike structure in the middle of the filtration slit, also 
without a distinct central midline, thus generally supporting 
the heteroporous model.116,117 The complexity of the SD is 
further illustrated by cryo-EM tomographic studies showing 
distinct cross-bridging strands are composed of different 
molecules.118 Bridging shorter strands in the lower part of 
the SD closest to the GBM consist of the nephrin-related 
protein, Neph1, whereas longer strands in the top part of the 
SD toward the apical side contain nephrin. This study supports 

tensional integrity (tensegrity) and can redistribute in response  
to injury.92

Foot processes contain two structures, focal adhesions (FAs) 
and filtration slit diaphragms (SDs), that interact with and 
control the actin cytoskeleton.93 FAs anchor the base of the 
foot processes to the GBM. They consist of transmembrane 
protein complexes through which the actin cytoskeleton is 
regulated by extracellular signaling.94 Cell adhesions rich 
in integrins and their interacting proteins are known as the 
“integrin adhesome.”95 FAs are a form of integrin adhesome 
and, at the foot process–GBM interface, consist of α3β1 inte-
grin and various adaptor proteins, kinases, and phosphatases 
and guanosine triphosphatases (GTPases). The α3β1 integrin 
interconnects laminin in the GBM with the talin, paxillin, and 
vinculin adaptor cytoplasmic complex, which link to the actin 
cytoskeleton. Mutations of the integrin α3 subunit in humans 
are associated with massive proteinuria.96 Podocyte adhesion 
to the GBM is supported by the interaction of integrin α3β1 
with the tetraspanin protein CD151, the absence of which 
leads to severe proteinuria.97 FA kinase and integrin-linked 
kinase localize to FAs and mediate signaling with the actin 
cytoskeleton.

The Rho family of small GTPases, including RhoA, Rac1, 
and Cdc42, regulate actin cytoskeleton dynamics.98 Activation 
of podocyte RhoA and Rac1 in transgenic mice leads to 
proteinuria and podocyte foot process effacement.99–102 In 
contrast, podocyte deletion of C4dc42 results in proteinuria 
and foot process effacement.103,104 Rho GTPases cycle between 
an active GTP-bound form and an inactive guanosine diphos-
phate (GDP)-bound form.105 Rho GTPases are inactivated 
by GTPase-activating proteins (GAPs), which increase GTP 
hydrolysis or by guanine nucleotide dissociation inhibitors 
(GDIs), which sequester their inactive GDP-bound form in 
the cytoplasm. Mutations in the genes that encode Arhgap24, 
a GAP, and Arhgdia, a GDI, result in Rac1 activation and 
proteinuria in humans.106,107 Moreover, mutations in Kank2 
(kidney ankyrin repeat-containing protein), an Arhgdia-
interacting protein that localizes to FAs, leads to RhoA 
activation and proteinuria.108 Dynamin is a large GTPase that 
has a role in clathrin-mediated endocytosis but also directly 
binds actin filaments and promotes actin polymerization.109 
Dynamin regulates FA maturation in podocytes in vitro, 
and its conditional deletion in mouse podocytes results in 
foot process effacement and severe proteinuria.110,111 These 
studies suggest dynamin serves as a molecular link between 
endocytosis and actin remodeling in podocytes. Thus, an 
intricate physiologic balance of the various GTPases is required 
for normal podocyte homeostasis.

The filtration SD is the second structure that controls 
the actin cytoskeleton. It appears as a thin line on electron 
microscopy (see Fig. 2.11) and bridges the 30–40 nm space 
(called the filtration slit) between adjacent foot processes. 
A central dot within the SD may occasionally be seen on 
ultrastructural cross-sections, and it appears as a continuous 
central filament on sections parallel to the plane of the GBM 
(see Fig. 2.15). Based on these observations, Rodewald and 
Karnovsky proposed a porous zipper-like model for the SD.112 
In this model, there are regularly spaced cross-bridges that 
extend from the membranes of two adjacent foot processes to 
a linear central filament that runs equidistant and parallel to 
the cell membranes. The cross-bridge structures measuring 7 × 
14 nm are separated by pores measuring 4 × 40 nm. Advanced 

Fig. 2.15 Electron micrograph showing the epithelial foot processes 

of normal rat glomerulus preserved in a 1% glutaraldehyde solution 

containing tannic acid. In several areas, the slit diaphragm has been 

sectioned parallel to the plane of the basement membrane, revealing 

a highly organized substructure. The thin central filament corresponding 

to the central dot observed on cross-section (see Fig. 2.11) is indicated 

by the arrows. 
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elongated cytoplasmic processes that extend toward the 
endothelium and the adjacent GBM (paramesangial GBM). 
At the endothelial interface, the fingerlike mesangial cell 
processes may extend a short distance into the space between 
the endothelium and GBM. In certain forms of glomerular 
injury, the mesangial processes may insinuate between the 
endothelium and GBM for a noticeable distance along the 
peripheral capillary wall (mesangial interposition). In addi-
tion to the usual complement of organelles, mesangial cells 
possess an extensive array of microfilaments containing actin, 
myosin, and α-actinin.134 The mesangial processes, containing 
bundles of microfilaments, appear to bridge the gap in the 
GBM encircling the capillary, adhere to endothelial cells, and 
interconnect opposing mesangial angles of the GBM. This 
cell–matrix interconnection is believed to prevent capillary 
wall distention secondary to elevation of the intracapillary 
hydraulic pressure.134–136

Several studies have elucidated molecules that mediate 
the interactions between mesangial cells and other glomerular 
cells and also the GBM.137 Afadin, an F-actin binding protein, 
localizes to cell contacts between mesangial and endothelial 
cells, also colocalizes with β-catenin, and may play a role in 
mesangial cell migration.138 Integrin α3β1 and Lu/BCAM 
are mesangial receptors that mediate adhesion of mesangial 
cells to the laminin α5 chain in the GBM.139 An actin cross-
linking protein, EPLIN, is highly expressed in mesangial cell 
processes at the mesangial angles, where they attach to the 
GBM.140 Nephronectin, a protein within the GBM, binds to 
its receptor a8b1 integrin, produced by mesangial cells to 
form a GBM–mesangial adhesion at the lateral base (near 
the mesangial angles) of the capillary loops.141

The mesangium is continuous with the extraglomerular 
mesangium, a component of the juxtaglomerular apparatus 
(JGA). The intraglomerular and extraglomerular cells are 
similar, and gap junctions exist between them.142 Cells of 
renin lineage within the extraglomerular mesangium have 
been shown to migrate and repopulate the mesangium after 
glomerular injury.143

As proposed by Schlondorff,144 the mesangial cell may have 
some specialized features of pericytes and possesses many of 
the functional properties of smooth muscle cells. In addition to 
providing structural support for the glomerular capillary loops, 
the mesangial cell has contractile properties and is thought 
to play a role in the regulation of glomerular filtration.144 
The local generation of autacoids, such as prostaglandin 
E2, by the mesangial cell may provide a counterregulatory 
mechanism to oppose the effect of vasoconstrictors.

Mesangial cells exhibit phagocytic properties and participate 
in the clearance of macromolecules from the mesangium,144,145 
as evidenced by the uptake of tracers such as ferritin,131 
colloidal carbon,146 and aggregated proteins.147 Mesangial 
cells are also involved in the generation and metabolism of 
the extracellular mesangial matrix.144,148 Because of both their 
distinct anatomic localization and their production of various 
vasoactive substances (e.g., nitric oxide), growth factors (e.g., 
VEGF, platelet-derived growth factor [PDGF], transforming 
growth factor [TGF]), and cytokines and chemokines (inter-
leukins, chemokine [C-X-C motif] ligand 1, chemokine [C-C 
motif] ligand [CCLs]), mesangial cells are also perfectly 
suited to mediate an extensive crosstalk to both endothelial 
cells and podocytes to control and maintain glomerular 
function.149 The PDGF-B isoform, the main ligand for the 

the existence of a layered bipartite molecular assembly  
within the SD.

Our understanding of the podocyte role and its SD in the 
filtration barrier was accelerated with identification of the 
protein nephrin, encoded by NPHS1, the gene mutated in 
congenital nephrotic syndrome of the Finnish type.119 Nephrin 
normally localizes to the SD, and its absence in the human 
congenital syndrome or in transgenic mice leads to loss of 
the SD, foot process effacement, and massive proteinuria. 
The SD area or domain of the podocyte includes the SD 
itself and the adjacent foot process membrane and cytoplasm. 
An expanding number of proteins localize to the SD domain, 
where they interact with nephrin and other partners, forming 
a multiprotein complex. Mutations in over 30 genes, many 
of which localize to the SD domain and the podocyte actin 
cytoskeleton, cause human nephrotic syndrome.120 For 
example, mutations or deficiencies of genes encoding SD 
domain proteins, such as podocin, CD2-associated protein, 
phospholipase Cε1, and transient receptor potential cation 
channel type 6, result in SD loss, foot process effacement, 
and proteinuria. Thus, there is convincing genetic evidence 
for the essential role of the SD, likely as a size-selective 
element, in the filtration barrier.

In addition to functioning as a critical structural barrier 
in filtration, the SD also functions as a signaling hub to 
regulate actin dynamics.121 Although the signaling pathways 
are incompletely understood, nephrin plays a central role. 
For example, phosphorylation of tyrosine residues within 
the intracellular domain of nephrin by Fyn kinase results 
in the recruitment of actin adaptor proteins such as Nck 
proteins (Nck1 and Nck2), which, in turn, induce actin 
polymerization.122,123 Moreover, Nck protein binding to Fyn 
promotes increased phosphorylation of nephrin.124 Down-
stream of its interaction with nephrin, Nck directly binds to 
and activates the neuronal Wiskott-Aldrich syndrome protein 
(N-WASP), an actin nucleation protein. N-WASP binds and 
activates the ubiquitously expressed Arp2/3 multiprotein 
complex, which induces actin polymerization.125,126 The 
importance of this signaling pathway is highlighted by studies 
showing that intact nephrin phosphorylation and the presence 
of podocyte Nck and N-WASP proteins are required for an 
intact filtration barrier of foot processes and stabilization of 
foot processes.127–129 There is also increasing evidence that the 
phosphorylation state of nephrin plays a role in its endocytic 
trafficking within the podocyte and is important for turnover 
and maintenance of the SD.130

MESANGIAL CELLS

The mesangial cells and their surrounding matrix constitute 
the mesangium, which provides a scaffold for the surrounding 
glomerular capillaries.19,131,132 The mesangium is separated from 
the capillary lumens by the endothelium and is surrounded 
by the GBM between capillary loops (see Figs. 2.8 and 2.10). 
Thus, the mesangium directly abuts both the endothelium and 
the GBM. The points where the GBM no longer encircles the 
capillary and starts to surround the mesangium are called the 
“mesangial angles.” Three-dimensional reconstruction studies 
reveal continuity of the entire mesangium as a continuous 
arborizing structure within the glomerulus.133 Mesangial cells 
are located within the central axial region of the mesangium 
and are irregular in shape with a dense nucleus. They have 
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compromised, and macromolecules can leak into the space 
between the PECs and the basement membrane of Bowman’s 
capsule and subsequently into the periglomerular space.160 
Several investigations suggest different populations of PECs 
exist.161 Cells located at the glomerular vascular pole inter-
posed between the PECs and podocytes have been called 
“peripolar cells.”162 By electron microscopy, these cells have 
prominent cytoplasmic granules, and display an immuno-
phenotype between PECs and podocytes and are currently 
called “transitional cells.”163,164 Their function is unknown. 
Other cells lining Bowman’s capsule near the vascular pole 
expressing podocyte markers and forming interdigitating 
foot processes are called “parietal podocytes” (or “ectopic 
podocytes”).163,165 In glomerular disease, PECs may transform 
into cuboidal cells with enlarged nuclei and express CD44.166 
These “activated PECs” demonstrate proliferation, migration, 
and matrix deposition and play a role in diseases such as 
focal segmental glomerulosclerosis.

Several studies have addressed the role of PECs as pos-
sible progenitor cells to renew podocytes.167 These various 
investigations using different experimental mouse models of 
podocyte depletion and genetic labeling methods have shown 
that PECs may serve as podocyte progenitor cells, transdif-
ferentiating into podocytes, which repopulate the glomerular 
tuft.164,168–170 In some studies of experimental glomerular injury, 
a subpopulation of podocytes actually migrates to Bowman’s 
capsule and expresses PEC markers.171–173 An understanding 
of these bidirectional differentiation pathways involving PECs 
and podocytes awaits further investigations.

JUXTAGLOMERULAR APPARATUS

The JGA is located at the vascular pole of the glomerulus, 
where the TAL of loop of Henle comes into contact with its 
parent glomerulus. It represents a major structural component 

receptor PDGFR-β, is a potent mitogen for mesangial cell 
proliferation, and genetic deletion of PDGF-B and PDGFR-β 
results in an absence of mesangial cells and mesangium.150 
As such, the mesangial cells also importantly contribute to 
a number of glomerular diseases, including IgA nephropathy 
and diabetic nephropathy.

The mesangial cell is surrounded by a matrix that is similar 
to but not identical with the GBM; the mesangial matrix is 
more coarsely fibrillar and slightly less electron dense. The 
presence of abundant thin microfibrils, best observed with 
tannic acid staining, likely explains the fibrillary character 
of the mesangial matrix.151 Fibrillin-1 is the major protein 
of the microfibrils, but other associated proteins include 
microfibril-associated glycoproteins 1 and 2 and latent TGF-
binding protein-1.152,153 Fibrillin-1 and α8 integrin colocalize 
in the mesangium and appear to interact to regulate mesangial 
adhesion.154

The mesangial matrix also contains fibronectin, type IV 
collagen α1 and α2 chains (not type IV α3, α4, or α5 chains, 
which are present in the GBM), type V collagen, various 
laminin isoforms (not laminin-521, which is present in the 
GBM), and the proteoglycan perlecan (not the proteoglycan 
agrin, which is present in the GBM). For example, laminin 
α1 is present in the mesangial matrix (not the GBM), and 
studies suggest it regulates mesangial cell homeostasis and 
matrix deposition by inhibiting TGF-β/Smad pathway signal-
ing.155 Several cell surface receptors of the β-integrin family 
have been identified on the mesangial cells, including α1β1, 
α3β1, and the fibronectin receptor, α5β1.156–158 These integrins 
mediate attachment of the mesangial cells to specific molecules 
in the extracellular mesangial matrix and link the matrix to 
the cytoskeleton. The attachment to the mesangial matrix 
is important for cell anchorage, contraction, and migration; 
ligand–integrin binding also serves as a signal transduction 
mechanism that regulates the production of extracellular 
matrix as well as the synthesis of various vasoactive mediators, 
growth factors, and cytokines.148,159

PARIETAL EPITHELIAL CELLS

The parietal epithelium, which lines the inner aspect of 
Bowman’s capsule, consists of flat squamous-like cells known 
as PECs (parietal epithelial cells) (Fig. 2.10).19 At the urinary 
pole, there is an abrupt transition from the PECs to the taller 
cuboidal cells of the proximal tubule, which has a well-
developed brush border (Fig. 2.16). The PECs are 0.1 to 
0.3 µm in height, except at the nucleus, where they increase 
to 2.0 to 3.5 µm. Each cell has a long cilium, and organelles 
are generally sparse but include small mitochondria, numer-
ous vesicles of 40 to 90 nm in diameter, and the Golgi 
apparatus. Large vacuoles and multivesicular bodies are rare. 
PECs express Pax-2 and claudin-1. The thickness of the 
basement membrane of Bowman’s capsule varies from 1200 
to 1500 nm.19 The basement membrane often has a lamellated 
appearance and increases in thickness with disease processes. 
At both the vascular pole and the urinary pole, the thickness 
of Bowman’s capsule decreases markedly. In contrast to the 
GBM, the basement membrane of the capsule contains the 
α6 chain of type IV collagen, which is part of the α1α2α1 
(IV)-α5α6α5(IV) protomer network.

PECs function as a permeability barrier for the urinary 
filtrate. In experimental glomerulonephritis, this barrier is 

Fig. 2.16 Scanning electron micrograph showing the surface of the 

parietal epithelial cells adjacent to the early proximal tubule (PT) at 

the urinary pole. Parietal epithelial cells have single cilia, and their 

lateral cell margins are accentuated by short microvilli (arrowheads). 
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cells and secretory epithelial cells and therefore have been 
called epithelioid or myoepithelial cells.176 They contain 
myofilaments in the cytoplasm, a well-developed endoplasmic 
reticulum, and small “protogranules” with a crystalline 
substructure in the Golgi complex.176,180 The signature feature 
of juxtaglomerular cells is the numerous electron-dense, 
membrane-bound granules of variable size and shape (Fig. 
2.17),179 which contain the aspartyl protease renin.179,181 In 
addition to renin granules, lipofuscin-like granules are 
common in juxtaglomerular cells in the human kidney, as 
well as in extraglomerular mesangial cells.178,180

In addition to renin, the juxtaglomerular granular cells 
express angiotensin II, which localizes in the same granules 
as renin 179 and has highest activity in the afferent arteriole.182 
Like lysosomes, renin-containing granules have an acid pH 
and contain lysosomal enzymes, including acid phosphatases 
and cathepsin B, and have the capacity to take up and degrade 
internalized material.142,179,183 During kidney development, 
renin expression is present in the intrarenal arteries, but by 
adulthood in normal conditions, renin granules are largely 
found only in juxtaglomerular granular cells in the distal 
afferent arteriole.184 Nonetheless, in adults, renin expression 
may again extend into more proximal arterial portions in 
some conditions, such as extravascular volume depletion, 
hypotension, and hemorrhage.185–187

of the renin–angiotensin system and contributes to the regula-
tion of glomerular arteriolar resistance and glomerular 
filtration.174

The JGA has vascular and tubular components. The vas-
cular components are the terminal portion of the afferent 
arteriole, the initial portion of the efferent arteriole, and 
the extraglomerular mesangium. The tubular component 
is the macula densa, located in the terminal portion of the 
TAL that lies between the afferent and efferent arterioles, 
in contact with the extraglomerular mesagium.175–177 The 
extraglomerular mesangium, also called the polar cushion 
(polkissen) or the lacis, is bounded by the macula densa, the 
specialized regions of the afferent and efferent glomerular 
arterioles at their junction with the glomerular tuft, and the 
mesangial cells of the glomerular tuft (the intraglomerular 
mesangial cells). Specialized cell types of the JGA include the 
juxtaglomerular granular cells, the agranular extraglomerular 
mesangial cells, and the epithelial cells that make up the 
macula densa.

JUXTAGLOMERULAR GRANULAR CELLS

The juxtaglomerular granular cells are located primarily in 
the walls of the afferent and, less commonly, the efferent 
arterioles.176–179 They exhibit features of both smooth muscle 

Fig. 2.17 Transmission electron micrograph of juxtaglomerular apparatus from a rabbit kidney, illustrating macula densa (MD), extraglomerular 

mesangium (EM), and a portion of an arteriole (on the right), containing numerous electron-dense granules. Macula densa cells are significantly 

taller and narrower than the adjacent thick ascending limb (TAL) cells. 
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These structural differences correlate with sexual dimorphism 
in proximal tubule transporter expression.197

In the rat198 and the rhesus monkey,199 three morphologi-
cally distinct segments—S1, S2, and S3—have been identified 
based on their ultrastructural characteristics198,200,201 (Figs. 
2.18–2.20). The S1 segment is the initial portion of the 
proximal tubule; it begins at the glomerulus (see Figs. 2.7 
and 2.16) and constitutes approximately two-thirds of the 
PCT in rat. The S2 segment contains the distal third of the 
PCT and the initial portion of the PST. The S3 segment is 
the remainder of the PST, located in the deep inner cortex 
and the outer stripe of the outer medulla.

Ultrastructurally, S1 cells have a tall brush border, a well-
developed vacuolar–lysosomal system, and extensive lateral 
plasma membrane invaginations and lateral cell processes, 
which extend from the apical to the basal surface and 
interdigitate with processes from adjacent cells. Elongated 
mitochondria are located in the lateral cell processes near 
the plasma membrane. The ultrastructure of S2 cells is similar, 
except the brush border is shorter, the basolateral invagina-
tions are less prominent, and the mitochondria are smaller. 
Numerous small processes, termed “micropedici” (little feet), 
are located close to the base of the cell. The endocytic 
compartment is less prominent than in the S1 segment, with 
the number and size of the lysosomes varying among species 
and between males and females, being more abundant and 
larger in males.193,198

In rat kidney, where the S1, S2, and S3 designations were 
first described, S3 cells are characterized by a long brush 
border; few lateral cell processes and invaginations; small, 
randomly distributed mitochondria; and small and sparse 
endocytic vacuoles and lysosomes.198 Peroxisomes are present 
throughout the proximal tubule, although they are more 
abundant in the straight portion of S2 and in S3 compared 
with S1.198

The S1, S2, and S3 designations were originally defined 
based on ultrastructural characteristics in the rat kidney, and 
due to variations in the ultrastructure among species, these 
terms are only properly applied to particular species. For 
example, the late PST has a relatively short brush border in 
humans194 and large endocytic vacuoles and numerous small 
lysosomes in rabbits.193 In rabbits, the S2 segment represents 
a transition between the S1 and S3 segments.202,203 A mor-
phometric study in mice found no structural segmentation 
in the cortical segments of the proximal tubule15; however, 
variations in the length of the brush border are evident among 
mouse proximal tubule profiles in the cortex, and the PST 
in the outer stripe of the outer medulla typically has a longer 
brush border compared with most cortical segments. Fur-
thermore, the mouse proximal tubule exhibits clear axial 
heterogeneity in expression of certain proteins, such as the 
electrogenic sodium bicarbonate cotransporter splice variant 
1-A (NBCe1-A), which is abundant in the basolateral plasma 
membrane in the PCT and early PST in the cortex, but 
undetectable in the PST in the outer medulla204 and the 
basolateral glutamine transporter, SN1 (SNAT3), which is 
confined to the PST in the outer medulla and medullary ray 
under basal conditions, but not detectable in PCT.205,206 In 
the nondiseased human kidney, only the PCT and the PST 
have been positively identified and described.194 Thus, the 
terms PCT and PST will be used hereafter unless the S1–S3 
terminology is specifically intended.

EXTRAGLOMERULAR MESANGIUM

Located between the afferent and efferent arterioles in close 
contact with the macula densa (see Fig. 2.17), the extraglo-
merular mesangium is continuous with the intraglomerular 
mesangium and is composed of cells that are similar in 
ultrastructure to the mesangial cells.176,177 The extraglomerular 
mesangial cells possess long, thin cytoplasmic processes sepa-
rated by basement membrane material. Although not typical, 
extraglomerular mesangial cells occasionally contain renin 
granules. The extraglomerular mesangial cells are in contact 
with the afferent and efferent arterioles and the macula densa, 
and gap junctions are commonly observed between the various 
cells of the vascular portion of the JGA.142,188 Gap junctions, 
formed at least in part from connexin 40,189 exist between 
extraglomerular and intraglomerular mesangial cells, enabling 
signaling to be conveyed from the macula densa through 
the extraglomerular mesangium to the glomerulus.142,190 
Moreover, there is evidence that altered gap junction structure 
and function may eliminate the tubuloglomerular feedback 
response.190,191

MACULA DENSA

The macula densa is a specialized region in the TAL adjacent 
to the hilum of the parent glomerulus (see Figs. 2.8 and 
2.17). Macula densa cells are morphologically distinct from 
the surrounding cells of the TAL. They are columnar cells 
with large, apically placed nuclei, although there are con-
siderable species differences in the height of macula densa 
cells. Compared with TAL cells, macula densa cells have 
relatively little cytoplasm, few basolateral plasma membrane 
infoldings, and lower mitochondrial density; mitochondria 
are small and either scattered (rat) or basal to the nucleus 
(human), and rarely enclosed within basolateral plasma 
membrane infoldings. The Golgi apparatus is lateral to and 
beneath the cell nucleus and other cell organelles, including 
lysosomes, autophagic vacuoles, ribosomes, and smooth and 
rough endoplasmic reticulum, and also is located principally 
beneath the cell nucleus. Basal cytoplasmic extensions contact 
the vascular elements, and at these points, the macula densa 
basement membrane is fused with basement membrane of 
the vascular elements.175,176 Macula densa cells lack the lateral 
cell processes and interdigitations that are characteristic of 
the TAL, and the width of the lateral intercellular spaces 
varies with the physiologic state of the animal.192

PROXIMAL TUBULE

The proximal tubule consists of the proximal convoluted 
tubule (PCT, pars convoluta), which originates at the glo-
merular urinary pole and is located in the cortical labyrinth, 
and the PST, pars recta, which is distal to the PCT and located 
in the medullary ray in the cortex and extending through 
the outer stripe of the outer medulla (see Fig. 2.5). The 
proximal tubule length varies among species, measured at 
~10 mm in rabbits,193 ~8 mm in rats, 4 to 5 mm in mice,15 
and ~14 mm in humans.194 The volume density of proximal 
tubules in the cortex is greater in males than females in rats 
and mice195,196; in mice, proximal tubules account for ~60% 
of the cortical volume in males and only ~40% in females.195 



 CHAPTER 2 — ANATOMY OF THE KIDNEY 53

1 µm

Fig. 2.18 Transmission electron micrograph of the S1 segment of a rat proximal tubule. The cells are characterized by a tall brush border, a 

prominent endocytic–lysosomal apparatus, and extensive invaginations of the basolateral plasma membrane with numerous long mitochondria 

aligned among the basolateral plasma membrane infoldings. 

PROXIMAL CONVOLUTED TUBULE

Cells of the PCT are structurally complex.202,207,208 Large 
primary ridges extend laterally from the apical to the basal 
surfaces of the cells. Large lateral processes, often containing 
mitochondria, extend outward from the primary ridges and 
interdigitate with similar processes in adjacent cells (Fig. 
2.21). Near the luminal surfaces of the cells, smaller lateral 
processes extend from the primary ridges to interdigitate with 
those of adjacent cells. Small basal villi that do not contain 
mitochondria are found along the basal cell surfaces (Figs. 
2.18, 2.19, 2.21, and 2.22). These extensive interdigitations 
result in a complex extracellular compartment, the basolateral 
intercellular space (Figs. 2.21–2.23), which is separated from 
the tubule lumen (apical cell surface) by the tight junctions 
(zonula occludens).209 Proximal tubule tight junctions express 
specific claudin proteins, which confer specific ion perme-
abilities and likely contribute to the high rates of paracellular 
sodium and water transport.210–212 Below the tight junction lies 
the belt-like intermediate junction, the zonula adherens,209 
followed by several desmosomes distributed randomly at 
variable distances beneath the intermediate junction. In 
mammalian and invertebrate renal proximal tubules, gap 

junctions are present in small numbers213 and can provide 
a pathway for the movement of ions between cells and for 
cell–cell communication via a family of proteins known as 
connexins.214 The lateral intercellular space of each PCT 
cell is open at the basement membrane, which separates the 
cell from the peritubular interstitium and capillaries. The 
thickness of the basement membrane gradually decreases 
along the proximal tubule. For example, in the rhesus 
monkey, the basement membrane thickness is approximately 
250 nm, 145 nm, and 70 nm in the S1, S2, and S3 segments,  
respectively.199

The lateral cell processes of PCT cells combined with 
extensive invaginations of the plasma membrane increase 
both the intercellular space and surface area of the basolateral 
plasma membrane. In rabbits, the area of the lateral surface 
equals that of the luminal surface and amounts to 2.9 mm2 
per mm of tubule.215 Elongated mitochondria are located 
in the lateral cell processes near the plasma membrane  
(see Figs. 2.18 and 2.23), where sodium–potassium adenos-
ine triphosphatase (Na+-K+-ATPase) resides.216,217 Although 
mitochondria often appear rod-shaped in two-dimensional 
images, many mitochondria are branched and connected 
with one another.218 A system of smooth membranes, the 
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1 µm

Fig. 2.19 Transmission electron micro-

graph of the S2 segment of a rat proxi-

mal tubule. The brush border is shorter 

than in the S1 segment. Mitochondria 

are numerous and generally aligned 

with the basolateral plasma membrane 

infoldings. There are numerous small 

lateral processes at the base of the cell. 

1 µm

Fig. 2.20 Transmission electron micro-

graph of the S3 segment of a rat proximal  

tubule. The brush border is tall, but 

the endocytic–lysosomal apparatus is 

less prominent than in the S1 and S2 

segments. Basolateral invaginations are 

sparse, and mitochondria are scattered 

randomly throughout the cytoplasm. 
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membranes, the microvilli. The brush border greatly increases 
the apical cell surface,215 increasing the absorptive surface 
facing the luminal fluid. Each microvillus contains 6 to 10 
actin filaments of approximately 6 nm in diameter that 
extend variable distances into the cell body. A network of 
filaments containing myosin and spectrin,219 the terminal 
web, is located in the apical cytoplasm just beneath and 
perpendicular to the microvilli.220 Each PCT cell has a well-
developed endocytic–lysosomal apparatus that is involved in 
the reabsorption of macromolecules from the ultrafiltrate 
and their degradation.221,222 The endocytic compartment 
includes an extensive system of coated pits, small coated 
vesicles, apical dense tubules, and larger endocytic vacuoles 
without a cytoplasmic coat (Fig. 2.24). The coated pits are 
invaginations of the apical plasma membrane at the base 
of the microvilli and contain clathrin,219 megalin,223–225 and 
cubilin,225 proteins that are involved in receptor-mediated 
endocytosis. The cytoplasmic coat of the small vesicles is 
similar in ultrastructure to the coat that is present on the 
cytoplasmic side of the coated pits.

PCT cells contain numerous lysosomes of variable size, 
shape, and ultrastructural appearance (Fig. 2.25).221,226 
Lysosomes are membrane-bound, heterogeneous organ-
elles that contain proteases, lipases, glycosidases, and acid 
hydrolases, including acid phosphatases. Lysosomes degrade 
material absorbed by endocytosis (heterophagocytosis) and 
often contain electron-dense deposits that are believed to 
represent reabsorbed substances such as proteins (see Figs. 
2.19 and 2.25). Lysosomes also participate in the normal 
turnover of intracellular constituents by autophagocytosis, 
and autophagic vacuoles containing fragments of cell 
organelles are often seen in PCT cells.226 Lysosomes con-
taining nondigestible substances are called residual bodies; 
these can empty their contents into the tubule lumen by 
exocytosis. Multivesicular bodies (MVBs), which are part of 
the vacuolar–lysosomal system, are often observed in the 
cytoplasm of PCT cells. MVBs were originally thought to be 
involved in membrane retrieval and/or membrane disposal, 
but later studies suggest that MVBs may provide an exit route 
for plasma membrane vesicles formed by endocytosis and 
could function as a signaling mechanism to downstream 
nephron segments.227,228 The extensive vacuolar–lysosomal 
system of proximal tubule cells plays an important role in the 
reabsorption and degradation of albumin and low-molecular-
weight plasma proteins from the glomerular filtrate.221,229,230 
Under normal conditions, the vacuolar–lysosomal system is 
most prominent in the PCT, but in proteinuric states, large 
vacuoles and extensive lysosomes can be observed in the  
PST as well.193,198

PROXIMAL STRAIGHT TUBULE

In the rat, the proximal straight tubule (PST, pars recta) 
includes the terminal portion of the S2 segment, located in 
the medullary ray, and the entire S3 segment. PST morphology 
varies considerably among species. For example, the rat S3 
brush border measures up to 4 µm long, whereas in the 
rabbit and human PST, the brush border is relatively short. 
The S3 epithelium is simpler than both the S1 and S2 seg-
ments.198,202 Basolateral plasma membrane invaginations are 
virtually absent, mitochondria are small and randomly 
scattered throughout the cytoplasm, and intercellular spaces 

paramembranous cisternal system, which may be in continuity 
with the smooth endoplasmic reticulum, is often observed 
between the plasma membrane and mitochondria. PCT cells 
contain large quantities of smooth and rough endoplasmic 
reticulum, and free ribosomes are abundant. A well-developed 
Golgi apparatus, composed of smooth-surfaced sacs or cister-
nae, coated vesicles, uncoated vesicles, and larger vacuoles, 
is located above and lateral to the nucleus. In addition, an 
extensive system of microtubules is located throughout the 
cytoplasm of proximal tubule cells.

PCT cells have lush luminal brush borders formed by 
densely packed, fingerlike projections of the apical plasma 

Fig. 2.21 Schematic drawing illustrating the three-dimensional 

configuration of the proximal convoluted tubule cell. (From Welling 

LW, Welling DJ. Shape of epithelial cells and intercellular channels in the 

rabbit proximal nephron. Kidney Int. 1976;9:385–394.)

Fig. 2.22 Scanning electron micrograph of rat proximal convoluted 

tubule, illustrating the lush brush border (BB), primary cilia extending 

into the lumen, prominent lateral cell processes, and multiple small 

basal processes (B), called micropedici. (Modified from Verlander JW. 

Solute reabsorption. In Cunningham’s Veterinary Physiology, 6th ed. St 

Louis: Elsevier; In press.)
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structures often project outward from the organelle. In 
addition, a small nucleoid is often present in peroxisomes 
in the PST. Peroxisomes contain abundant catalase, which 
is involved in the degradation of hydrogen peroxide, and 
various oxidative enzymes, including l-α-hydroxy-acid oxidase 
and D-amino acid oxidase.233,234

The proximal tubule plays a major role in the reabsorption 
of Na+, HCO3

−, Cl−, K+, Ca2+, PO4
3−, water, and organic solutes 

such as vitamins, glucose, and amino acids; secretion of 
protons, ammonia, and organic anions; and uptake of filtered 
peptides and proteins. The ultrastructural features of proximal 
tubule cells aid in these transport processes, most notably 
the high surface density of both the apical and basolateral 
plasma membrane compartments, the high mitochondrial 

are smaller and less complex (Figs. 2.20 and 2.26). These 
morphologic characteristics are in agreement with studies 
demonstrating that Na+-K+-ATPase activity is significantly less 
in the PST compared to PCT.231 In contrast to PCT cells, the 
vacuolar–lysosomal system is less prominent in rat S3 cells, 
although in both rabbits and humans, many small lysosomes 
containing electron-dense membranelike material are present 
in the late PST.193,194,232 Peroxisomes are common in the PST 
(Fig. 2.27). In contrast to lysosomes, peroxisomes are irregular 
in shape, are surrounded by a 6.5-nm-thick membrane, and 
do not contain acid hydrolases.226 Peroxisomes within the 
PST vary considerably in appearance among species. In the 
rat, small, circular profiles are visible by transmission electron 
microscopy just inside the limiting membrane, and rod-shaped 

Fig. 2.23 Transmission electron micrograph of the proximal convoluted tubule from a normal human kidney. The mitochondria (M) are elongated 

and tortuous, occasionally doubling back on themselves. The endocytic apparatus, composed of apical vacuoles (AV), apical vesicles (V), and 

apical dense tubules (arrows), is well developed. G, Golgi apparatus; IS, intercellular space; L, lysosome; Mv, microvilli forming the brush border; 

TL, tubule lumen. 
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abruptly from the distal end of the PST, descend a variable 
distance, make a hairpin turn, and ascend to the abrupt 
transition to the TAL. The transition from the proximal tubule 
to the descending thin limb (Figs. 2.5, 2.6, 2.28, and 2.29) 
defines the boundary between the outer and inner stripes 
of the outer medulla, and the transition from the thin ascend-
ing limb to the thick ascending limb defines the boundary 
between the outer and inner medulla (see Figs. 2.5 and 2.6). 
Short-looped nephrons, which originate from superficial and 
midcortical glomeruli, have a short descending thin limb 
that transitions to the TAL at the hairpin turn near the border 
of the outer and inner medulla. Long-looped nephrons, 
which originate from juxtamedullary glomeruli, have long 
descending and ascending thin limbs connected by a hairpin 
turn located at variable depths in the inner medulla. Nephrons 
arising in the extreme outer cortex have only short cortical 
loops that do not extend into the medulla. Although these 
features are generally consistent among mammalian species, 
detailed studies of the organization of the renal medulla in 
several laboratory animals, including 3D reconstruction 
studies, have described variations among species in the length 
and ultrastructure of the thin-limb segments.13,239

There are four types of thin-limb epithelia, types I through 
IV, based on ultrastructural characteristics240–244 (Fig. 2.30). 

density in early proximal tubule segments, and the abundant 
endocytic vesicles and lysosomal system. Proximal tubule cells 
alter transport capacity in some instances by redistribution 
of specific transporters located in the brush border. For 
example, the apical sodium–hydrogen exchanger, NHE3, is 
rapidly redistributed between the brush border microvilli 
and the base of the microvilli in models that alter proximal 
tubule sodium uptake,235,236 whereas parathyroid hormone 
stimulates redistribution of the sodium phosphate transporter, 
NaPi-2, from the microvilli to endosomes.236 Changes in the 
hydraulic and oncotic pressures across the tubule and capillary 
wall cause significant ultrastructural changes in the proximal 
tubule, especially in the configuration of the lateral intercel-
lular spaces.237,238

THIN LIMBS OF THE LOOP OF HENLE

The thin limbs of the loop of Henle connect the proximal 
and distal tubules of the nephron. The thin limbs arise 

��
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���

Fig. 2.24 Transmission electron micrograph of the apical region of 

a human proximal tubule, illustrating the endocytic apparatus, including 

coated pits (Cp), coated vesicles (Cv), apical dense tubules (Dat), and 

endosomes (E). 

Fig. 2.25 Transmission electron micrographs illustrating the appear-

ance of different types of lysosomes from human proximal tubules. 

(A) Lysosomes. Several mitochondria (M) are also shown. (B) Early 

stage of formation of an autophagic vacuole. (C) Fully formed autolyso-

some containing a mitochondrion undergoing digestion. (D) Autolyso-

some containing a microbody undergoing digestion. A multivesicular 

body (arrow) is also shown. (From Tisher CC, Bulger RE, Trump BF. 

Human renal ultrastructure. I: Proximal tubule of healthy individuals. Lab 

Invest. 1966;15:1357–1394.)



58 SECTION I — NORMAL STRUCTURE AND FUNCTION

The tight junctions are shallow, characteristic of a leaky  
epithelium.

Thin limb segments exhibit specific expression patterns 
for several transport proteins, including Na+-K+-ATPase, the 
water channel, aquaporin-1 (AQP1), and the urea transporter, 
UT-A2. Correlating to its more complex structural features, 
the rat type II epithelium has significantly greater Na+-K+-
ATPase protein expression249 and activity250 compared with 
other descending thin limb segments. In rabbit, the type II 
thin limb does not have complex basolateral plasma mem-
brane infoldings and, like all segments of the rabbit thin 
limb, has very low Na+-K+-ATPase activity.251 AQP1239,252,253 and 
the urea transporter, UT-A2,254–256 are expressed in specific 
segmental patterns, exclusively in the descending thin limbs. 
However, in the Munich-Wistar rat, segments with structural 
features and immunoreactivity for AQP1 and UT-A2 typical 
of descending thin limbs are intermingled with segments 
typical of ascending limbs.257

The 3D arrangement of the inner medulla has been 
characterized in detailed structural studies, documenting 
the spatial organization of specific thin limb segments relative 
to vasa recta and collecting ducts in the medulla, which, 
along with the specific transport properties of the thin limb 
segments, is believed to be a necessary element of the urine 
concentrating mechanism.13,258–267

Type I epithelium is found exclusively in the descending 
thin limb of short-looped nephrons. It is extremely thin, and 
both the apical and basolateral plasma membranes are rela-
tively smooth, with few apical microprojections and few 
basolateral infoldings. Lateral interdigitations and cellular 
organelles are sparse. Tight junctions are intermediate in 
depth with several junctional strands, characteristics of a 
tight epithelium.245–247

The descending thin limb of long-looped nephrons contains 
type II epithelium in the outer medulla and type III epithelium 
in the inner medulla. Type II epithelium is taller than type I 
epithelium and exhibits considerable species differences. In 
the rat,248 mouse,240 Psammomys obesus,244 and hamster,242 the 
type II epithelium has extensive lateral and basal interdigita-
tions (Fig. 2.31). The tight junctions are extremely shallow and 
contain a single junctional strand, characteristics of a “leaky” 
epithelium. Short, blunt microvilli cover the luminal surface. 
Cell organelles, including mitochondria, are more prominent 
than in other segments of the thin limb. In the rabbit the 
type II epithelium is less complex,202 lateral interdigitations 
are less prominent, and tight junctions are deeper.247

Compared with type II epithelium, type III epithelium 
is thinner and simpler in structure. The cells do not inter-
digitate, the tight junctions are intermediate in depth, and 
there are fewer luminal surface microprojections (Figs. 2.30 
and 2.32). Type IV epithelium forms the bends of the long 
loops and the entire ascending thin limb. Type IV epithe-
lium (Figs. 2.30 and 2.32) is generally low and flat and has 
relatively few organelles. It has few surface microprojections 
but abundant lateral cell processes and interdigitations. 

Fig. 2.27 Transmission electron micrograph of the rat proximal straight 

tubule, S3 segment. Endocytic vesicles, lysosomes, and autophagic 

vacuoles (arrowhead) are less abundant than in S1 and S2 segments. 

However, peroxisomes are abundant and identified by their irregular, 

angular shape and small, circular protuberances along the edges 

(arrows). 

Fig. 2.26 Low-magnification transmission electron micrograph of a 

segment of the proximal straight tubule from a human kidney. The 

microvilli on the convex apical cell surface are not as long as those in 

the rat proximal straight tubule. The lysosomes are extremely electron 

dense. The clear, single membrane–limited structures at the base of 

the cell to the right represent lipid droplets. (Courtesy R.E. Bulger, PhD.)
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DISTAL TUBULE

The term “distal tubule” has been used in different ways to 
encompass different segments of the distal nephron. Accord-
ing to the standard nomenclature of renal anatomists, the 
“distal tubule” includes the TAL of loop of Henle (pars recta 
or distal straight tubule), which contains the macula densa 
and the distal convoluted tubule (pars convoluta).268 However, 
in micropuncture studies and more common usage, the distal 
tubule includes the segments from just distal to the macula 
densa to the first confluence of two tubules. By this definition, 
the distal tubule may include up to four different epithelial 
segments, a short portion of TAL, DCT, connecting tubule 
(CNT), and ICT.202,269,270 The lengths of the segments that 
make up the distal tubule vary among species and rat strains. 
The length of the tubule from the macula densa to the first 
tubule junction in the rat is reported to be 2.4–2.5 mm.269 
In Sprague-Dawley and Brattleboro rats, DCT accounts for 
~75%–77% of distal tubule accessible by micropuncture, 
whereas in Wistar rats, DCT constitutes only ~48% of the 
distal tubule, with the remainder being CNT and ICT.269 In 
studies of microdissected rabbit distal tubule, segments 
designated as DCTb, DCTg, and DCTl, likely correlating to 
DCT, CNT, and ICT, measured 0.49 mm, 0.42 mm, and 
0.41 mm, respectively.271 However, the rabbit DCT was 
measured at ~1 mm long in structural studies.202

Fig. 2.28 Transmission electron micrograph from rabbit kidney 

illustrating the abrupt transition from the proximal straight tubule to 

the descending thin limb of the loop of Henle. (Modified from Madsen 

KM, Park CH. Lysosome distribution and cathepsin B and L activity 

along the rabbit proximal tubule. Am J Physiol. 1987;253:F1290–F1301.)

1 µm

Fig. 2.29 Scanning electron micrograph depicting the abrupt transition 

from the terminal S3 segment of the rat proximal tubule (top) to the 

descending thin limb (bottom). Elongated cilia project into the lumen 

from cells of the proximal tubule and the thin limb. 

Type I

Type II

Type III

Type IV 

Fig. 2.30 Diagram depicting the appearance of the four types of thin 

limb segments in a rat kidney. (See text for explanation.) 
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Fig. 2.31 Transmission electron micrograph of type II epithelium of the thin limb of loop of Henle in the inner stripe of the outer medulla of a 

rat kidney. Compared with other thin limb types, type II epithelium is taller and has more organelles, prominent apical plasma membrane 

microprojections, and complex basolateral plasma membrane infoldings. The cells have extensive lateral interdigitations attached near the 

apical surface by short tight junctions (arrows). (Modified from Verlander JW. Normal ultrastructure of the kidney and lower urinary tract. Toxicol 

Pathol. 1998;Jan-Feb;26(1):1–17.)

Fig. 2.32 Transmission electron micrograph of thin limbs of the loop of Henle in the initial inner medulla of rat kidney. Type III epithelium 

(arrows) has prominent apical plasma membrane microprojections. It is a very low, flat epithelium with relatively few basolateral plasma membrane 

infoldings compared with type II epithelium. A small portion of type IV thin limb epithelium is also visible, which also is very flat but has numerous 

tight junctions (arrowheads) due to the abundant lateral interdigitations. (From Sands JM, Verlander JW. Functional anatomy of the kidney. In: 

McQueen C, ed. Comprehensive toxicology, 3rd ed. St Louis: Elsevier; 2017.)
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Fig. 2.33 Scanning electron micrograph illustrating the luminal surface 

of rat medullary thick ascending limb. The white asterisk denotes 

smooth-surfaced cells; the black asterisk identifies rough-surfaced 

cells. (Modified from Madsen KM, Verlander, Tisher CC. Relationship 

between structure and function in distal tubule and collecting duct.  

J Electron Micros Tech. 1988;9:187–208.)

THICK ASCENDING LIMB

The TAL arises abruptly from the thin limbs of loop of Henle, 
spans the inner and outer stripes of the outer medulla, 
extends through the cortex in the medullary rays, contacts 
the glomerulus of its own nephron at the macula densa, and 
extends a short distance beyond the macula densa before 
the transition to the DCT202,270 (see Fig. 2.5). In short-looped 
nephrons, the transition to the TAL can occur shortly before 
the hairpin turn, but this is not the case in all species.15 In 
the outer medulla, TAL cells are taller in the inner stripe, 
beginning at ~11 µm and declining to between 7 and 8 µm in 
height.202,270,272 As the tubule ascends toward the cortex, cell 
height gradually decreases further to ~5 µm in the cortical 
TAL (cTAL) of the rat.272 In rabbits also, the cTAL is lower 
than the medullary TAL (mTAL) in height, averaging 4.5 µm 
but declining to ~2 µm in the terminal part.202,273

TAL cells have extensive infoldings of the basolateral plasma 
membrane and interdigitations between adjacent cells (Figs. 
2.33 and 2.34). The basolateral infoldings often extend from 
the base to two-thirds or more of the cell height, particularly 
in the mTAL in the inner stripe. The cell nucleus is centrally 
located, with little cytoplasm or organelles between the nucleus 
and either the apical or basal surface. Abundant elongated 
mitochondria are located in lateral cell processes, generally 
oriented perpendicularly to the basement membrane, similar 
to the S1 segment of the proximal tubule, and they contain 
prominent granules in the matrix. The TAL also has a well-
developed Golgi complex; small, subapical cytoplasmic vesicles 

and tubulovesicles; multivesicular bodies and lysosomes; and 
abundant smooth and rough endoplasmic reticulum. The 
tight junctions are 0.1 to 0.2 µm in depth in the rat209; in 
rabbit, the length of the tight junctions increases from the 
mTAL to the cTAL.202 Intermediate junctions are also present, 
but desmosomes appear to be lacking.

By SEM, the TAL of the rat kidney has two morphologically 
distinct cells, designated “smooth” and “rough,” distinguished 
by the appearance of the luminal plasma membrane and 
lateral cell borders.270 Rough TAL cells have numerous small 
apical microprojections, whereas the apical surface of smooth 
TAL cells has few microprojections except along the cell 
borders (Fig. 2.33); both types have a single, central primary 
cilium. In the inner stripe of the outer medulla, rough TAL 
cells generally have prominent lateral processes that inter-
digitate with neighboring cells, producing an undulating 
cell border, whereas smooth TAL cells typically have only 
shallow lateral processes and hence a relatively simple cell 
border; these differences are not present in the cTAL.270 
However, compared with rough TAL cells, smooth TAL cells 
have a more prominent subapical cytoplasmic vesicle and 
tubulovesicle compartment. The smooth surface pattern 
predominates in the mTAL, but as the thick limb ascends, 
the number of rough TAL cells increases, and luminal 
microprojections and apical lateral invaginations become 
more prominent. Consequently, the surface area of the 
luminal plasma membrane is significantly greater in the cTAL 
than in the mTAL.272

The structural characteristics of the TAL, notably the high 
density of mitochondria interposed between extensive 
basolateral plasma membrane infoldings, contribute to its 
important role in active reabsorption of NaCl via the Na+, 
K+,2Cl– cotransporter located in the apical plasma membrane274 
driven by abundant basolateral Na+-K+-ATPase. Within the 
TAL, axial heterogeneity in the ultrastructural features cor-
relates with Na+-K+-ATPase activity, with the mTAL in  
the inner stripe having the greatest basolateral plasma 
membrane area, mitochondrial density, and Na+-K+-ATPase 
activity.249,272,275,276 However, functional correlations with the 
observed axial and cellular structural heterogeneity are 
limited.277 Some physiologic studies using the isolated perfused 
tubule technique found that NaCl transport is greater in the 
medullary segment than in the cortical segment of the TAL,278 
consistent with the structural differences, but others did not 
observe this.279,280 Similarly, functional differences between 
the smooth and rough forms of TAL cells have not been 
defined. Although cellular heterogeneity in the expression 
of various transport proteins, including ROMK, H+ATPase, 
and NKCC2, has been observed in the TAL, these variations 
in protein expression have not yet been correlated with the 
apical surface patterns described using electron microscopy.277

DISTAL CONVOLUTED TUBULE

The abrupt transition from the TAL to the DCT occurs a 
short distance distal to the macula densa and is located in 
the cortical labyrinth (Figs. 2.5 and 2.35). Like TAL cells, 
DCT cells contain extensive basolateral plasma membrane 
infoldings and a dense array of long mitochondria aligned 
with the plasma membrane infoldings perpendicular to the 
basement membrane (Fig. 2.36). However, DCT cells are 
significantly taller than TAL cells, and the cell nuclei are 
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Fig. 2.34 Transmission electron micrograph of cortical thick ascending limb (TAL) in rat kidney. The apical surface has numerous short apical 

microprojections, typical of the rough TAL cells common in the cortical TAL, and deep, complex invaginations of the basal plasma membrane 

extend into the apical region of the cell and enclose elongated mitochondrial profiles. There are few organelles and little cytoplasm between 

the nucleus and the apical and basal aspects of the cell compared with the distal convoluted tubule (see Fig. 2.36). A peritubular capillary with 

fenestrated endothelium (arrows) is adjacent to the basal side of the TAL cell. 

Fig. 2.35 Micrographs depicting the abrupt transition (arrows) from 

the thick ascending limb of Henle (below) to the distal convoluted 

tubule (above). (A) Light micrograph of normal rat kidney. (B) Scan-

ning electron micrograph of normal rabbit kidney. (B, Courtesy  

Ann LeFurgey, PhD.)

1 µm

Fig. 2.36 Transmission electron micrograph of rat distal convoluted 

tubule (DCT). Although the structure of DCT cells is similar to thick 

ascending limb (TAL) cells in many ways, DCT cells are considerably 

taller, with numerous basal plasma membrane infoldings and mito-

chondria interposed between the nucleus and the basement membrane. 

Compare with the TAL cell in Fig. 2.34. 
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cotransporter, NCC, is definitive for DCT cells and is present 
throughout the entire DCT. The initial DCT segment, DCT1, 
is distinguished from the late segment, DCT2, by the presence 
in DCT2 of the Na+–Ca2+ exchanger (NCX1) and vitamin 
D–dependent calcium-binding protein, calbindin-D28K,283 
proteins that are also expressed in CNT cells.284 In mice285,286 
and humans,287 NCX and calbindin-D28K are expressed 
throughout most of the DCT; thus, DCT1 and DCT2 are not 
distinguishable, at least not as originally defined. Nonetheless, 
in rat, mouse, and human, the early DCT is distinct from 
the late DCT in that the latter portion expresses the epithelial 
sodium channel (ENaC),286 which is also expressed in CNT 
cells, and in mice and rats, the late DCT expresses the apical 
calcium channel TRPV5, which is absent from the early 
DCT.288,289 Furthermore, in rat and mouse, the late portion 
of the DCT also contains intercalated cells, predominantly 
the so-called non-A, non-B subtype, which is described in 
detail in the section on the collecting duct.

The DCT has the highest Na+-K+-ATPase activity of all 
nephron segments,231,251 which drives ion transport and 
correlates with the high mitochondrial density and elaborate 
basolateral plasma membrane infoldings in this segment. 
The NCC is present in the apical plasma membrane and 
subapical vesicles.290–292 A number of studies have demon-
strated structural changes in the DCT in response to physi-
ologic stimuli that alter the transport activity in this 
segment.293–297 For example, treatment with furosemide, an 
inhibitor of the TAL transporter NKCC2, causes a marked 
increase in DCT cell size, basolateral plasma membrane area, 
and cell proliferation, along with increased NCC expression 
and sodium uptake, suggesting structural adaptations cor-
relating with functional adaptations to conserve sodium when 
NKCC2 is inhibited and NaCl delivery to the DCT is 
increased.293,298 In animals fed a low-salt diet, NCC is largely 
expressed in the apical plasma membrane where it mediates 

close to the apical plasma membrane with basolateral plasma 
membrane infoldings and mitochondria interposed between 
the nucleus and basement membrane. On the luminal surface, 
DCT cells have a single central cilium and numerous small 
microprojections, which are more prominent at the lateral 
cell borders; the lateral borders are simple compared with 
TAL cells (Fig. 2.37). The junctional complex is composed 
of a tight junction, which is approximately 0.3 µm in depth, 
and an intermediate junction.209 The Golgi complex is well-
developed, and lysosomes and multivesicular bodies are 
present but less common than in the proximal tubule. The 
cells contain numerous small subapical vesicles, microtubules, 
free ribosomes, and rough and smooth endoplasmic reticulum.

As mentioned previously, in micropuncture studies, the 
“distal tubule” includes tubule segments from immediately 
distal to the macula densa to the first junction with another 
renal tubule, which includes as many as four different types 
of epithelia (Fig. 2.38). In general, the “early” or “bright” 
distal tubule corresponds largely to the DCT plus a short 
segment of TAL, whereas the “late” or “granular” distal tubule 
corresponds to the connecting tubule and the initial portion 
of the collecting duct in the cortical labyrinth, the ICT.269,281 
In several species, the DCT exhibits axial heterogeneity with 
respect to cell morphology and transporter expression.282 In 
rabbits, the transition from DCT to CNT is morphologically 
distinct, but in rats, mice, and humans, the late portion of 
the DCT shares features of the CNT, including the presence 
of intercalated cells and several proteins expressed in CNT 
cells. In fact, two DCT segments, DCT1 and DCT2, have 
been defined in the rat based on protein expression char-
acteristics. Expression of the apical thiazide-sensitive NaCl 
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Fig. 2.38 Diagram of the various anatomic arrangements of the distal 

tubule and cortical collecting duct in superficial and juxtamedullary 

nephrons. (See text for detailed explanation.) CCD, Cortical collecting 

duct; CNT, connecting segment; DCT, distal convoluted tubule; G, 

glomerulus; ICT, initial collecting tubule; MD, macula densa; TAL, 

ascending thick limb (of Henle). Fig. 2.37 Scanning electron micrograph showing the luminal surface 

of a distal convoluted tubule from a rat kidney. Short microvilli are 

prominent, cell borders are accentuated by longer and more abundant 

microvilli, and the cell borders in the apical region are simple, lacking 

the interdigitations seen in the thick ascending limb (TAL). (Compare 

with Fig. 2.33.) 
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plasma membrane infoldings, and fewer, more randomly 
arranged mitochondria.312

Three distinct intercalated cell subtypes are present in the 
CNT, based on not only morphologic characteristics but also 
distinct patterns of transporter expression: type A, type B, 
and non A, non B.313–316 In rat and mouse CNT, the so-called 
non A, non B intercalated cell is the most prevalent subtype, 
followed by type A cells and type B cells.313 The morphologic 
characteristics and localization of specific ion transport-
ers distinguishing these three intercalated cell subtypes 

apical NaCl uptake, whereas feeding a high-salt diet or acute 
induction of hypertension causes redistribution of NCC to 
the subapical cytoplasmic vesicles.299,300 Conversely, angiotensin 
II administration acutely causes a significant increase in the 
apical plasma membrane expression of NCC and a reduction 
in NCC expression in apical cytoplasmic membrane vesicles, 
whereas treatment with captopril, an angiotensin-converting 
enzyme inhibitor, has the opposite effect on NCC distribu-
tion,301 although under these conditions, phosphorylated 
NCC is found exclusively in the apical plasma membrane 
and not in cytoplasmic vesicles.302 Similarly, estradiol admin-
istration in ovariectomized rats, which increases NCC 
phosphorylation and activity,303 causes an increase in apical 
plasma membrane complexity and apical plasma membrane 
NCC expression along with depletion of apical cytoplasmic 
vesicles.304 Thus, structural changes occur in the DCT in 
response to stimuli that alter NCC transporter expression 
and functional activity.

CONNECTING SEGMENT

The CNT constitutes the main portion of the “late” or 
“granular” distal tubule as defined in the micropuncture 
literature. The CNTs of superficial nephrons continue directly 
into ICTs, whereas CNTs from midcortical and juxtamedullary 
nephrons join to form arcades that ascend in the cortex  
and continue into ICTs (see Fig. 2.38).202,271 CNTs are present 
throughout the cortical labyrinth but are present in higher 
density surrounding interlobular vessels; the CNT makes 
contact with the afferent arteriole of its own glomerulus, 
upstream of the JGA.305,306 These contacts enable crosstalk 
between the CNT and renal vasculature, which regulates 
renal perfusion in addition to the classic tubuloglomerular 
feedback mechanism mediated through the JGA.307–310

In the rabbit, the CNT is a well-defined segment com-
posed of two cell types: the CNT cell and the intercalated 
cell.202,297 However in other species, including rats,269,281 mice,297 
and humans,178,311 the transition from DCT to CNT is not 
structurally distinct. More distally, the rat and mouse CNT 
clearly differs from the late DCT in the increased frequency 
of intercalated cells and the structural characteristics of 
the majority cell type, the CNT cell (Fig. 2.39). The CNT 
transitions to the ICT, which is located in the cortical laby-
rinth and connects the CNT to the CCD, which is located 
in the medullary ray. The ICT is a lower epithelium than 
the CNT, and like the CCD, is made up of principal cells 
and intercalated cells (Fig. 2.40). In rabbit kidney, the CNT 
to ICT transition is distinct. In rat kidney, although there 
is some intermingling of CNT cells and principal cells in 
the late portion of the CNT, the CNT and ICT are largely 
distinguishable by the morphologic characteristics of CNT 
cells versus principal cells. In mouse, the transition from 
CNT to ICT is more gradual, and only the early CNT and 
late ICT are clearly identifiable as such based on cellular  
morphology.

The CNT contains primarily two cell types: the majority 
cell type, the CNT cell, which occurs only in this segment, 
and intercalated cells, which account for approximately 40% 
of the cells. The CNT cell is tall with an apically located 
nucleus like the DCT cell, but has a rounder nucleus, more 
cytoplasm and organelles between the apical plasma mem-
brane and the nucleus, shallower and less uniform basolateral 

Fig. 2.39 Transmission electron micrograph of rat connecting segment 

(CNT) cell. The CNT cell has deep basolateral plasma membrane 

infoldings with numerous mitochondria, but a lower mitochondrial 

density than distal convoluted tubule (DCT) cells, and the nucleus is 

typically rounder than DCT cell nuclei. (Compare with Fig. 2.36.) 

20 µm

Fig. 2.40 Light micrograph of initial collecting tubules (asterisks) in 

toluidine blue–stained rat kidney. One tubule lies just beneath the 

renal capsule (top of picture), where it would be easily accessible to 

micropuncture. Dark staining cells (arrows) are intercalated cells. This 

segment of the collecting duct corresponds to the so-called late distal 

tubule as defined in micropuncture studies. 
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for ~60%–65% of cells in the rat and mouse CCD and 
OMCD313,314,330 and ~90% of cells in the rat IMCD1.

328,329 
Intercalated cells account for the remainder, with axial 
heterogeneity in the incidence of the different intercalated 
cell subtypes. However, the number of intercalated cells is 
not fixed, even in adult wild-type animals, as several studies 
have documented increased numbers and percentage of 
intercalated cells during chronic carbonic anhydrase inhibi-
tion,331 chronic potassium depletion,332,333 and chronic lithium 
administration,334–337 the latter producing even an atypical 
distribution of intercalated cell subtypes in mice.334 The 
terminal portion of the IMCD is made up of a distinct epi-
thelial cell type, the IMCD cell.

CORTICAL COLLECTING DUCT

The collecting duct in the cortex includes ICT in the cortical 
labyrinth and the CCD in the medullary ray (see Fig. 2.5). 
The cells of the ICT are taller than those of the CCD and 
generally have more complex plasma membrane microprojec-
tions and infoldings (Fig. 2.42) and more intense plasma 
membrane transporter expression, but otherwise these two 
subsegments are morphologically similar. Nonetheless, because 
of these subtle differences in ultrastructure, it is important 
to distinguish between ICT and CCD when quantifying 
morphologic components or subcellular immunolabeling.

and their axial distribution are detailed in the following  
section.

The CNT contributes to regulated reabsorption of sodium, 
calcium, and water via specific proteins expressed in CNT 
cells. In addition to basolateral Na+–K+–ATPase, CNT cells 
and principal cells in the ICT express the ENaC282,286,287 and 
the apical potassium channel, ROMK.317 Proteins mediating 
calcium transport expressed by CNT cells include the baso-
lateral Na+-Ca2+ exchanger, NCX1, Ca2+-ATPase, apical TRPV5, 
and calbindin-D28K.292,318–323 In rats, mice, and humans, the 
CNT, like the collecting duct, expresses the vasopressin-
sensitive AQP2,287,324,325 although AQP2 appears to be absent 
from the rabbit CNT.326

In rat kidney, a small population of cells in the late DCT 
at the transition to the CNT expresses both the NCC and 
the Na+-Ca2+ exchanger, which have been considered specific 
for DCT cells and CNT cells, respectively.284,318 In rabbit kidney, 
the CNT is distinct from the DCT in both structure and 
function, and cells coexpressing NCC and the Na+-Ca2+ 
exchanger are not evident in either segment.291 The CNT 
makes a transition to the ICT, a segment composed of 
principal cells and intercalated cells located in the cortical 
labyrinth before joining with the CCD in the medullary ray. 
Expression of the Na+-Ca2+ exchanger is abundant in the 
basolateral plasma membrane of CNT cells but undetectable 
in CCD principal cells.282

Potassium loading in rats stimulates potassium secretion 
in the CNT and increases the basolateral plasma membrane 
surface area of CNT cells and principal cells of both the 
CNT and the ICT327 where Na+-K+-ATPase resides, as well as 
the apical expression of the potassium channel, ROMK.317 
In rabbits, feeding a low-sodium, high-potassium diet induces 
a similar increase in CNT basolateral plasma membrane.297 
These structural changes are consistent with increased 
basolateral Na+-K+-ATPase expression and activity driving 
apical potassium secretion.

COLLECTING DUCT

The collecting duct extends from the initial connecting tubule 
in the cortex to the tip of the papilla. Subsegments of the 
collecting duct are defined by their location in the kidney: 
ICT, CCD, OMCD, and IMCD. The CCD is the portion of 
the collecting duct located in the medullary ray in the cortex 
and runs parallel with the cortical PST and TAL. The CCD 
begins at the fusion of the ICT, located in the cortical laby-
rinth, with the collecting duct in the medullary ray. The 
OMCD includes a portion in the outer stripe of the outer 
medulla, OMCDo, and in the inner stripe, OMCDi. IMCD 
subsegments in the rat kidney are designated as IMCD1, 
IMCD2, and IMCD3, corresponding to the proximal, middle, 
and distal thirds of the IMCD,328,329 or initial IMCD (IMCDi) 
and terminal IMCD (IMCDt). In rats, IMCDi corresponds 
to IMCD1, which is the portion in the base of the inner 
medulla, whereas IMCDt corresponds to IMCD2 and IMCD3, 
the papillary portion of the IMCD. The IMCDs terminate as 
the ducts of Bellini, which open at the tip of the papilla to 
form the area cribrosa (see Figs. 2.3 and 2.6).

In the ICT, CCD, OMCD, and IMCDi, there are two major 
cell types: principal cells and intercalated cells (Fig. 2.41). 
Principal cells are the majority cell type, normally accounting 

Fig. 2.41 Scanning electron micrograph showing the luminal surface 

of a rat cortical collecting duct. Principal cells have small, stubby 

apical microprojections, and a single cilium. Two configurations of 

intercalated cells are present: type A (arrows), with a large luminal 

surface covered mostly with microplicae, and type B (arrowhead), 

with a more angular outline and a surface covered mostly with small 

microvilli. (Modified from Madsen KM, Verlander JW, Tisher CC. Relation-

ship between structure and function in distal tubule and collecting duct. 

J Electron Microsc Tech. 1988;9:187–208.)
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cells. Under basal conditions, intercalated cells have more 
abundant apical plasma membrane microprojections, higher 
mitochondrial density, abundant cytoplasmic vesicles, numer-
ous polyribosomes, and a prominent Golgi apparatus. In the 
CNT through CCD, intercalated cells in plastic sections stain 
more intensely with toluidine blue than principal cells, partly 
due to cytoplasmic staining and partly due to the high 
mitochondrial density. This characteristic earned them the 
designation “dark cells,” in early morphologic studies (see 
Fig. 2.40). By transmission electron microscopy, the electron 
density of intercalated cell cytoplasm varies with the subtype 
but generally is somewhat darker than surrounding principal 
and CNT cells.

In the rat, mouse, and human kidney, three distinct 
intercalated cell subtypes are present in the CNT, ICT, and 
CCD. These subtypes are recognizable by ultrastructural 
features and cell-specific expression and subcellular distribu-
tion of various membrane and cytoplasmic proteins. Ultra-
structural studies characterized two distinct populations of 
intercalated cells in the rat CCD, types A and type B, with 
~60% of intercalated cells identified as type A and ~40% as 
type B (Fig. 2.43).340 The existence of a third distinct inter-
calated cell subtype was recognized later, the so-called non-A, 
non-B intercalated cell, which occurs almost exclusively in 
the CNT and ICT (Fig. 2.44).313,315,341–344

By transmission electron microscopy under basal conditions, 
type A intercalated cells are characterized by moderate apical 
plasma membrane microprojections, a prominent apical 
cytoplasmic vesicle compartment, numerous mitochondria, 
a centrally located nucleus, and moderate basolateral plasma 
membrane infoldings (see Fig. 2.43). Profiles of the subapical 
vesicles appear as spherical vesicles and elongated tubulo-
vesicles, which occasionally can be seen in contact with, or 
invaginating from, the apical plasma membrane (Fig. 2.45). 
Both the apical plasma membrane and the apical cytoplasmic 
vesicles are relatively electron-dense, in part due to coating 
of the cytoplasmic surfaces with characteristic club-shaped 
particles or “studs,” which are also present in the structurally 
similar OMCD intercalated cells340,343–346 and which are associ-
ated with the vacuolar proton pump, H+-ATPase.347 By SEM, 
the apical plasma membrane microprojections are mostly in 
the form of small folds, “microplicae,” rather than microvilli, 
again similar to OMCD intercalated cells.330,340,348

Fig. 2.42 Transmission electron micrograph of a principal cell from 

the initial collecting tubule (ICT) from normal rat kidney. Principal cells 

in the ICT are similar to those in the cortical collecting duct, but typically 

are slightly taller and have more extensive infoldings of the basal 

plasma membrane. 

Fig. 2.43 Transmission electron micrograph from rat cortical collecting duct illustrating type A (right) and type B (left) intercalated cells under 

basal conditions. Note differences in the density of the cytoplasm the location of the nuclei, the distribution of the mitochondria and cytoplasmic 

vesicles, and the number of apical projections between the two cell types. (Modified from Madsen KM, Verlander JW, Tisher CC. Relationship 

between structure and function in distal tubule and collecting duct. J Electron Microsc Tech. 1988;9:187–208.)

Principal cells account for approximately 60%–65% of 
cells in the CCD of rabbit,338 as in rat and mouse.313,314,330 
The nucleus in principal cells is located close to the apical 
surface, a feature that helps distinguish principal cells from 
intercalated cells, which have a central or basal nucleus.  
By transmission electron microscopy, principal cells have 
relatively few small cytoplasmic vesicles between the nucleus 
and the apical plasma membrane, a light-staining cytoplasm, 
and few apical plasma membrane microprojections. By SEM, 
these apical microprojections appear as short, stubby microvilli 
that are less numerous near the single central cilium than 
at the periphery of the cell (see Fig. 2.41). Principal cells 
have numerous basal plasma membrane infoldings, without 
interposition of mitochondria or other organelles (see Fig. 
2.42). Lateral cell processes and interdigitations are virtually 
absent.339 Cell organelles are relatively sparse: mitochondria 
are small and scattered randomly in the cytoplasm; there 
are few lysosomes, autophagic vacuoles, and multivesicular 
bodies; and the Golgi body, rough and smooth endoplasmic 
reticulum, and free ribosomes are present but not prominent.

Intercalated cells in the CCD are distinguishable from 
principal cells by several morphologic features. As mentioned 
earlier, intercalated cells lack cilia and have a more centrally 
or basally located nucleus versus the apical nucleus of principal 
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“studs” are evident. The apical plasma membrane is relatively 
smooth, with small, short microprojections, and a band of 
dense cytoplasm without organelles or vesicles typically is 
present just beneath the apical plasma membrane. The 
basolateral plasma membrane infoldings are more elaborate 
than in type A cells, except in regions of cytoplasmic exten-
sions filled with vesicles that frequently contact the basement 
membrane. In the rat under basal conditions, the surface 
density of the basolateral plasma membrane in type B 
intercalated cells is significantly greater, and that of the apical 
plasma membrane is significantly less than in type A cells.340

The so-called non-A, non-B intercalated cell represents 
approximately half of the intercalated cells in the mouse 
CNT and ICT but is less common in the rat.313 This cell was 
initially dubbed “non-A, non-B” because it exhibited protein 
expression patterns different from the recognized A and B 
cell types, but it was unclear whether it was a distinct cell 
type. It now appears clear that this cell is indeed a distinct 
cell type that can be characterized and differentiated from 
A and B cells by specific protein expression patterns, in 
addition to its structural features (Figs. 2.44 and 2.46).

In rabbit kidney, intercalated cells are generally similar 
to those of rat and mouse. Early studies described “light” 
and “dark” forms of intercalated cells, with the dark form 
predominantly in the cortex and the light form predominantly 
in the outer medulla, suggesting that “light” and “dark” forms 
may correspond to type A and type B cells, respectively.202 Four 
different surface configurations by SEM were described in 
rabbit collecting duct, based on the presence of microplicae, 
long and short microvilli, and combinations of these. The 
precise correlation of the surface configurations to type A 
and B intercalated cells is not known. However, cells with 
microplicae were most prevalent in the outer medulla and 
inner portion of the CCD338; this distribution and similarity 
to the morphology of type A intercalated cells of rat suggest 
they are type A cells in rabbit as well.

It is well established that intercalated cells contribute to 
acid–base homeostasis by transport of protons, bicarbonate, 

By SEM under basal conditions, type B intercalated cells 
typically have a smaller, more angular luminal cell outline 
than type A cells and only sparse microprojections, mostly 
in the form of short microvilli (see Fig. 2.41).340 By transmis-
sion electron microscopy, the type B intercalated cell has a 
denser cytoplasm and more abundant, frequently clustered 
mitochondria, and the cell nucleus is typically eccentric, 
rather than centered (see Fig. 2.43). Numerous vesicles are 
present throughout the cytoplasm, but the cytoplasmic vesicle 
membranes are more delicate in appearance and less electron-
dense compared with those in type A cells, and few membrane 

Fig. 2.44 Transmission electron micrograph of a non-A, non-B 

intercalated cell in rat kidney. This intercalated cell subtype has a very 

high mitochondrial density compared with type A and type B intercalated 

cells, complex basolateral plasma membrane infoldings, and abundant 

long apical microprojections under basal conditions. 

100 nm

Fig. 2.45 Transmission electron micrograph illustrating the apical region of a type A intercalated cell from a rat kidney. Note the large number 

of tubulovesicles (solid arrows), invaginated vesicles (open arrows), and small coated vesicles with the appearance of clathrin vesicles 

(arrowheads). 
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cells, H+-ATPase is present in the basolateral plasma membrane 
but not in the apical plasma membrane, and in cytoplasmic 
vesicles throughout the cell, including subapical vesicles, 
which likely accounts for cells with “bipolar” H+-ATPase 
immunolabeling, have been observed by light (Fig. 2.46).313 
Like A cells, non-A, non-B intercalated cells have H+-ATPase 
in the apical plasma membrane and subapical cytoplasmic 
vesicles. These distinctions in H+-ATPase distribution may 
not be discernible by light microscopy techniques, depending 
on the resolution of the method and the characteristics of 
the anti-H+-ATPase antibody used (Fig. 2.46). In rabbits, cells 
with the subcellular distribution of H+-ATPase typical of type 
A and type B intercalated cells are present in the CNT, ICT, 
and CCD, but in CCD under basal conditions, the most 

and ammonia. All intercalated cell subtypes express carbonic 
anhydrase type II (CA II) throughout the cytoplasm, although 
the different subtypes exhibit varied patterns of expres-
sion.341,349,350 Type A intercalated cells have the most intense 
immunolabeling for CA II, with more intense labeling near 
the apical and basolateral plasma membrane domains. CA II 
expression in type B intercalated cells is diffuse and relatively 
weak, whereas the level in non-A, non-B cells is intermediate.341

The electrogenic proton pump, H+-ATPase, is also strongly 
expressed in all intercalated cells, but the subcellular distribu-
tion determined by immunogold electron microscopy varies 
among the subtypes.314,351–353 In type A intercalated cells, 
H+-ATPase is present in the apical plasma membrane and 
apical cytoplasmic vesicle membranes. In type B intercalated 

Fig. 2.46 Characteristic immunolabeling of three distinct intercalated cell subtypes in the connecting segment (CNT, top panels) and cortical 

collecting duct (CCD, bottom panels) by differential interference contrast microscopy (DIC). Type A intercalated cells express the basolateral 

anion exchanger, AE1, apical H+-ATPase, and the basolateral ammonia transporter, Rhbg. Type B intercalated cells express the apical anion 

exchanger, pendrin, and basolateral H+-ATPase, but no AE1 or Rhbg. The third type, the so-called non-A, non-B intercalated cell (or type C 

intercalated cell), expresses apical pendrin and basolateral Rhbg, but no AE1. Left column: Double labeling for AE1 (brown), which is definitive 

for type A intercalated cells, and apical pendrin (blue), which is present in type B and non-A, non-B intercalated cells. Pendrin labeling is 

exclusively in AE1-negative cells. Middle column: Double labeling for AE1 (brown) and the a4 subunit of H+-ATPase (blue). Type A intercalated 

cells (AE1-positive) have apical H+-ATPase label. Type B intercalated cells have basolateral H+-ATPase label (arrows), as well as diffuse apical 

label, which correlates with cytoplasmic vesicle labeling shown by immunogold electron microscopy. Type B intercalated cells are uncommon 

in the connecting segment (CNT), but represent virtually all of the non-A intercalated cells in the cortical collecting duct (CCD). In the CNT, the 

majority of non-A intercalated cells have apical H+-ATPase label but no basolateral label. These are non-A, non-B (type C) intercalated cells. 

Right column: Double labeling for pendrin (blue) and Rhbg (brown). Type B intercalated cells and non-A, non-B intercalated cells, both pendrin-

positive, can be discriminated by basolateral Rhbg expression. Non-A, non-B intercalated cells, which express basolateral Rhbg (arrowheads), 

are the predominant pendrin-positive cell type in the CNT. Type B intercalated cells do not express detectable Rhbg (arrows) and comprise 

virtually all of the pendrin-positive cells in the CCD. Rhbg immunolabel is also present in type A intercalated cells (open arrows), CNT cells, 

and CCD principal cells. 
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of apical cytoplasmic vesicles concomitant with internalization 
of H+-ATPase in type A cells, suggesting inactivation of acid 
secretion.352 In type B intercalated cells, various models in 
mice that enhance bicarbonate secretion and chloride uptake 
increase apical plasma membrane surface area, decrease apical 
cytoplasmic vesicles, and cause redistribution of pendrin from 
the cytoplasmic vesicles to the apical plasma membrane.370–372 
In rats, chloride-depletion metabolic acidosis increases type B 
intercalated cell size, basolateral plasma membrane complex-
ity, and basolateral plasma membrane H+-ATPase expression.352

Non-A, non-B intercalated cells have the ability to secrete 
bicarbonate via apical pendrin and to secrete protons via 
apical H+-ATPase, but the net effect of these processes is 
poorly understood because the anatomy of the CNT, where 
most non-A, non-B cells reside, makes in vitro studies of 
these specific cells extremely difficult if not impossible. Type 
B and non-A, non-B intercalated cells appear to have an 
important role in transcellular chloride reabsorption via 
coordination of apical pendrin-mediated Cl–/HCO3

– exchange 
and basolateral chloride exit via ClC-K2 channels.373,374 In 
mouse models that increase pendrin activity in type B 
intercalated cells, described above, non-A, non-B cells typically 
exhibit increased apical plasma membrane area and pendrin 
expression as well, although the relative distribution of 
pendrin between cytoplasmic vesicles and the apical plasma 
membrane frequently does not change.370–372,375

The functions of type A, acid-secreting, and type B, 
bicarbonate-secreting, intercalated cells correspond well to 
their names. Although changes in nomenclature can create 
confusion initially, because the “non-A, non-B” cell is primarily 
found in the CNT and is believed to have an important role 
in chloride transport, designating it as a “type C” intercalated 
cell would be logical.

In contrast to intercalated cells, principal cells express 
abundant Na+K+-ATPase in the basolateral plasma membrane, 
the ENaC, and the potassium channel, ROMK, in the apical 
plasma membrane. AQP2 is present in the apical plasma 
membrane and cytoplasmic vesicles, as well as in the baso-
lateral plasma membrane.324,376,377 The ammonia transporters 
Rhbg and Rhcg are less abundant than in intercalated cells 
in the basal state but otherwise are expressed in a pattern 
similar to type A intercalated cells. These transporters enable 
principal cells to reabsorb sodium and secrete potassium, to 
reabsorb water when vasopressin is present, and to contribute 
to ammonia secretion.

Structural correlates in principal cells in cortical segments 
to changes in the physiologic state are typically not as dramatic 
as those seen in intercalated cells. In rats and rabbits, feeding 
a high-potassium diet297,327 or treating with aldosterone or 
the mineralocorticoid analog deoxycorticosterone378–380 sig-
nificantly increases the basolateral plasma membrane surface 
area of principal cells. Furthermore, models that enhance 
sodium reabsorption in the CCD cause redistribution and 
increased apical plasma membrane expression of ENaC 
subunits.381–384 These structural and immunolocalization 
studies correlate with the roles of principal cells in regulated 
sodium reabsorption and potassium secretion.

OUTER MEDULLARY COLLECTING DUCT

Like the CCD, the OMCD epithelium is made up of prin-
cipal cells and intercalated cells. In rat and mouse kidney, 

prevalent distribution pattern is exclusively in intracytoplasmic 
vesicles in small intercalated cells with relatively uncomplicated 
plasma membrane compartments, suggestive of an inactive 
cell.353 Intercalated cells in the rabbit CNT and ICT have 
the typical polarized distribution of H+-ATPase seen in rat 
and mouse intercalated cells.353

Expression of the Cl–/HCO3
– anion exchanger, AE1, is 

definitive for type A intercalated cells, as it is the only renal 
epithelial cell that expresses this protein. In rat and mouse 
kidney, AE1 is almost entirely expressed in the basolateral 
plasma membrane,314,342,354,355 whereas in rabbit kidney under 
basal conditions, a large portion of AE1 is intracellular in 
multivesicular bodies and cytoplasmic vesicles, in addition 
to the basolateral plasma membrane.356,357

In addition to being devoid of AE1, type B and non-A, 
non-B intercalated cells are distinguished from type A cells 
by the expression of the apical Cl–/HCO3

– exchanger, pendrin 
(Slc26a4).313,315,358–360 In both type B and non-A, non-B 
intercalated cells, pendrin is present in the apical plasma 
membrane and subapical cytoplasmic vesicles, although in 
basal conditions, the subcellular distribution is significantly 
different; pendrin is predominantly in the apical plasma 
membrane of non-A, non-B cells but predominantly in subapi-
cal vesicles in type B cells, with little apical plasma membrane 
expression.315

The three recognized intercalated cell subtypes also have 
cell-specific expression of other transporters and enzymes, 
particularly those involved in ammonia metabolism. Type A 
and non-A, non-B intercalated cells express the ammonia 
transporters, Rhbg and Rhcg, and cytoplasmic glutamine 
synthetase.361,362 In both cell types, Rhbg is exclusively in the 
basolateral plasma membrane, whereas Rhcg is expressed in 
both the apical and basolateral plasma membranes in type A 
cells, in the apical plasma membrane in non-A, non-B cells, 
and in apical cytoplasmic vesicles in both cell types.316,353,363–365 
In contrast, type B intercalated cells do not express detectable 
Rhcg, Rhbg, or glutamine synthetase.361,362,366

The pattern of transporter and enzyme expression in 
intercalated cell subtypes combined with physiologic studies 
and morphologic studies documenting cell-specific alterations 
in ultrastructural features and transporter distribution in 
response to physiologic maneuvers together have established 
that type A intercalated cells secrete acid, whereas type B 
intercalated cells secrete bicarbonate, indicating that the 
existence of these functionally distinct intercalated cells 
subtypes is responsible for the ability of the CCD to accomplish 
both net acid secretion and net bicarbonate secretion.367,368 
Many structural studies have documented intercalated cell 
subtype-specific changes in ultrastructure and subcellular 
distribution of ion and ammonia transporters in response 
to physiologic disturbances.340,352,357,369–372 Such studies have 
demonstrated an increase in apical plasma membrane surface 
area and diminished apical cytoplasmic vesicles and redistribu-
tion of H+-ATPase and Rhcg to the apical plasma membrane 
in type A intercalated cells in models of acidosis340,357,369 
and increased basolateral plasma membrane surface area 
along with redistribution of AE1 from intracellular compart-
ments to the basolateral plasma membrane in type A cells 
of acid-loaded rabbits,357 consistent with activation of acid 
and ammonia secretion by type A cells during acidosis. In 
contrast, chloride-depletion metabolic acidosis decreases apical 
plasma membrane complexity and increases the abundance 
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sparse and limited to the OMCDo near the corticomedullary 
junction. The presence of only the acid-secreting intercalated 
cell subtype in the OMCD is consistent with this segment’s 
ability to secrete acid and inability to secrete bicarbonate.367

Under basal conditions, intercalated cells in the outer 
medulla exhibit moderate apical plasma membrane surface 
microplicae and cytoplasmic tubulovesicles; the cytoplasmic 
face of the tubulovesicles is coated with electron-dense stud-
like particles343,344 associated with the vacuolar H+-ATPase 
(see Fig. 2.45).347 After induction of acute respiratory acidosis, 
metabolic acidosis, or hypokalemia, the apical cytoplasmic 
tubulovesicles are depleted, and apical plasma membrane 
microplicae proliferate and protrude into the lumen, produc-
ing a marked increase in apical plasma membrane surface 
area330,343,344,387 and an increase in apical plasma membrane 
exhibiting studs on the cytoplasmic face, visible by transmission 
electron microscopy.343,344 These ultrastructural changes 
coincide with increased apical plasma membrane expression 
of H+ATPase and Rhcg and decreased expression of these 
transporters in the apical cytoplasmic vesicle compartment, 
consistent with enhanced proton and ammonia secretion 
during these conditions.369,388,389 Conversely, during chloride-
depletion metabolic acidosis, apical plasma membrane surface 
area and H+ATPase expression decrease, whereas apical 
cytoplasmic vesicles and H+ATPase expression increase, 
consistent with reduced acid secretion in response to alka-
losis.352 Similar responses have been documented in type A 
intercalated cells in the CCD.340,352,357

In rabbit kidney, additional structural changes are associated 
with acid-loading involving the redistribution of expression 
of AE1, the basolateral Cl–/HCO3

– exchanger. Under basal 
conditions, rabbit OMCD intercalated cells contain prominent 
intracytoplasmic multivesicular bodies that express AE1.356 
After acid loading, these multivesicular bodies are reduced 
in number, and basolateral plasma membrane boundary 

intercalated cells represent 35%–40% of the cells in both the 
OMCDo and the OMCDi.314,330 In rabbit kidney, the percentage 
of intercalated cells in the OMCD is less, approximately 18%, 
with the percentage declining axially from the OMCDo to 
the deep OMCDi.338 However, some investigators did not 
observe distinct epithelial cell heterogeneity in the rabbit 
OMCDi based on morphologic criteria, although the cells 
varied in mitochondrial content, subapical vesicle abundance, 
and density of rod-shaped particles in the apical plasma 
membrane.385

Principal cells of the OMCD are structurally similar to 
those in the CCD, although they become slightly taller, and 
the number of organelles and basal infoldings decreases as 
the collecting duct descends through the outer medulla. 
Like principal cells in the CCD, those in the OMCDo express 
apical plasma membrane ENaC and AQP2 and basolateral 
plasma membrane Na+,K+-ATPase, consistent with their func-
tion in sodium and water reabsorption.217,377,381,386 The 
ammonia transporters, Rhbg and Rhcg, are also expressed 
in a similar pattern as in CCD principal cells, with basolateral 
Rhbg and apical and basolateral Rhcg, consistent with a role 
in ammonia secretion.361,365

The majority of intercalated cells of the OMCD are structur-
ally similar to type A intercalated cells of the CCD (Fig. 2.47), 
although with more prominent apical plasma membrane 
microprojections and fewer apical cytoplasmic vesicles under 
basal conditions. They also have similar transporter expression 
patterns, including H+ATPase and Rhcg in the apical plasma 
membrane and apical cytoplasmic vesicles and AE1, Rhbg, 
and Rhcg in the basolateral plasma membrane.351–354,361 In the 
OMCDi, the intercalated cells are taller, there are generally 
fewer apical cytoplasmic tubulovesicles, and the cytoplasm is 
less electron-dense such that it is similar to that of principal 
cells. Type B intercalated cells, identified by pendrin expres-
sion, are generally absent, but when present are typically 

1 µm

Fig. 2.47 Transmission electron micrograph of an intercalated cell in the outer medullary collecting duct of a normal rat kidney. The cell has 

a prominent tubulovesicular membrane compartment and many microprojections on the apical surface. (Modified from Madsen KM, Tisher CC. 

Response of intercalated cells of rat outer medullary collecting duct to chronic metabolic acidosis. Lab Invest. 1984;51:268–276.)
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in each region designated accordingly.328,329,391 The outer 
third, IMCD1, is the portion in the base of the inner medulla. 
The middle and terminal thirds, IMCD2 and IMCD3, are the 
portions in the proximal and terminal halves of the papilla, 
respectively. IMCD1 is similar in ultrastructure to the OMCDi 
(Fig. 2.49), although the percentage of intercalated cells is 
only ~10% in rat IMCD1.

328,329 In rabbit, the IMCDi is essentially 
composed of only one cell type, similar in ultrastructure to 
the principal cell in the OMCDi, with intercalated cells typi-
cally representing only 1% or less of cells.202,338 Rat IMCD2 
contains a mixture of ciliated cells similar to the principal 
cells in IMCD1, a population of nonciliated cells, termed 
IMCD cells, and only rare intercalated cells (Fig. 2.50).328,329 
Ciliated cells disappear in the distal IMCD2, and IMCD3 is 
composed entirely of IMCD cells, similar to those in IMCD2 
but taller (Fig. 2.51). In physiologic studies, the rat IMCD 
segments are often divided into an initial portion, the IMCDi, 
corresponding to IMCD1, and a terminal or papillary portion, 
the IMCDt, which includes IMCD2 and IMCD3. Such studies 
in the rat have demonstrated that the structurally defined 
IMCD segments are also functionally distinct in comparisons 
of IMCDi (IMCD1) to IMCDt (IMCD2 and IMCD3).392–394

The IMCD cell of IMCD2 and IMCD3 is structurally distinct 
from principal cells (compare Figs. 2.52 and 2.49).328,391 It is 
one of the two epithelial cell types in the kidney (the other 
being intercalated cells) that has no central cilium. The 
luminal surface is covered with abundant, small, stubby plasma 
membrane microprojections that are covered with a promi-
nent glycocalyx. Basal plasma membrane infoldings are rela-
tively sparse, whereas lateral plasma membrane infoldings 
are prominent. Although both the apical and basal plasma 
membrane surface densities decrease progressively from 
IMCD1 to IMCD3, the absolute area of these membrane 
compartments does not change. In contrast, the lateral plasma 
membrane surface density and absolute area progressively 
increase. IMCD cells typically have a light-staining cytoplasm, 
few cell organelles, numerous free ribosomes, and many 

length and AE1 expression increase, along with the develop-
ment of prominent basolateral extensions that give the cells 
a stellate appearance by light microscopy.357 These findings 
suggest that in rabbits, acidosis stimulates not only redistribu-
tion of proton pumps from the cytoplasmic pool to the apical 
plasma membrane but also redistribution of intracellular 
AE1 to the basolateral plasma membrane, thus enabling 
enhanced proton secretion and bicarbonate reabsorption.

INNER MEDULLARY COLLECTING DUCT

The IMCD extends from the boundary between the outer 
and inner medulla, defined by the transitions from thin to 
thick ascending limbs, to the papillary tip. In rat and rabbit, 
the transition from thin to thick ascending limbs, and thus 
the beginning of the IMCD, occurs within the renal paren-
chyma proximal to the papilla, forming the base of the inner 
medulla. However, in some mice, the TALs arise in the 
proximal portion of the papilla, in which case the IMCD is 
entirely contained within the papilla.

The IMCDs fuse successively as they descend in the inner 
medulla, such that few tubules remain at the papillary tip 
(Fig. 2.48). Cell height and tubule diameter increase distally, 
and the most distal portion, the ducts of Bellini, are composed 
of relatively tall, columnar epithelium. The IMCDt opens 
on the tip of the papilla at the area cribrosa (see Figs. 2.3 
and 2.6). The length of the papilla, the number of collecting 
duct fusions, and cell height vary among species.241,390 In the 
rabbit, the cell height gradually increases from ~10 µm initially 
to ~50 µm near the papillary tip, whereas in the rat, the 
height increases from ~6 µm to ~15 µm at the papillary 
tip.241,391 In the rabbit and rat, the papillary tip is located in 
the renal pelvis at or near the renal hilum, whereas in the 
mouse, the papilla extends beyond the hilum, turning and 
extending a short distance into the ureter.

For ultrastructural characterization in the rat, the inner 
medulla was subdivided arbitrarily into thirds, and the IMCD 

Fig. 2.48 Scanning electron micrographs of the normal papillary 

collecting duct of a rabbit. (A) The junction between two subdivisions 

at low magnification. (B) Higher-magnification view illustrating the 

luminal surfaces of individual cells with prominent microvilli and single 

cilia. (A, Courtesy Ann LeFurgey, PhD; B, modified from LeFurgey A, 

Tisher CC. Morphology of rabbit collecting duct. Am J Anat. 1979;155: 

111–124.)

µm

Fig. 2.49 Transmission electron micrograph of a principal cell from 

the initial portion of the rat inner medullary collecting duct. There are 

few organelles in the cytoplasm, and apical microprojections are sparse. 

An interstitial fibroblast (asterisk) with dilated rough endoplasmic 

reticulum and a thin limb (TL) of loop of Henle are also illustrated. 
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1 µm

Fig. 2.50 Scanning electron micrograph from the middle portion of 

the rat inner medullary collecting duct. The luminal surface is covered 

with small microvilli, and some cells have single cilia, whereas others 

do not. (Modified from Madsen KM, Clapp WL, Verlander JW. Structure 

and function of the inner medullary collecting duct. Kidney Int. 1988;34: 

441–454.)

1 µm

Fig. 2.51 Scanning electron micrograph of the terminal portion of 

rabbit inner medullary collecting duct. The cells are tall and covered 

with small microvilli on their luminal surfaces, but lack cilia. Small 

lateral cell processes project into the lateral intercellular spaces. 

(Modified from Madsen KM, Clapp WL, Verlander JW. Structure and 

function of the inner medullary collecting duct. Kidney Int. 1988;34:441.)

Fig. 2.52 Transmission electron micrograph of rat inner medullary collecting duct (IMCD) cell. IMCD cells are tall, possess few organelles, 

and have small microprojections on their apical surfaces. Ribosomes are abundant, and small vesicles are scattered throughout the cytoplasm. 
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extraglomerular mesangium may be considered part of the 
interstitium, based on their location, the makeup of the cells, 
and their communication with the peritubular interstitium,407 
they are a specialized component of the glomerulus and JGA, 
discussed in a previous section, and are not included here.

The peritubular interstitium includes the interstitial cells, 
extracellular matrix, and interstitial fluid interposed between 
the basement membranes of the renal tubules and peritubular 
capillaries; it is continuous with the connective tissue of the 
renal capsule.411 The periarterial interstitium is a layer of 
connective tissue and interstitial cells surrounding the arteries 
in the renal cortex and may account for half of the cortical 
interstitial volume.407,411 It is most abundant around the 
interlobular and arcuate arteries and communicates with 
the peritubular interstitium407 and with the connective tissue 
underlying the epithelium of the renal pelvis.411 The periarte-
rial interstitium is composed of a network of fibroblasts, 
similar to those in the peritubular interstitium, amid loose 
connective tissue; embedded in this are lymphatics and  
nerve fibers. The periarterial interstitium diminishes along 
the smaller arterioles and ends at the vascular pole of the 
glomerulus.

Interstitial cells can be classified most simply into two types: 
fibroblasts and cells of the immune system411,413; these cell 
types correspond to the earlier designations, type 1 and type 
2 interstitial cells.408,413–415 Fibroblasts, also known as “stellate” 
or “sustentacular cells,” are resident cells and are the most 
abundant cell type in the peritubular interstitium.407,411,413,416 
In healthy kidney, interstitial fibroblasts are interconnected by 
intermediate junctions and form a network throughout the 
renal parenchyma, spanning between the capillaries and renal 
tubules. Interstitial fibroblasts form a scaffold, maintaining 
the architecture of the kidney, in part through attachments 
of their cellular extensions, “attachment plaques” filled with 
actin fibers, to the basement membranes of the capillaries 
and tubules and also by synthesis of collagen fibers of the 
extracellular matrix and microfilaments. The morphology of 
“quiescent” fibroblasts in the cortical interstitium of healthy 
kidney is typical of fibroblasts in other tissues, characterized 
by an elongated cell shape, angular nucleus, long cytoplasmic 
extensions, and abundant intracellular actin filaments (Fig. 
2.53). The larger cytoplasmic extensions are flattened, per-
forated “leaflike” extensions or longer filiform processes. 
The cytoplasm contains numerous mitochondria and free 
ribosomes and prominent rough endoplasmic reticulum with 
dilated cisterns containing flocculent material. In inflam-
matory disease, interstitial fibroblasts increase in number, 
and the morphology of these “activated” fibroblasts differs 
from the fibroblasts of healthy kidney interstitium. These are 
termed “myofibroblasts” due to characteristics in common 
with smooth muscle cells, particularly formation of bundles of 
myofilaments and increased expression of α-smooth muscle 
actin. In the deep inner stripe of the outer medulla and the 
inner medulla, the fibroblast morphology differs from those 
in the cortex, containing numerous lipid inclusions, such that 
they have been called “lipid-laden” cells. These cells have 
relatively few mitochondria, rough endoplasmic reticulum 
with widely dilated cisterns and frequent contacts with the 
plasma membrane, and a more prominent cytoskeleton near 
the plasma membrane and extending into the cytoplasmic 
extensions, containing α-smooth muscle actin and vimentin 
filaments.411,417

small, coated vesicles resembling clathrin-coated vesicles (Fig. 
2.52). IMCD cells, particularly those in IMCD3, contain 
electron-dense, intracytoplasmic bodies representing lysosomes 
or lipid inclusions, often located beneath the nucleus.328

IMCD1 and OMCDi principal and intercalated cells have 
similar transporter expression patterns and are believed to 
be functionally similar. However, IMCD2 and IMCD3 (IMCDt) 
not only have distinct structural features but also are distinct 
with respect to transporter expression. Notably, IMCD cells, 
present only in IMCD2 and IMCD3, express the urea transport-
ers UT-A1 and UT-A3, whereas principal cells in IMCD1 do 
not.395 Although few studies have correlated structural and 
functional responses in the IMCD, the rat IMCD1 principal cell 
responds to chronic low-protein diet with a marked increase 
in basolateral plasma membrane area and enhanced urea 
transport, whereas IMCD cells in IMCD2 show no change in 
ultrastructure or urea transport.392 Later studies identified a 
sodium-dependent, active urea transport process present in 
IMCD1 but absent in IMCD2 and IMCD3.

393 IMCD cells also 
express AQP2 and regulation of its subcellular distribution 
occurs in response to vasopressin and water restriction, which 
stimulate redistribution of AQP2 from intracytoplasmic vesicles 
to the apical plasma membrane, thus enabling enhanced 
water uptake.377,378,396–398

PAPILLARY SURFACE EPITHELIUM

The papilla is covered by a simple cuboidal epithelium, aptly 
named the papillary surface epithelium (PSE). PSE cells 
typically have a relatively smooth apical surface, numerous 
cytoplasmic vesicles, few mitochondria, and moderate baso-
lateral infoldings. Multiple immunolocalization studies have 
detected expression of various transporters and other proteins, 
including the urea transporter, UT-B1, Na+-K+-ATPase, H+-
K+-ATPase α2c, NKCC1, and osteopontin.399–402 PSE cellular 
expression of H+-K+-ATPase α2c is heterogeneous, suggesting 
heterogeneity in the epithelial cell types.401 Limited physiologic 
studies have demonstrated transport activity consistent with 
the reported protein expression,403–405 and the presence of 
osteopontin supports the concept that PSE has a role in 
inhibiting urinary crystal deposition.399

INTERSTITIUM

The renal interstitium is composed of the structures inter-
posed between the basement membranes of the renal tubules, 
glomeruli, and the vascular elements.406,407 Included in this 
space are several types of interstitial cells, extracellular matrix, 
interstitial fluid, lymphatics, and nerves.406–408 The interstitial 
volume in the rat and rabbit kidney constitutes approximately 
13% and 18% of the total kidney volume, respectively.409 There 
is a considerable difference in the abundance of interstitium 
in the cortex compared with the medulla. In the rat kidney 
cortex, the peritubular interstitium constitutes 4% to 9% of 
the tissue volume.45,410,411 Interstitial volume increases from 
10% to 20% in the outer medulla to approximately 30% to 
40% at the papillary tip in both the rat and the rabbit.390,412

The interstitium may be subdivided into different com-
partments, primarily the peritubular interstitium and the 
periarterial connective tissue.407 Although the glomerular and 
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The extracellular matrix of the interstitium consists of 
collagen fibrils within a ground substance of sulfated and 
nonsulfated GAGs and interstitial fluid.407,408 Collagen fibrils 
of types I, III, V, VI, VII, and XV have been identified in 
the extracellular matrix407,418,422,423 as well as fibronectin and 
laminin.407,422

CORTICAL INTERSTITIUM

In the renal cortex, the peritubular interstitium is compart-
mentalized into a wide interstitial space, between two or 
more adjacent renal tubules, and a narrow or slit-like 
interstitial space between the basement membrane of a single 
tubule and the adjacent peritubular capillary.415,424 Approxi-
mately two-thirds of the total peritubular capillary wall faces 
the narrow compartment, and this portion of the vessel wall 
is fenestrated.410

Fibroblasts and dendritic cells constitute the majority of 
interstitial cells in the peritubular interstitium, are distributed 
homogeneously, and are in close proximity to each other.411 
The cell types can be discriminated by light microscopy 
by immunolabeling, as the cortical fibroblasts express the 
enzyme, ecto-5′-nucleotidase (5′NT), whereas dendritic 
cells express MHC class II.411 Under basal conditions, 5′NT 
expression in cortical fibroblasts is strongest in the cortical 
labyrinth in the deep inner cortex.411,425 As 5′NT mediates 
production of extracellular adenosine, a signaling molecule 
implicated in control of renal vascular resistance, cortical 
interstitial fibroblasts may contribute to regulation of renal 
hemodynamics.406,416 Peritubular interstitial fibroblasts and/or 
pericytes in the deep inner cortex are also the renal source of 
erythropoietin,417,426 and perivascular interstitial cells associated 
with the afferent arteriole can be recruited to produce renin 
during salt and volume depletion, renal hypoperfusion, or 
inhibition of the renin–angiotensin–aldosterone system.417

MEDULLARY INTERSTITIUM

As in the cortex, fibroblasts and dendritic cells constitute 
the vast majority of interstitial cells in the healthy renal 
medulla.411,413,427 As described earlier, the fibroblasts of the 
medullary interstitium differ most notably from the cortical 
fibroblasts in the abundance of intracytoplasmic lipid inclu-
sions, with an average diameter of 0.4 to 0.5 µm; the lipid 
droplets are homogeneous in density and have no limiting 
membrane (Figs. 2.54 and 2.55).415,424,427,428 Only occasional 
cortical fibroblasts contain lipid droplets; the incidence of 
these “lipid-laden” fibroblasts increases in the inner stripe 
of the outer medulla and they are present throughout the 
inner medulla.411 Unlike the fibroblasts of the cortex, medul-
lary interstitial fibroblasts do not express erythropoietin 
messenger RNA or 5′NT.425,426

Medullary interstitial fibroblasts form a ladderlike structure 
between the loops of Henle and vasa recta, arranged in 
columns along the corticomedullary axis and oriented 
perpendicular to the adjacent tubules and vessels (see Fig. 
2.54). The elongated cell processes are in close contact with 
the thin limbs of Henle and the vasa recta, but direct contact 
with collecting ducts is rarely observed. Often, a single cell 
is in contact with several vessels and thin limbs.424 The long 
cytoplasmic processes from different cells are often connected 
by specialized cell junctions that vary in both size and shape 

Pericytes are contractile cells intimately associated with 
the capillaries in both the renal cortex and medulla and may 
be considered a component of the renal interstitium.407,417–419 
These cells correspond to cells previously identified in the 
medullary interstitium and designated “type 3 interstitial 
cells.” They are most abundant in the inner stripe of the 
outer medulla in association with descending vasa recta, but 
are also present in the renal cortex. Pericytes are attached 
to or embedded in the basement membrane of capillaries 
and wrap long cytoplasmic extensions around the vessel. In 
the renal medulla, they frequently contain lipid inclusions, 
which are less abundant than in medullary fibroblasts. 
Multiphoton imaging of pericytes using cell-specific markers 
recently demonstrated that pericyte density is greatest at 
branch points of the microvasculature where shear stress is 
greatest, with the cell bodies downstream of the branch point 
and cellular extensions reaching upstream, wrapping around 
the capillaries at the branch point.420 Pericytes proliferate 
during inflammation and appear to be the progenitors of 
the interstitial myofibroblasts, leading to increased matrix 
deposition and fibrosis.421

The other major category of cells in the interstitium 
includes various cells of the immune system.411 Of these, 
the most common are dendritic cells. Dendritic cells in the 
kidney have a typical stellate shape, long cytoplasmic exten-
sions, few lysosomes, and abundant mitochondria and rough 
endoplasmic reticulum. Dendritic cells are distinguished 
from fibroblasts by the lack of actin filament bundles under 
the plasma membrane and within cytoplasmic extensions; 
furthermore, the organelles in dendritic cells are clustered 
around the nucleus and absent from the cytoplasmic exten-
sions.411,413,416 Less commonly found in the interstitium are 
transitory cells of the immune system, mainly macrophages 
and lymphocytes. In the healthy kidney, macrophages are 
mostly located in the periarterial interstitium, but they are 
not abundant. Lymphocytes are uncommon, and granulocytes 
are rare.411

1 µm

Fig. 2.53 Transmission electron micrograph of cortical interstitial 

fibroblast (asterisk) from a rat. A peritubular capillary is located at right 

center. 
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fibroblasts in the medulla express cyclooxygenase-2 and are 
a major site of prostaglandin synthesis, with the major product 
being PGE2.

417,433

Dendritic cells are also present in the medullary intersti-
tium and can be identified at the light microscopic level by 
immunoreactivity for MHC II. However, their prevalence 
varies among the regions of the medulla. They are most 
abundant in the inner stripe of the outer medulla, frequently 
aligned with collecting ducts. They are less abundant in the 
upper third of the inner medulla, and disappear in the distal 
portions of the inner medulla in the healthy kidney.411

LYMPHATICS

The renal lymphatic circulation includes capsular, subcap-
sular, and intrarenal components.434,435 The subcapsular 
component consists of a network of lymphatics in the space 
between the renal capsule and the renal parenchyma. The 
intrarenal component includes lymphatic capillaries and 
channels that coalesce and drain via bundles of lymphatic 
vessels at the hilum of the kidney. Subcapsular lymphatics 
may drain directly to the lymphatics at the hilum or may 
communicate with intrarenal lymphatic vessels. Intrarenal 

and contain elements of tight junctions, intermediate junc-
tions, and gap junctions.429,430 The cells likely provide structural 
support in the medulla because of their special arrangement 
perpendicular to the tubules and vessels. The close relation-
ship between medullary interstitial fibroblasts and the thin 
limbs and capillaries also suggests a possible interaction with 
these structures. Three-dimensional reconstructions of the 
inner medulla have demonstrated arrangements of ascending 
thin limbs, ascending vasa recta, and collecting ducts to form 
interstitial nodal spaces or microdomains, which are abundant 
in rodent kidney but relatively infrequent in human inner 
medulla.12,265,431 The interstitial nodal spaces align in stacks 
along the corticomedullary axis and are believed to be divided 
by the interstitial fibroblasts.12,431,432 Peritubular interstitial 

Fig. 2.54 Light micrograph of the renal medullary interstitium from 

a normal rat. The lipid-laden interstitial fibroblasts bridge the interstitial 

space between adjacent thin limbs of Henle (TL) and vasa recta (VR). 

Fig. 2.55 Higher-magnification electron micrograph illustrating the 

relationship between the electron-dense lipid droplets, which almost 

fill the medullary interstitial fibroblasts, and the granular endoplasmic 

reticulum (arrows). Wisps of basement membrane–like material adjacent 

to the surfaces of the cells are contiguous with the basement mem-

branes of the adjacent tubules (lower right). 
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around glomeruli,434 and in dog kidney, small lymphatics are 
found in proximity to proximal and distal tubules.438,441 Studies 
of normal human kidney using immunolabeling to detect 
lymphatics found lymphatic capillaries most commonly in 
the adventitia surrounding interlobular and arcuate vessels, 
as in other species442,443; lymphatic capillaries among renal 
tubules were rare in one study443 and in another were 
described as interspersed among renal tubules in the cortex, 
though they were less common than vascular capillaries and 
were sporadic near glomeruli.442 Lymphatics are rarely found 
in the medulla of healthy kidneys, a finding that is consistent 
among species.440,442,444,445

Lymphatic capillaries, including the interlobular lym-
phatics, are composed of a layer of lymphatic endothelial 
cells, but unlike capillaries of the vascular system, they lack 
a basement membrane and fenestrations.436,445 Lymphatic 
capillary endothelial cells are anchored by filaments attached 
to basal cytoplasmic projections.435,445 The interlobar and 
hilar lymphatic channels are collecting lymphatic vessels and 
contain numerous valves,434,436 semilunar projections in 
the lumen of the lymphatic vessels that limit backflow of 
lymph. Collecting lymphatics also are distinguished from 
lymphatic capillaries by the presence of a continuous base-
ment membrane and pericytes around the interstitial face of  
the lymphatic.445

lymphatics neighboring the interlobular blood vessels drain 
into the arcuate lymphatic vessels near the corticomedullary 
junction, which drain through interlobar lymphatics to hilar 
lymphatic vessels (Fig. 2.56).436

Communications between the capsular lymphatics and 
intrarenal lymphatics have been described in some animals, 
such that the lymphatic vessels of the renal capsule drain 
into subcapsular lymphatic channels, providing continuous 
lymphatic drainage from the renal capsule, through the 
cortex, and into the hilar region (Fig. 2.57). In dog kidney, 
“communicating” and “perforating” lymphatic channels that 
transverse the renal capsule have been described.437 In these 
studies, a small number of communicating lymphatic channels 
were found, usually associated with an interlobular artery 
and vein; these lymphatics penetrated the capsule and 
appeared to represent a connection between the hilar and 
capsular systems. The perforating lymphatic channel pen-
etrated the capsule alone or in association with a small vein; 
these channels appeared to represent a primary pathway for 
lymph drainage from the superficial cortex.

The intrarenal lymphatics represent a small fraction of 
the renal tissue, with the lymphatic volume density in the 
cortex ranging from 0.02%–0.37%, depending on the 
species.438,439 In normal human, rat, mouse, and pig kidney, 
the majority of lymphatic capillaries in the renal parenchyma 
cluster in the adventitia around the interlobular and arcuate 
arteries (Fig. 2.58),434,436,440 and in the mouse, they also extend 
along the afferent arteriole.440 In most animal species, lym-
phatic capillaries are rarely found among renal tubules and 
glomeruli, but in the horse and dog, lymphatics are abundant 

Fig. 2.57 Light micrograph of a sagittal section through the cortex 

and outer medulla of a dog kidney. A capsular lymphatic (C) was 

injected with India ink. Intrarenal lymphatics (arrows) follow the distribu-

tion of the interlobular arteries in the cortex. (Modified from Bell RD, 

Keyl MJ, Shrader FR, et al. Renal lymphatics: the internal distribution. 

Nephron. 1968;5:454–463.)
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Fig. 2.56 Diagram of the lymphatic circulation in the mammalian 

kidney. (Modified from Kriz W, Dieterich HJ. The lymphatic system of 

the kidney in some mammals. Light and electron microscopic investiga-

tions. Z Anat Entwicklungsgesch. 1970;131:111–147.)
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tein, D2-40.435,440,451 Lymphatic endothelial cells also express 
AQP1.253,452 Using immunolabeling for lymphatic endothelial 
cell markers, several studies have reported proliferation of 
intrarenal lymphatics in the renal parenchyma in forms of 
hypertension,453 tubulointerstitial nephritis,443 transplant 
rejection,454,455 ureteral obstruction,456 and diabetic nephropa-
thy457 and in the tissue surrounding renal cell carcinomas.442 
The role of lymphangiogenesis in these nephropathies is 
not well understood. It has been implicated in the patho-
genesis of renal inflammation,435 but some studies suggest 
it may be beneficial and limit renal injury, at least in some 
conditions.453,456

INNERVATION

The sympathetic innervation of the kidney arises from the 
intermediolateral column of the spinal cord between T6 and 
L2,458 although some report a narrower range, between T9 
and T13.459 Neurons from the brain project to this region 
of the spinal cord primarily from the raphe nucleus and 
rostral ventrolateral medulla in the vasomotor center of the 
brain, the pontine A5 noradrenergic cell group, and the 
paraventricular nucleus in the hypothalamus;460,461 these areas 
in the brain determine the sympathetic signaling to the 
kidney.459 The sympathetic preganglionic fibers exit the spinal 
cord between T11 and L3 or L4 and connect with postgan-
glionic fibers in both paravertebral and prevertebral ganglia, 
the latter including the aorticorenal, splanchnic, celiac, and 
mesenteric ganglia, and in the renal plexus459,462–464 and 
postganglionic fibers arising from different ganglia appear 
to innervate different regions of the kidney.464 There is 
considerable variation among species and among individuals 
in the spinal cord segment that supplies the preganglionic 
fibers and in the ganglia where the postganglionic fibers to 
the kidney originate.459,460

The postganglionic fibers form the extrinsic nerves to the 
kidney, which contain both unmyelinated and myelinated 
fibers. The vast majority of renal nerve fibers in rat and 
mouse are unmyelinated, 96%–98% in the rat,465,466 and 99.5% 
unmyelinated fibers in the mouse.467 The diameter of the 
renal nerves differs considerably between these species, 
measuring ~98 µm in diameter in the rat466 and ~35 µm in 
diameter in the mouse,467 due to a greater number of fibers 
in the rat extrinsic renal nerves rather than a significant 
difference in the diameter of unmyelinated nerve fibers 
between species.466,467 Nerve fibers in the rabbit renal cortex 
fall into two groups based on fiber diameters,468,469 but 
morphometric studies of rat and mouse extrinsic renal nerves 
have not consistently found this pattern.459 Although a bimodal 
distribution of unmyelinated nerve fiber diameter was found 
in the renal nerve of Sprague-Dawley rats,465 in Wistar rats466 
and C57BL/6J mice,467 the average diameter of unmyelinated 
fibers ranged between 0.5 and 0.7 µm in a unimodal size 
distribution.

The renal nerves enter the kidney at the hilum and run 
with the renal arteries into the kidney, where they continue 
along the arterial circulation as it subdivides, lying within 
the perivascular interstitium and penetrating the vessel walls 
to innervate vascular smooth muscle cells in interlobar, 
arcuate, and interlobular arteries and in afferent and efferent 
arterioles, including juxtaglomerular cells.176,458,459,470–473
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vessels. Co, Cortex; OM, outer medulla; IM, inner medulla; AA, arcuate 

artery; AV, arcuate vein (Modified from Lee HW, Qin YX, Kim YM, et al. 

Expression of lymphatic endothelium-specific hyaluronan receptor LYVE-1 

in the developing mouse kidney. Cell Tissue Res. 2011;343:429–444.)
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Nerve endings are in contact with approximately one-third 
of the cells of the efferent arteriole and somewhat less of 
the afferent arteriole,474 and synapses between autonomic 
nerve endings and granular and agranular cells of the JGA 
are visible by transmission electron microscopy.475 Consistent 
with these observations, renin secretion is modulated by renal 
sympathetic nerve activity.462,476 Neuroeffector junctions at 
the macula densa are infrequent in comparison to the afferent 
and efferent arterioles.474

Single nerve fibers penetrate the cortical and juxtamedul-
lary renal parenchyma and parts of the medulla.213,459,477–479 
Unmyelinated nerve fibers accompanying the efferent 
arterioles of juxtamedullary glomeruli extend with the vas-
culature to the level of the inner stripe of the outer medulla.480 
Sympathetic nerve terminals make contact with the basement 
membranes of the tubule epithelial cells at nerve varicosities 
containing dense-cored vesicles, which contain norepineph-
rine213,470,479 and tyrosine hydroxylase, the rate-limiting enzyme 
in norepinephrine production.462 Although neuroeffector 
junctions are present on all renal tubule types, the density 
of nerve varicosities varies among the renal tubules; the TAL 
has the highest density, followed by the DCT, the proximal 
tubule, and the collecting duct.213

The majority of the renal innervation is efferent. However, 
afferent nerves are also present, principally innervating the 
renal pelvis, but also the interlobar, arcuate, and interlobular 
arteries, and afferent arterioles.458,470,481–483 Approximately 
75%–80% of afferent renal nerves are unmyelinated.458,484,485 
Unlike efferent nerve fibers, which express tyrosine hydroxy-
lase, afferent nerve fibers express calcitonin gene-related 
peptide, and thus, efferent and afferent fibers can be dis-
criminated using immunolocalization for these enzymes.470,483,486
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BOARD REVIEW QUESTIONS

1. Structural features of the podocyte (visceral epithelial 
cell) that contribute to an intact filtration barrier and 
prevent proteinuria include:
 a. The interdigitating foot processes, with focal adhesions 

to the glomerular basement membrane (GBM), and 
the filtration slit diaphragm.

 b. The prominent endocytic apparatus, which removes 
glomerular basement membrane anionic proteins and 
increases permeability.

 c. The prominent secretory apparatus, which increases 
glomerular basement membrane cationic sites and 
decreases permeability.

 d. The fenestrated primary and secondary foot processes.
 e. Gap junctions with intraglomerular mesangial cells, 

which mediate signaling to regulate contraction of the 
podocyte actin cytoskeleton.

Answer: a

2. The anatomical structure enabling classic tubuloglomerular 
feedback, the juxtaglomerular apparatus, is made up of 
which structures?
 a. The glomerular capillary tuft, the extraglomerular 

mesangium, and the afferent and efferent arterioles.
 b. The glomerular capillary tuft, Bowman’s capsule, and 

the afferent and efferent arterioles.
 c. The afferent and efferent arterioles, the extraglomerular 

mesangium, and the macula densa in the thick ascend-
ing limb of Henle.

 d. The afferent and efferent arterioles, the extraglomerular 
mesangium, and the macula densa in the distal con-
voluted tubule.

 e. The juxtaglomerular mesangial cells, the afferent 
arteriole, and the peripolar cells of the glomerular 
tuft.

Answer: c

3. High rates of reabsorption of filtered substances is enabled 
by which structural features of the proximal convoluted 
tubule?
 a. The highest mitochondrial density of any tubule in 

the kidney, which provides energy for active transport.

 b. The very high density of integral membrane transport 
proteins in the relatively simple apical and basal plasma 
membrane compartments.

 c. The presence of renin-secreting cells, which stimulate 
proximal tubule solute reabsorption when glomerular 
filtration rate increases.

 d. The apical brush border and complex basolateral plasma 
membrane infoldings, which contain abundant integral 
membrane transport proteins, and the prominent 
endocytic apparatus, which enables receptor-mediated 
endocytosis of filtered peptides and proteins.

 e. Its alignment with vasa recta, which enhances removal of 
reabsorbed solutes via the countercurrent mechanism.

Answer: d

4. The distal convoluted tubule, which is the site of the 
thiazide-sensitive NaCl cotransporter (NCC), responds to 
treatment with a loop diuretic, such as furosemide, with:
 a. Atrophy of the epithelial cells
 b. Hypertrophy of the epithelial cells
 c. Epithelial cell death
 d. Transformation into thick ascending limb cells
 e. Hyperplasia of intercalated cells
Answer: b

5. The cortical collecting duct (CCD) is able to generate 
either net acid or net bicarbonate secretion in response 
to physiologic needs because:
 a. Vasopressin stimulates the insertion of AQP2 channels 

into the apical plasma membrane of principal cells.
 b. Aldosterone increases the abundance of the epithelial 

Na channel, ENaC, in the principal cell apical plasma 
membrane.

 c. The majority cell type, principal cells, can either secrete 
or reabsorb bicarbonate.

 d. The CCD contains Type A intercalated cells, which 
can either secrete or reabsorb bicarbonate.

 e. The CCD contains two specific intercalated cell subtypes; 
Type A, which secretes protons and ammonia, and 
Type B, which secretes bicarbonate.

Answer: e
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KEY POINTS

• Renal blood flow and GFR increase with protein intake in men and women and, at any 
given level of protein intake, GFR is greater in younger (20–50 years of age) than in older 
subjects (55–88 years of age) and greater in men than in women, even when factored for 
body surface area.

• The decline in hydraulic pressure between the renal artery and glomerular capillaries is 
greatest along the afferent arteriole, whereas 70% of the decline in postglomerular hydraulic 
pressure occurs at the efferent arteriole. The last 50 to 150 µm of the afferent arteriole and 
the first early part of the efferent arteriole (first 50–150 µm) provide most of the 
preglomerular and postglomerular resistances.

• Glomerular capillary blood pressure, PGC, declines only slightly within the capillary network, 
thus maintaining the transcapillary hydraulic pressure gradient (ΔP = PGC minus Bowman’s 
space pressure, PBS) at a relatively constant rate. However, glomerular capillary protein 
oncotic pressure (πGC) rises along the length of the glomerular capillaries as protein-free fluid 
is filtered into Bowman’s space, thus reducing the net filtration pressure, with πg reaching 
and becoming equal to ΔP in some cases such as hydropenia.

• The barrier to the filtration of fluid and macromolecules includes the glycocalyx lining the 
endothelial cells, the fenestrations of the endothelial layer of the glomerular capillaries, the 
layers of the glomerular basement membrane, the filtration slits between the podocytes 
surrounding the capillaries, and the filtration slit diaphragm extending along the filtration 
slits to connect adjacent foot processes. Breakdown or injury in any of the restrictive barriers 
may lead to increased passage of albumin and other proteins.

• The high resistance of the afferent and efferent arterioles leads to a large drop in vascular 
hydraulic pressure prior to the peritubular capillaries so that peritubular capillary pressure is 
much lower than glomerular capillary pressure (15–20 mm Hg). The oncotic pressure of 
fluid entering the peritubular capillaries is elevated because of the filtration of protein-free 
fluid out of the glomerular capillaries. The net balance between the transcapillary oncotic 
and hydraulic pressure gradients thus favors entry of the fluid reabsorbed by the tubules into 
the peritubular capillaries.

• The finding that both renal blood flow and GFR are autoregulated indicates that the 
principal resistance change due to autoregulatory adjustments is primarily localized to the 
preglomerular vasculature. The autoregulation mechanisms provide a powerful mechanism to 
maintain the intrarenal hemodynamic environment in balance with the metabolically 
determined tubular transport function.
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INTRODUCTION

The kidneys are unique in having three distinct microvascular 
networks identified as the glomerular capillary microcircula-
tion, the cortical peritubular capillary microcirculation, and 
the unique medullary microcirculation, which nourishes the 
medullary tissues and maintains the interstitial environment. 
Each of these circulations has specialized functions that 
allow filtration of a large volume of fluid at the glomerular 
capillaries, the consequent reabsorption of most of the 
filtrate back into the circulation, and the establishment of 
a medullary environment having a high interstitial osmolality. 
These renal circulations not only provide the renal cells and 
tissues with oxygen and nutrients, but also maintain and 
regulate the hemodynamic environment to achieve their 
designated functions. Under resting conditions, blood flow 
to the kidneys represents approximately 20% of cardiac output 
in humans, even though these organs constitute less than 1% 
of body mass. This renal blood flow (RBF), approximately 
400 mL/100 g of tissue per minute, is significantly greater 
than that observed in other vascular beds considered to be 
well perfused, such as the heart, liver, and brain.1,2 From this 
enormous blood flow (1.0–1.2 L/min), approximately 20% of 
the plasma flow is filtered and becomes the glomerular filtrate, 
but only a small volume of urine, about 1%, is formed from 
that filtrate. Although the metabolic energy requirements 
of tubular transport processes are relatively high, the renal 
arteriovenous O2 difference reveals that blood flow far exceeds 
that needed for metabolic demands. In fact, the high blood 
flow is essential to provide the appropriate hemodynamic 
environments necessary for the filtration at the glomeruli 
and the reabsorption into the postglomerular capillaries.3,4

In Chapter 2, the gross anatomy of the kidney and arrange-
ment of tubular segments are described in detail. In this 
chapter, we consider the intrarenal organization of the discrete 
microcirculatory networks, as shown in Fig. 3.1. We will also 
consider the differences in regional blood flows and how 
the structure of the microcirculation contributes to the 
regulation of the intrarenal hemodynamic environment, thus 
maintaining appropriate levels of RBF and glomerular filtra-
tion rate (GFR).

• The myogenic and tubuloglomerular feedback mechanisms are primarily responsible for the 
autoregulatory responses. The myogenic mechanism refers to the ability of arterial smooth 
muscle to contract and relax in response to increases and decreases in vascular wall 
tension. The tubuloglomerular feedback mechanism provides signals from the macula densa 
to the afferent arteriole. Paracrine mediators include ATP, adenosine, nitric oxide and 
arachidonic acid metabolites.

• Overall renal hemodynamic function is regulated by complex interactions between extrinsic 
and intrinsic mechanisms, including the sympathetic nervous system, circulating vasoactive 
factors, endothelial nitric oxide, intrarenal angiotensin II, arachidonic acid metabolites, 
purinergic factors and other paracrine systems, which exert direct effects and modulate the 
sensitivity of the tubuloglomerular feedback mechanism.

KEY POINTS—cont’d

Outer

medulla

Cortex

Fig. 3.1 Renal vasculature and tubule organization. Left, Three 

nephrons are shown without accompanying vascular structures. Vascular 

structures are shown in the central portion of the figure. Right, Vascular 

and tubular structures are superimposed. Configurations of tubular 

segments were generalized from patterns found by silicone rubber 

injections. For clarity, more distal parts of the nephron are shown in 

deeper colors. Arterial components of the vascular system are shown 

in red, venous components in blue. Only representative venous con-

nections are shown. (From Beeuwkes R III, Bonventre JV. Tubular 

organization and vascular tubular relations in the dog kidney. Am J Physiol. 

1975;229:695–713.)
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RENAL BLOOD FLOW AND GLOMERULAR 
FILTRATION RATE

Historically, GFR and renal plasma flow (RPF) have been 
estimated using the clearance of inulin for the determination 
of GFR and of p-aminohippuric acid (PAH) for the determina-
tions of RPF, from which RBF can be calculated using RPF 
and hematocrit.5 Whereas inulin is only filtered across the 
glomerular capillaries, PAH is both filtered at the glomerulus 
and actively secreted by the tubules. This results in the renal 
extraction of 80% to 90% of PAH from the blood. PAH is 
not completely extracted from the blood because of flow 
through regions of the kidney, in particular the medulla, 
that do not perfuse proximal tubule segments, where secretion 
occurs, and limitations of the secretory process of PAH in 
cortical regions, along with the presence of a few periglo-
merular shunts (Fig. 3.2). Thus, PAH clearance is an 
approximation often termed “effective” or “estimated” renal 
plasma flow (ERPF) and provides an estimate of RPF without 
the need for a renal venous blood sample.5 However, this 
estimate of RPF is much less accurate in renal disease because 
extraction is further reduced by damage to proximal tubule 
segments or rarefaction of the peritubular capillaries involved 
in PAH secretion.6 Values taken from a composite of studies 
in normal human subjects5 are shown in Table 3.1. As 
indicated in the data presented, RBF and GFR are lower in 
women than in men, even when corrected for body surface 
area. Values for normal subjects vary considerably in different 
studies, as reflected in Fig. 3.3, which shows more recently 
obtained data on ERPF and GFR in adult humans from various 
studies that were not corrected for body surface area. The 
data also reveal marked differences in GFR and ERPF between 
obese and lean subjects. These differences are likely the 
result of increased food intake and, hence, increased protein 
consumption.7 Indeed, as shown in Fig. 3.4, GFR increases 
with protein intake in men and women and, at any given 
level of protein intake, GFR is higher in young people (20–50 
years of age; mean, 31 years) than in older subjects (55–88 
years of age; mean, 70 years). Improved methods of RBF 
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Fig. 3.2 The medullary microcirculation. In the cortex, interlobular 

arteries arise from the arcuate artery and ascend toward the cortical 

surface. Cortical and juxtamedullary afferent arterioles leading to 

glomeruli branch from the interlobular artery. Most of the blood flow 

reaches the medulla through juxtamedullary efferent arterioles; however, 

a small fraction may also arise from periglomerular shunt pathways. 

In the outer medulla, juxtamedullary efferent arterioles in the outer 

stripe give rise to descending vasa recta (DVR), which coalesce to 

form vascular bundles in the inner stripe. DVR on the periphery of 

vascular bundles give rise to the interbundle capillary plexus that 

surrounds nephron segments—thick ascending limb, collecting duct, 

long looped thin descending limbs (not shown). DVR in the center 

continue across the inner-outer medullary junction to perfuse the inner 

medulla. Vascular bundles disappear in the inner medulla, and vasa 

recta become dispersed with nephron segments. Ascending vasa 

recta (AVR) that arise from the sparse capillary plexus of the inner 

medulla return to the cortex by passing through outer medullary vascular 

bundles. Inset, DVR have a continuous endothelium. (From Pallone 

TL, Zhang Z, Rhinehart K. Physiology of the renal medullary microcircula-

tion. Am J Physiol. 2003;284:F253–F266, 2003.)

Table 3.1 Renal Blood Flow, Renal Plasma 
Flow, Glomerular Filtration Rates and 
Filtration Fractions in Healthy Men 
and Womena

Subject(s)

RBF, 

mL/min

RPF, 

mL/min

GFR, 

mL/min

Filtration 

Fraction

Men 1166 655 127 0.193

Women 940 600 118 0.197

Combined 1165 634 123 .197

aData for RPF based on clearances of Diodrast as well as 

p-aminohippuric acid (PAH) and for GFR based on clearance 

of inulin. Clearances are corrected to 1.73 m2 and suggest 

lower normalized RBF, RPF, and GFR values in women

GFR, glomerular filtration rate; RBF, renal blood flow; RPF, renal 

plasma flow.

Data from Smith HW. The kidney: Structure and function in 

health and disease. New York: Oxford University Press; 

1951:544–545.
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a point just before entry into the renal parenchyma and 
continues to branch in a nonanastomotic manner to supply 
the glomeruli prior to entering the postglomerular micro-
circulation (see Fig. 3.1).3 Therefore, complete obstruction 
of an arterial segmental vessel results in ischemia and infarc-
tion of the tissue in its area of distribution. Ligation of 
individual segmental arteries has frequently been performed 
in experimental studies to reduce renal mass and produce 
the remnant kidney model of chronic renal failure.13,14 
Morphologic studies in this model have revealed the presence 
of ischemic zones adjacent to the totally infarcted areas. 
These regions contain viable glomeruli that appear shrunken 
and crowded together, demonstrating that some portions of 
the renal cortex may have partial dual perfusion.15 The 
anatomic distribution just described is most common; however, 
other patterns may occur.16,17 Secondary renal arteries found 
in 20% to 30% of normal individuals may result from division 
of the renal artery at the aorta. These vessels, which most 
often supply the lower pole,18 may be the sole arterial supply 
of some part of the kidney.19

Within the renal sinus of the human kidney, division of 
the segmental arteries gives rise to the interlobar arteries. 
These vessels, in turn, give rise to the arcuate arteries, whose 
several divisions lie at the border between the cortex and 
medulla. The interlobular arteries branch from the arcuate 
arteries more or less sharply, usually as a common trunk that 
divides two to five times as it extends toward the kidney 
surface20,21 (see Fig. 3.1). Afferent arterioles leading to 
glomeruli arise from the interlobular arteries (see Figs. 3.1 
and 3.2). Glomeruli are classified according to their position 
within the cortex as superficial (i.e., near the kidney surface), 
midcortical, or juxtamedullary, near the corticomedullary 
border (see Fig. 3.1). The capillary network of each glom-
erulus originates from the afferent arteriole as it enters into 
a manifold-like chamber. The glomerular capillaries coalesce 
into an efferent chamber leading to an efferent arteriole 
that delivers blood to the postglomerular capillary circulation, 
forming both the cortical peritubular capillaries and complex 
medullary capillaries. The arrangement of the medullary 
microcirculation plays an important role in the process of 
concentration of urine.

Venous drainage of the peritubular capillaries from the 
superficial cortex is via superficial cortical veins.20,22 In the 
middle and inner cortices, venous drainage is achieved mainly 
by the interlobular veins. The dense peritubular capillary 
network surrounding the interlobular vessels drains directly 
into the interlobular veins through multiple connections, 
whereas the less dense, long-meshed network of the medullary 
rays appears to anastomose with the interlobular network 
and thus drains laterally (see Fig. 3.1). The medullary circula-
tion also shows two different types of drainage. The outer 
medullary networks typically extend into the medullary rays 
before joining interlobular veins, whereas the long vascular 
bundles of the inner medulla (vasa recta) converge abruptly 
and join the arcuate veins.

OXYGEN CONSUMPTION

Because of the unique juxtaposition of the arteriolar and 
venular network, much of the abundant oxygen supply to 
the kidneys diffuses from the arterioles to the venules.23 The 
shunting of oxygen, coupled with the very high rate of oxygen 

measurement include laser Doppler flowmetry, video micros-
copy, and imaging techniques such as positron emission 
tomography (PET), high-speed computed tomography (CT), 
and magnetic resonance imaging (MRI).6,8–12 These methods 
have been especially useful in determining changes in regional 
blood flow.

MAJOR ARTERIES AND VEINS

Blood supply to each kidney is provided by a renal artery 
that branches directly from the abdominal aorta. The renal 
artery typically branches into multiple segmental vessels at 
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to arterioles, thus making it more difficult to wash out 
unwanted substances such as CO2 but also accentuating 
intrarenal retention of protective molecules such as nitric 
oxide (NO; see Fig. 3.5).29

HYDRAULIC PRESSURE PROFILE AND  

VASCULAR RESISTANCES

The decline in hydraulic pressure between the systemic 
vasculature and the end of the interlobular artery in both 
the superficial and juxtamedullary microvasculatures can be 
as much as 25 mm Hg at normal perfusion pressures, with 
most of that pressure drop occurring along the interlobular 
arteries (Fig. 3.6). Based on studies of the vasculature of 
juxtamedullary nephrons, most of the preglomerular pressure 
drop between the arcuate artery and the glomerulus occurs 
along the afferent arteriole.30,31 Approximately 70% of the 
postglomerular hydraulic pressure drop occurs along the 
efferent arterioles. The very late portion of the afferent 
arteriole (last 50–150 µm) and the early portion of the efferent 
arteriole (first 50–150 µm) provide the major fraction of the 
total preglomerular and postglomerular resistance (see Fig. 
3.6).30,31 Multiphoton imaging studies have indicated the 
presence of an intraglomerular precapillary sphincter at the 
terminal end of afferent arterioles (Fig. 3.7).32,33 Collectively, 
the total resistance (RT) consists of two major sites, the afferent 
(Ra) and efferent (Re) arterioles and a minor contribution 

consumption (~4 µmol/min/g), leaves the oxygen tension 
(pO2) in the cortex much lower than what would be predicted 
from the pO2 in renal venous blood. Tissue pO2 values in the 
cortex border on hypoxia, varying from 40 to 45 mm Hg in 
the outer and mid cortices and even lower (30 mm Hg) in 
the deep cortex.13,24,25 As shown in Fig. 3.5, the countercurrent 
arrangement between the descending and ascending vasa 
recta permits further shunting of oxygen, leaving pO2 values 
in the medullary tissues of 20 mm Hg or lower toward the 
papillary tip.23,25–27

About 75% of the oxygen consumption by the kidneys 
provides the energy required by the Na+-K+-ATPase, which 
is the major active transport system of the tubules. Changes 
in oxygen consumption rate vary proportionally with the 
changes in net Na transport by the tubules. Reduced tissue 
oxygen levels occur in hypertension, which can compromise 
renal function.24,28 The shunting of oxygen from arterioles 
to venules suggests that diffusible gas molecules that are 
formed in the kidney, including CO2, NO, and hydrogen 
sulfide (H2S), may also undergo shunting, but from venules 
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Fig. 3.5 The arterial to venous (AV) oxygen shunt. Oxygen is delivered 

by red blood cells in the artery. Red blood cells release oxygen in the 

capillaries, which diffuses into the interstitium to reach target cells. 

Blood with low oxygen tension passes into the vein. The juxtaposition 

of the arteries and veins present in the kidney facilitates oxygen diffusion 

from the artery to the vein. Oxygen tensions in the capillaries are rela-

tively low when red blood cells reach the peritubular capillary plexus, 

which indicate that the kidney is inefficient in extracting oxygen. The 

relative oxygen tensions are represented by the size of the circles 

surrounding O2. (From Mimura I, Nangaku M. The suffocating kidney: 

tubulointerstitial hypoxia in end-stage renal disease. Nat Rev Nephrol. 

2010;6:667–678.)
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Fig. 3.6 Hydraulic pressure profile in the kidney. Filled squares and 

triangles denote values (mean ± 2 standard deviation) obtained from 

euvolemic and hydropenic Munich-Wistar rats. Values from studies 

in the squirrel monkey78 are shown as open diamonds. Open inverted 

triangles and open squares are from studies in the Sprague Dawley 

rat in juxtamedullary nephrons perfused with whole blood. These 

nephrons are located inside the cortical surface opposed to the 

pelvic lining and arcuate veins, in which entire pressure profiles can 

be obtained from the interlobular artery (Interlob Art), the proximal 

(Early a.a.) and distal (Late a.a.) portions of the afferent arteriole, the 

glomerular capillaries (PGC), the proximal (Early e.a.) and late (Late e.a.) 

segments of the efferent arteriole, the peritubular capillaries (Pc), and 

the renal vein (R.V.). AP, Arterial pressure; Arc. art., arcuate artery; 

PGC, glomerular capillary pressure. (Modified from Maddox DA, Brenner 

BM. Glomerular ultrafiltration. In Brenner and Rector’s The Kidney, 7th 

Edition. Philadelphia: W.B. Saunders Company; 2004, pp 353–412; 

Casellas D, Navar LG. In vitro perfusion of juxtamedullary nephrons in 

rats. Am J Physiol. 1984;246:F349–F358; Imig JD, Roman RJ. Nitric 

oxide modulates vascular tone in preglomerular arterioles. Hypertension. 

1992;19(6 Pt 2):770–774.)
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afferent arterioles have larger internal diameters than the 
efferent arterioles, whereas juxtamedullary afferent and 
efferent arterioles are larger than the outer cortical arterioles, 
and efferent arterioles of juxtamedullary nephrons are more 
muscular compared with the cortical arterioles.34,37 In addition, 
the cortical peritubular capillaries, derived from efferent 
arterioles of cortical glomeruli, are about half the diameter 
of the medullary vasa recta derived from efferent arterioles 
of the juxtamedullary glomeruli (Fig. 3.8).34 These features 
may partially explain the differential control of medullary 
and cortical blood flows.

VASCULAR-TUBULE RELATIONS

Cortical vascular-tubule relations have been described 
extensively (see Figs. 3.1 and 3.2).20,38,39 The efferent peritu-
bular capillary network and the tubules arising from each 
glomerulus in the outermost region of the cortex are tightly 
associated, but this relationship becomes dissociated in deeper 
regions of the cortex. This close association does not mean 
that each vessel adjacent to a given tubule necessarily arises 
from the same glomerulus. Although superficial nephron 
segments and peritubular capillaries arising from the same 
glomerulus are closely associated, each postglomerular effer-
ent arteriole may serve segments of more than one nephron.40 
However, the loops of Henle of all nephrons, as they descend 
into the medullary ray, are supplied by postglomerular blood 
vessels emerging from midcortical and deep nephrons, with 
some of the branches from deep nephrons descending into 
the medullary ray, termed the vasa recta (see Figs. 3.1 and 
3.2). The dissociation between individual tubules and the 
corresponding postglomerular capillary network is most 
apparent in the inner cortex. The convoluted tubule segments 
of these nephrons lie above the glomeruli surrounded by 
the dense network close to the interlobular vessels or by 
capillary networks arising from other inner cortical glomeruli. 
With regard to efferent vessel patterns and vascular-tubule 
relationships,39,41 there is a close association between the 
initial portions of peritubular capillaries and early and late 
proximal tubule segments of the same glomerulus.42–44

from the outflowing venules and veins (Rv). Accordingly, 
the following relationships describe the intrarenal cortical 
vascular resistances:

 R Ra RvT = + +Re  (1)

 Ra AP P RBFGC= −( )  (2)

 Re ( )= −P P EABFGC C  (3)

where EABF = RBF – GFR

 Rv P P RBFC V= −( )  (4)

where AP = arterial pressure; PGC = glomerular capillary 
pressure; PC = peritubular capillary pressure; PV = renal vein 
pressure; and EABF = efferent arteriolar blood flow.

INTRARENAL BLOOD FLOW DISTRIBUTION

The cortex accounts for filtration at the glomeruli and most 
of the reabsorption from proximal and distal nephron cortical 
tubules, whereas the medulla reabsorbs less than 20% of the 
total reabsorbate, in keeping with its primary function to 
maintain a hypertonic interstitial gradient when needed to 
excrete a concentrated urine. Blood flow to these regions is 
differentially regulated in response to the differing functions 
and demands of these two kidney regions.34 Approximately 
80% of the RBF perfuses the cortex and is under the control 
of numerous intrinsic paracrine vasoactive factors, as well as 
extrinsic humoral and neural influences. Vasoconstrictors, 
including angiotensin II (Ang II), endothelin, purinergic 
agents, and norepinephrine, as well as vasodilators, including 
bradykinin and nitric oxide, interact to regulate cortical blood 
flow and medullary blood flow.34,35 There can be extensive 
redistribution of blood flow in the kidney under various 
conditions that may be important in physiologic and patho-
physiologic conditions.36

Structural differences in vascular components of the cortex 
and the medulla may account for differences in RBF—namely, 
the organization of the afferent and efferent arterioles of 
the cortical and juxtamedullary glomeruli. The cortical 

BA C

AA

G
MD

Fig. 3.7 Constriction of the terminal afferent arteriole (AA) via an intraglomerular precapillary sphincter in response to elevations in distal 

tubular NaCl content. (A, B) Transmitted light differential interference contrast (DIC) images. (A) Control, with NaCl concentration at the macula 

densa at 10 mM. (B) NaCl concentration is increased to 60 mM, resulting in an almost complete closure of the AA. (C) Fluorescence image of 

the same preparation as shown in B. Vascular endothelium and tubular epithelium are labeled with R18 (red), renin granules with quinacrine 

(green), and cell nuclei with Hoechst 33342 (blue). Note that renin-positive granular cells constitute the sphincter, demonstrating contractile 

responses in glomerular cells. G;Glomerulus; MD, macula densa. Scale bar = 10 µm. (From Peti-Peterdi J. Multiphoton imaging of renal tissues 

in vitro. Am J Physiol Renal Physiol. 2005;288:F1079–F1083.)
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electron micrograph of a resin-filled cast of a kidney. The 
afferent arteriole branching from the interlobular artery, the 
many loops of the glomerular capillaries, and the efferent 
arteriole as it emerges from the glomerular tuft can be seen 
in B and C. An ultrastructural analysis of the vascular pole of 

STRUCTURAL AND FUNCTIONAL ASPECTS OF THE 
GLOMERULAR MICROCIRCULATION

Some of the structural relationships of the glomerular 
microcirculation are seen in Fig. 3.8, which shows a scanning 

B

A

C

Fig. 3.8 A, Resin casts of renal glomeruli of a rabbit, depicting both cortical and medullary glomeruli. For Panel A, the scale bar represents 

1 mm. B, Cortical glomerulus showing afferent (upper vessel) and efferent arterioles and the capillary tuft (scale bar = 60 µm). C, A juxtamedullary 

glomerulus showing afferent (upper vessel) and efferent arterioles and the capillary tuft (scale bar 60 = µm). Note that the juxtamedullary 

arterioles are larger in diameter than the cortical glomerular arterioles, particularly the efferent arterioles. (From Evans RG, Eppel GA, Anderson 

WP, Denton KM: Mechanisms underlying the differential control of blood flow in the renal medulla and cortex. J Hypertens. 2004;22:1439–1451.)
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undergo a transition into a vascular chamber that has a 
manifold-like structure distributing primary branches along 
the surface of the glomerular tuft, which branch further into 
the individual glomerular capillaries.45,47

The primary branches have wide lumens and immedi-
ately acquire features of glomerular capillaries, including a 
fenestrated endothelium, characteristic glomerular basement 
membrane, and epithelial foot processes. In human glomeruli, 
however, these primary branches serve as conduit vessels that 
branch into the filtering capillaries (Fig. 3.10).47 In contrast, 
the efferent arteriole originates deep within the tuft, from 
the convergence of capillaries into multiple lobules that exit 
into an efferent vascular chamber, which narrows into an 
efferent arteriole. Additional tributaries join the efferent 
arteriole as it travels toward the vascular pole. The structure 
of the capillary wall begins to change, even before the vessels 
coalesce to form the efferent arteriole, losing fenestrae pro-
gressively until a smooth epithelial lining is formed. At the 
arteriole’s terminal portion within the tuft, endothelial cells 
may bulge into the lumen, reducing its internal diameter.45 
Efferent arterioles acquire a smooth muscle cell layer, which 
is observed distal to the entry point of the final glomerular 
capillary. The efferent arteriole is also in close contact with 
the glomerular mesangium as it forms inside the tuft and 
with the extraglomerular mesangium as it exits the tuft. 
This precise and close anatomic relationship between the 
afferent and efferent arterioles and mesangium with the 
macula densa cells of the ascending loop of Henle provides 
the structural basis for the presence of an intraglomerular 
signaling system, known as the “tubuloglomerular feedback 
mechanism,” which participates in the regulation of blood flow  
and GFR.32,45,48

The appearance of the vascular pathways within the 
glomerulus may change under different physiologic condi-
tions. The glomerular mesangium (Fig. 3.11) has been shown 
to contain contractile elements45,49 and to exhibit contractile 
activity when exposed to Ang II.50 Mesangial cells, which 
possess AT1 receptors for Ang II, undergo contraction 
when exposed to this peptide in vitro.51 Three-dimensional 

the renal glomerulus has revealed differences in the structure 
and branching patterns of the afferent and efferent arterioles 
as these vessels enter and exit the tuft.45 Afferent arterioles 
lose their internal elastic layer and smooth muscle cell layer 
prior to entering the glomerular tuft. Smooth muscle cells 
are replaced by renin-positive, myosin-negative granular cells 
that are in close contact with the extraglomerular mesangium 
(Fig. 3.9).32,46 On entering Bowman’s space, afferent arterioles 

Fig. 3.9 Multicolor labeling of the in vitro microperfused juxtaglomerular 

apparatus with attached glomerulus. Cell membranes of tubular 

epithelium (cortical thick ascending limb, [cTAL] containing the macula 

densa), vascular endothelium of the afferent arteriole (AA), and 

glomerulus (G) are labeled with R18 (red), renin granules with quinacrine 

(green), and cell nuclei with Hoechst 33342 (blue). (From Peti-Peterdi 

J. Multiphoton imaging of renal tissues in vitro. Am J Physiol Renal 

Physiol. 2005;288:F1079–F1083.)
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Fig. 3.10 Structure of the human glomerulus. Note the sharp turn made by the afferent arteriole (AA) as it enters the afferent vascular chamber 

(AVC), which flows into the conduit afferent capillaries (Con). Efferent first-order vessels (E1) and the efferent vascular chamber (EVC) transition 

into the efferent arteriole (EA). Right, Distribution of hydraulic forces in the AVC. (From Neal CR, Arkill K, Bell JS, et al. Novel hemodynamic 

structures in the human glomerulus. Am J Physiol Renal Physiol. 2018;315(5):F1370–F1384; color figures courtesy Dr. Christopher Neal.)
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PERMEABILITY OF THE GLOMERULAR  
FILTRATION BARRIER

In addition to the unique role of the glomerular capillary 
wall and surrounding glomerular epithelial cells in regulating 
fluid movement from the glomerular capillary into Bowman’s 
space, these structures also regulate the movement of mac-
romolecules. Molecules the size of inulin or smaller are 
normally able to cross the glomerular capillary wall without 
restriction. However, the transglomerular permeation of 
molecules of increasing size becomes limited, so that molecules 
the size of albumin or larger are almost completely prevented 
from crossing into Bowman’s space.

As shown in Fig. 3.12, the composite filtration barrier 
includes the glycocalyx lining the endothelial cells, the 
fenestrations of the endothelial layer of the glomerular 
capillaries, the three layers of the glomerular basement 
membrane, the filtration slits between adjacent foot processes 
of the visceral epithelial cells (podocytes) that surround the 
capillaries, and the filtration slit diaphragm that extends 
along the filtration slits and connects adjacent foot processes 
to form the ultimate barrier to filtration53 (see Fig. 3.12). 
This complex barrier has a high permeability to small 
molecules such as water, electrolytes, amino acids, glucose, 
and other endogenous or exogenous compounds with 
molecular radii smaller than 20 Ǻ. This allows these com-
pounds to be freely filtered from the blood into Bowman’s 
space while virtually excluding molecules larger than around 
50 Å.54–61 In studies using fractional clearances of neutral 

reconstruction of the entire mesangium in the rat has sug-
gested that approximately 15% of capillary loops may be 
entirely enclosed within armlike extensions of mesangial cells 
that are anchored to the extracellular matrix.52 Contraction 
of these cells might alter local blood flow and filtration rate, 
as well as the intraglomerular distribution of blood flow and 
total filtration surface area. Many hormones and other vasoac-
tive substances capable of altering glomerular filtration may 
bring about this adjustment, in part by altering the state of 
contraction of mesangial cells.

DETERMINANTS OF GLOMERULAR FILTRATION

A critical function of the mechanisms regulating renal 
hemodynamics is to maintain the blood flow and pressure 
profile within the glomerular tufts at levels such that the 
filtration rate allows optimum function of reabsorptive and 
secretory processes by the tubular network. The exquisite 
differential regulation of the preglomerular (afferent) and 
postglomerular (efferent) resistances exert fine control of 
the intraglomerular hemodynamic environment and thus 
the GFR. This nesting of the glomerular capillary system 
between the afferent and efferent arterioles allows for precise 
regulation of the intraglomerular forces governing filtration. 
These forces, coupled with the unique restrictive molecular 
permeability of the glomerular capillary structure, lead to 
the formation of a nearly protein-free filtrate, from the 
glomerular capillaries into Bowman’s space, as the first step 
in the process of urine formation.

GBM
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MC

B PM-GBM

Fig. 3.11 Electron micrographs of glomerular capillaries of a Munich-Wistar rat. (A) Overview of several capillaries (≈×14,500). Most of the 

glomerular capillary endothelium (E) is in contact with the glomerular basement membrane (GBM), with only a small portion in contact with  

the mesangium (M). At its outer aspect, the GBM is covered by podocyte foot processes. There is no basement membrane separating the 

endothelium from the mesangium at their interface. (B) Mesangial cell (MC) extends outward to meet the glomerular capillary (≈×42,000). Kriz 

and co-workers have suggested that such cylinder-like stalks appear to be contractile filament bundles (short arrow) that attach to the 

perimesangial glomerular basement membranes (PM-GBM) and extend to the GBM at the mesangial angles (long arrow). For this preparation 

the nephron was perfusion-fixed by micropuncture with 1.25% glutaraldehyde through Bowman’s space, thereby yielding the fixation of glomerular 

structures, as well as the red cells in the capillaries. (Modified from Kriz W, Elger M, Mundel P, Lemley KV. Structure-stabilizing forces in the 

glomerular tuft. J Am Soc Nephrol. 1995;5(10):1731–1739; Kriz W, Kaissling B. Structural organization of the mammalian kidney. Third Edition ed: 

Lippincott, Williams & Wilkins; 2000; Drenckhahn D, Schnittler H, Nobiling R, Kriz W. Ultrastructural organization of contractile proteins in rat glomerular 

mesangial cells. Am J Pathol. 1990;137(6):1343–1351.)
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the hydraulic conductivity of the filtration barrier per surface 
area unit (Lp), coupled with the surface area (Sf). The 
product of Lp and Sf is called the “filtration coefficient” 
(Kf). Fluid flow (Jv) at any given point in the capillary is 
determined by the Starling equation:

 J Lp P Pv GC BS GC BS= − − −[( ) ]( )π π  (5)

where PGC and PBS are the hydraulic pressures in the glo-
merular capillaries and Bowman’s space, respectively, and 
πGC and πBS are the corresponding colloid osmotic pressures 
at any given point. Because the protein concentration of the 
fluid in Bowman’s space is very low, πBS approaches zero and 
can be disregarded. The total GFR of fluid for a single 
nephron (SNGFR) is equal to the product of the surface 
area for filtration (Sf) and the hydraulic conductivity (Lp), 
defined as the filtration coefficient (Kf) and the values of 
the right-hand terms in Eq.5 averaged along the length of 
the glomerular capillaries yielding the expression:

SNGFR LpS P P SNGFR K Pf GC BS GC f GC= = −− −[( ) ( )] ( )π πor ∆  
(6)

Thus,

 SNGFR K Pf UF= ×  (7)

where PUF = the mean filtration pressure, the difference 
between the mean transcapillary hydraulic and colloid osmotic 
pressure gradients, ΔP and πGC, respectively.

It is important to emphasize the difference between Lp, 
the hydraulic conductivity, and the macromolecular perme-
ability. These are regulated differently and are not closely 
coupled. Based on known ultrastructural detail and the 
hydrodynamic properties of the individual components of 

dextran, comparable size selectivity62 was observed in rats,63 
dogs,64 and humans.65 As recently emphasized,53 there has 
been considerable controversy regarding the component 
primarily responsible for the exclusion of macromolecules 
from the filtrate. The size selectivity of the glomerular filtration 
barrier is determined largely by a combination of the slit 
diaphragms between podocyte foot processes and the glo-
merular basement membrane (GBM). Although there is some 
controversy regarding glomerular charge selectivity, there is 
good evidence for a role of charge in restricting the transmural 
movement of negatively charged macromolecules such as 
albumin at the level of the GBM, which contains negatively 
charged heparan sulfate proteoglycans, as well as laminin, 
type IV collagen, and nidogen.66,67

Other studies have now demonstrated the presence of a 
fine meshwork of glycosaminoglycans covering the luminal 
endothelial layer and bridging the endothelial fenestrations 
so that the endothelial layer is now considered the initial 
coarse barrier for macromolecular exclusion.68 Further studies 
using negatively charged gold nanoparticles have confirmed 
that the lamina densa of the basement membrane serves as 
an exclusion barrier for molecules the size of immunoglobulin 
G (IgG) and albumin. Small particles permeated into the 
lamina densa and accumulated upstream, covering the base 
of the foot processes.60

HYDRAULIC AND ONCOTIC FORCES IN THE 
GLOMERULAR CAPILLARIES AND BOWMAN’S SPACE

The process of filtration of fluid at any given point of the 
glomerular capillary is governed by the net balance among 
the transcapillary hydraulic pressure gradient (ΔP), the 
transcapillary colloid osmotic pressure gradient (Δπ), and 

Foot processes

Special glycocalyx
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of foot processes
and GBM

Glomerular
basement
membrane
(GBM)
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Endothelial
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Endothelial
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Slit diaphragm

Endothelial
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Messangial
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Fig. 3.12 Schematic drawing of a glomerular capillary. The elements considered as part of the glomerular filtration barrier include the following: 

endothelial glycocalyx, fenestrated endothelium, basement membrane, specialized glycocalyx between the foot processes and basement 

membrane, and podocyte and slit diaphragm. (From Schlöndorff D, Wyatt CM, Campbell KN. Revisiting the determinants of glomerular filtration 

barrier: what goes round must come round, Kidney Int. 2017;92:533–536.)
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is blocked, intratubular pressure upstream from the block 
increases until net filtration at the glomerulus ceases.76 At 
that point, the sum of this hydrostatic pressure in the early 
proximal tubule plus the systemic colloid oncotic pressure 
is equal to the pressure in the glomerular capillaries (PGCSF). 
The stop-flow technique has been used in different strains 
of rats, as well as in dogs and mice, with the PGCSF averaging 
55 to 60 mm Hg in the dog and about 50 mm Hg in the 
rat.4,55 Glomerular capillary pressures calculated using this 
stop-flow have been compared with values obtained by direct 
micropuncture of glomerular capillaries in a number of 
studies; these indicate that PGCSF, measured at normal APs, 
provides a close estimate of PGC measured directly.35,55,74,75

Direct measurements of glomerular capillary hydraulic 
pressure in vertebrates (PGC) became possible when it was 
discovered that a mutant strain of the Munich-Wistar rat had 
surface glomeruli that allowed direct puncture of glomerular 
capillaries.77 Subsequent studies have confirmed the original 
observations, demonstrating that values for PGC in surface 
glomeruli average 43 to 49 mm Hg in this strain of rats (Fig. 
3.13), and similar values were found in the squirrel monkey, 
which also has some superficial glomeruli.78 Because the 
glomerular capillaries are nested between the afferent and 
efferent arterioles, PGC is nearly constant along the length 

the filtration barrier, mathematical modeling suggests that 
only around 2% of the total hydraulic resistance is accounted 
for by the fenestrated capillary endothelium, whereas the 
basement membrane accounts for nearly 50%.66,69,70 The 
remaining hydraulic resistance resides in the diaphragm of 
the filtration slits, which are complex structures containing 
numerous proteins, including nephrin and podocin.66,70–72 
Disruption of these slit diaphragm proteins leads to substantial 
proteinuria.72 A reduction in the frequency of intact filtration 
slits is an important factor in the deterioration of filtration 
in some disease states.66,73 In the case of macromolecule 
permeability, mathematical modeling efforts contend that 
the sieving efficiency of the layers of the glomerular filtration 
barrier are interdependent. Moreover, whereas hydraulic 
resistances are additive, macromolecule sieving coefficients 
are multiplicative; thus, a small change in the macromolecule 
permeability of one layer can significantly change the overall 
permeability of the filtration barrier.62,66

Because surface glomeruli are not present in most experi-
mental animals, indirect approaches to measure glomerular 
pressure have been used in many experimental studies to 
evaluate the responses of glomerular pressure. The stop-flow 
technique has been used by many investigators to estimate 
PGC.2,35,74,75 When fluid movement in the early proximal tubule 
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Glomerular capillary hydraulic and oncotic pressure profiles 
for rats under hydropenic and euvolemic conditions are shown 
in Fig. 3.14, using the mean values determined from the 
studies shown in Fig. 3.13. In hydropenic animals, by the time 
the blood reaches the efferent end of the glomerular capil-
laries, plasma oncotic pressure (πE) rises to a value that, on 
average, equals ΔP. As a consequence, the net local filtration 
pressure, PUF (PGC – [PT + πGC]), is reduced from approximately 
17 mm Hg at the afferent end of the glomerular capillary 
network to essentially zero by the efferent end (referred to as 
“filtration pressure equilibrium”). The value of ΔP is nearly 
constant along the glomerular capillaries, and the decline 
in PUF along the capillary network is due to a rise in πGC (see 
Fig. 3.14). An exact profile of the Δπ curve cannot be ascer-
tained under conditions of filtration pressure equilibrium, 
and hence only maximum estimates of PUF and minimum 
estimates of Kf can be obtained by assuming a linear rise in 
the Δπ curve. To obtain accurate measurements of the Δπ 
curve, Deen and colleagues plasma-expanded rats to increase 
plasma flow to obtain filtration pressure disequilibrium (Fig. 
3.14, curve D), permitting an exact determination of PUF and 
hence Kf.80 Filtration pressure disequilibrium is present in 
about 60% of the studies in the euvolemic Munich-Wistar 
rat (see Fig. 3.13) and in most of the studies in Sprague-
Dawley rats and in dogs,4,74,75,81 permitting exact determi-
nations of PUF along the entire length of the glomerular 

of the capillary bed, resulting in a transcapillary hydraulic 
pressure gradient that averages 34 mm Hg in hydropenic 
Munich-Wistar rats (see Fig. 3.13). Coupling these hydraulic 
pressure measurements with determinations of systemic plasma 
protein concentration and efferent arteriolar protein con-
centrations of superficial nephrons has permitted an 
opportunity to determine the hydraulic and oncotic pressures 
that govern glomerular filtration at the beginning and end 
of the capillary network.

The early direct measurements of PGC made in hydropenic 
rats were under conditions of surgically induced reductions 
in plasma volume and GFR. Subsequent studies, in which 
plasma volume was restored to a euvolemic state, equal to 
that of the awake animal,79 by infusion of iso-oncotic plasma, 
yielded SNGFR values substantially higher than in hydropenic 
rats. This is primarily as a consequence of increases in glo-
merular plasma flow (QA) associated with a fall in preglo-
merular (RA) and efferent arteriolar (RE) resistance values 
(see Fig. 3.13), indicating that the early studies in hydropenic 
rats were performed under conditions of elevated activity of 
the sympathetic nervous system. Collectively, the experimental 
studies in Munich-Wistar rats (see Fig. 3.13) and several other 
strains of rats studied under euvolemic conditions have 
indicated that glomerular pressure in rats is in the range  
of 50 mm Hg, leading to higher transglomerular capillary 
pressures.
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be obtained.63,86,87 Combining the sieving data with mathemati-
cal models, estimated data for Kf values can be derived. Values 
for single-nephron Kf in normal human subjects have varied 
from 3.6 to 9.4 nL/min mm Hg, with an average value of 
about 6 to 7 nL/min mm Hg.2,4,75,88,89

SELECTIVE ALTERATIONS IN THE PRIMARY 
DETERMINANTS OF GLOMERULAR FILTRATION

The four primary determinants of filtration are QA, ΔP, Kf, 
and πA, and alterations in each of these will affect the GFR. 
The degree to which such alterations will modify SNGFR has 
been examined by mathematical modeling80 and compared 
with values obtained experimentally (see Arendshorst and 
Navar,2 Navar et al.,4 and Lowenstein et al.84).

Glomerular Plasma Flow (QA)

Because protein is normally excluded from the glomerular 
filtrate, the total amount of protein entering the glomerular 
capillary network from the afferent arteriole is maintained, 
leading to progressively increasing protein concentration as 
the plasma traverses the glomerular capillaries to the efferent 
arteriole. Thus, there is a substantial increase in the plasma 
colloid osmotic pressure (πg) in the glomerular capillaries 
as the plasma traverses from the inlet to the outlet. This 
increase in πg counteracts the net hydraulic filtration pressure 
and may completely offset the ΔP, so that πg = ΔP if equilib-
rium is reached before the plasma reaches the efferent 
arteriole, preventing further net filtration of fluid into 
Bowman’s space. Under this condition of filtration pressure 
equilibrium, where ΔP = πE, SNGFR will vary directly with 
changes in QA as a greater filtering surface area is recruited. 
Once QA increases enough to produce disequilibrium, πE 
becomes less than ΔP, and the SNGFR will no longer vary 
linearly with QA.90 However, there is still an effect of increases 
in plasma flow to increase GFR, although to a lesser extent, 
because the filtration fraction will decrease and there will 
be a lesser overall increase in πg. As shown in Fig. 3.15, 
increases in plasma flow are associated with increases in GFR 
in a number of studies in rats, dogs, nonhuman primates, 
and humans.

Transcapillary Hydraulic Pressure Difference (ΔP)

Mathematical modeling indicates that isolated changes in 
the glomerular transcapillary hydraulic pressure gradient 
exert strong effects on SNGFR.2,4,80 In particular, when ΔP 
exceeds the colloid osmotic pressure at the efferent end of 
the glomerular capillary, filtration occurs throughout the 
glomerular capillary network, and SNGFR increases as ΔP 
increases. The relationship between SNGFR and ΔP is 
nonlinear, however, because the rise in SNGFR at any given 
fixed value of QA results in a concurrent increase in Δπ. 
Because net effective filtration pressure is a small fraction 
of PGC, small isolated changes in PGC can cause large percentile 
changes in net filtration pressure.

Glomerular Capillary Filtration Coefficient (Kf)

Glomerular damage from a variety of kidney diseases and 
various hormonal and pharmacologic influences can result 
in alterations in the glomerular filtration coefficient (Kf) due 
to reductions in surface area available for filtration and/or 
to reductions in the hydraulic conductivity because of thick-
ening of the basement membrane or other derangements. 

capillaries and hence an accurate Kf reflecting the total  
surface area.

DETERMINATION OF THE FILTRATION COEFFICIENT

As shown in Eq. 7, SNGFR equals the filtration coefficient 
(Kf) times the net driving force for filtration averaged over 
the length of the glomerular capillaries (PUF). The values of 
Kf from many studies in euvolemic Munich-Wistar rats studied 
under conditions of filtration pressure disequilibrium (see 
Fig. 3.13) averaged 5.0 ± 0.3 nL/(min⋅mm Hg). These are 
values similar to those found in other rat strains and in  
dogs (3–5 nL/[min⋅mm Hg]).4,55,74,75 Because this value 
remains essentially unchanged over a twofold range of changes 
in QA, the data suggest that changes in QA per se do not 
affect Kf.80

In the rat, total capillary basement membrane surface 
area per glomerulus (As) has been determined to be around 
0.003 cm2 in superficial nephrons and 0.004 cm2 in deep 
nephrons.82 A large portion of the capillary surface area faces 
the mesangium and, as a consequence, only the peripheral 
area of the capillaries surrounded by podocytes participates in 
filtration. This peripheral area available for filtration (Ap) is 
only about half that of As (~0.0016–0.0018; 0.0019–0.0022 cm2 
in the superficial and deep glomeruli, respectively).82 Using 
a value of Kf of around 5 nL/min mm Hg, as determined 
by micropuncture techniques, with these estimates of Ap, 
yields a hydraulic conductivity (Lp) of 45 to 48 nL/(sec⋅mm 
Hg⋅cm2). These estimates of k for the rat glomerulus are all 
one or two orders in magnitude higher than those reported 
for capillary networks in mesentery, skeletal muscle, omentum 
or peritubular capillaries of the kidney,55,83 thus supporting 
the premise of very high glomerular hydraulic permeability 
of the glomerular capillaries.

DETERMINANTS OF GLOMERULAR FILTRATION 
COEFFICIENT IN HUMAN SUBJECTS

Hydraulic pressure in the glomerular capillaries of human 
kidneys cannot be measured using micropuncture of glo-
merular capillaries or measurements of stop-flow pressures 
in proximal tubules or free-flow pressures in Bowman’s space. 
From determinations of plasma protein concentrations, and 
thus the afferent arteriolar oncotic pressure together with 
the whole-kidney filtration fraction, efferent arteriolar oncotic 
pressure can be calculated, generally yielding values around 
37 mm Hg. In addition, peritubular capillary pressure has 
been estimated from intrarenal venous pressure measure-
ments, yielding estimates of proximal tubule hydraulic 
pressure of 20 to 25 mm Hg.84,85 Coupled with an efferent 
oncotic pressure of 37 mm Hg, this indicates that the minimal 
value for glomerular capillary pressure in humans is in the 
range of 57 to 62 mm Hg. Glomerular volumes and diameters 
of human kidneys are larger than in the experimental species, 
suggesting that the single-nephron Kf is greater than in the 
experimental animals. It is thought that in humans, filtration 
pressure disequilibrium is normally present, and GFR exhibits 
less plasma flow dependency than in rats.2 The molecular 
sieving approach has been used as an alternative noninvasive 
means for the evaluation of the hydraulic conductivity 
characteristics and filtration coefficient in studies of glomeru-
lar dynamics in humans. By using uncharged macromolecules 
with varying molecular radii, which are partially restricted, 
the sieving coefficients for molecules of different sizes can 
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offsetting variations in PUF that occur with changes in πA.83 
Studies in isolated glomeruli have indicated that extremely 
low concentrations of albumin produce an increase in Kf, 
whereas extremely high concentrations of albumin result in 
a decrease in Kf.83 However, in vivo studies have shown that 
increases in plasma π will increase Kf in both rats92 and dogs.81 
These divergent results of the effects of protein concentration 
or πA on Kf can be partially explained by the results from 
studies of isolated glomerular basement membranes, which 
have shown a biphasic relationship between albumin con-
centration and hydraulic permeability.91 There were lower 
values of hydraulic permeability at an albumin concentration 
of 4 g/dL than at either 0 or 8 g/dL.

POSTGLOMERULAR CIRCULATION

PERITUBULAR CAPILLARY DYNAMICS

The same Starling forces that control fluid movement across 
all capillary beds govern the rate of fluid movement across 
the peritubular capillary walls of the renal cortex. Owing to 
the high resistance of the afferent and efferent arterioles, a 
large drop in hydraulic pressure occurs prior to the peritu-
bular capillaries so that peritubular capillary pressure is 15 
to 20 mm Hg. In addition, because protein-free fluid is filtered 
out of the glomerular capillaries and into Bowman’s space, 
the plasma proteins become concentrated, yielding an elevated 
oncotic pressure of blood flowing into the peritubular capil-
laries. As a consequence, the balance between the transcapil-
lary oncotic and hydraulic pressure gradients favors movement 
of the tubular reabsorbate into the capillaries. However, 
variations in these forces have significant effects on net 
proximal reabsorption.35,54,93 The absolute amount of move-
ment resulting from this driving force also depends on the 
peritubular capillary surface area available for fluid uptake 
and the hydraulic conductivity of the peritubular capillary 
wall. Values for the hydraulic conductivity of the peritubular 
capillaries are not as great as those for the glomerular capil-
laries, but this difference is offset by the much greater total 
surface area of the peritubular capillary network.

The peritubular capillary surface contains fenestrations 
that are bridged by a thin diaphragm and glycocalyx that is 
negatively charged.3,94 Beneath the fenestrae of the endothelial 
cells lies a thin basement membrane that surrounds the 
capillary. The peritubular capillaries are closely opposed to 
cortical tubules (Fig. 3.16), so that the extracellular space 
between the tubules and capillaries constitutes only about 
5% of the cortical volume.95 The tubular epithelial cells are 
surrounded by the tubular basement membrane, which is 
distinct from and wider than the capillary basement membrane 
(see Fig. 3.16). Numerous microfibrils connect the tubular 
and capillary basement membranes, a feature that may help 
limit expansion of the interstitium and maintain close contact 
between tubular epithelial cells and the peritubular capillaries 
during periods of high fluid flux.96 Thus, the pathway for 
fluid reabsorption from the tubular lumen to the peritubular 
capillary is composed, in series, from the epithelial cell, lateral 
spaces, tubular basement membrane, a narrow interstitial 
region containing microfibrils, the capillary basement 
membrane, and the thin membrane bridging the endothelial 
fenestrae.96

Like the endothelial cells, the basement membrane of  
the peritubular capillaries possesses anionic sites.94,97 The 

Hydraulic conductivity of the glomerular basement membrane 
demonstrates an inverse relationship to ΔP, indicating that 
Kf may be directly influenced by ΔP.91 Kf is also affected by 
the plasma protein concentration.81,92 Under conditions of 
filtration pressure equilibrium, reductions in Kf do not affect 
SNGFR until Kf is reduced enough to produce filtration pres-
sure disequilibrium. However, increases in Kf above normal 
will increase SNGFR until equilibrium conditions occur.80,83 
When plasma flow is high, and disequilibrium exists, there 
is a more direct relationship between Kf and SNGFR.80,83

Colloid Osmotic Pressure (πA)

SNGFR and the single-nephron filtration fraction (SNFF) 
are each theoretically predicted to vary reciprocally as a 
function of πA.80 If QA, ΔP, and Kf are held constant, reductions 
in πA are predicted to increase PUF, leading to an increase 
in SNGFR. An increase in πA should produce a decrease in 
SNGFR until πA equals ΔP (normally, ~35 mm Hg), at which 
point filtration stops. In contrast to theoretic predictions, 
experimentally induced reductions in πA do not lead to a 
rise in SNGFR because there are changes in PBS and Kf so 
that a reduction in πA results in a reduction in Kf, thereby 
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Despite the fact that medullary flow is less than 20% of 
the cortical flow, it is still relatively high compared with other 
tissues per gram of tissue; outer medullary flow exceeds that 
of liver, and inner medullary flow is comparable to that of 
resting muscle or brain.108 The high efficiency of countercur-
rent mechanisms in this area permits the existence and 
maintenance of the inner medullary solute concentration 
gradients in the presence of such large flows. The descending 
vasa recta have a continuous endothelium, in which water 
moves across water channels, and urea moves through 
endothelial carriers.109,110 The ascending vasa recta are 
fenestrated, with a high hydraulic conductivity, and water 
movement is governed by transcapillary hydraulic and oncotic 
pressure gradients.110 Medullary blood flow is highest under 
conditions of water diuresis and declines during antidiuresis.100 
A direct vasoconstrictive effect of vasopressin on the medullary 
microcirculation contributes to this decrease during antidi-
uresis.111 Vasodilatory factors act to preserve medullary blood 
flow and prevent ischemia. Acetylcholine,112 vasodilator 
prostaglandins,113 kinins,114 adenosine,115 atrial peptides,116 
bradykinin,9 and nitric oxide117 increase medullary RBF. In 
contrast to their vasoconstrictor effects in the renal cortex, 
Ang II118–121 and endothelin118 increase medullary blood flow, 
effects mediated in part by vasodilatory prostaglandins,119,120 
whereas vasopressin decreases medullary blood flow.111,122 
Alterations in medullary blood flow may be a key determinant 
of medullary fluid tonicity and, thereby, of solute transport 
in the loops of Henle and the control of sodium excretion 
and blood pressure.123 During hemorrhage, there is primarily 
cortical ischemia, with maintained blood flow through the 
medulla.124

The precise location of the boundary between the renal 
cortex and medulla is difficult to discern because the 
medullary rays of the cortex merge imperceptibly with the 
medulla. In general, the arcuate arteries or sites at which  

electronegative charge density of the peritubular capillary 
basement membrane is significantly greater than that observed 
in the unfenestrated capillaries of skeletal muscle and similar 
to that observed in the glomerular capillary bed. These anionic 
sites in the peritubular capillaries compensate for the greater 
permeability of fenestrated capillaries, allowing free exchange 
of water and small molecules while restricting anionic plasma 
proteins to the circulation. The renal peritubular capillaries 
are reported to be more permeable to both small and large 
molecules than are other beds,98 but this may be an artifact 
of the experimental conditions used. Indeed, other studies 
have indicated that the permeability of the peritubular vessels 
to dextrans and albumin is extremely low.97,99

MEDULLARY MICROCIRCULATION

Similar to cortical peritubular vessels, the functional role of 
the medullary peritubular vasculature is to supply the meta-
bolic needs of nearby tissues, but this unique vasculature is 
also responsible for the uptake and removal of water extracted 
from collecting ducts during the process of urine concentra-
tion. Because the urinary concentration process requires the 
development and maintenance of a hypertonic interstitium, 
the countercurrent arrangement of vasa recta plays a vital 
role in maintaining the medullary solute gradient through 
passive countercurrent exchange.

Medullary blood flow constitutes only about 10% to 15% 
of total RBF3,6,100,101 and is derived entirely from efferent 
arterioles of the juxtamedullary nephrons (see Figs. 3.1 and 
3.2).22,37,102–105 Depending on the species and the method of 
evaluation, from 7% to 18% of glomeruli give rise to efferent 
arterioles that supply the medulla.22,106 Efferent arterioles of 
juxtamedullary nephrons are larger in diameter, possess 
thicker endothelium, and have more prominent smooth 
muscle layers than efferent arterioles originating from 
superficial glomeruli.34,107

A

PCT-BM

PC-BM

B

Fig. 3.16 Apposition of peritubular capillaries with basolateral tubular membranes. Shown are electron micrographs of a proximal tubule of 

a Munich-Wistar rat. The tubule was perfusion-fixed with 1.25% glutaraldehyde, thereby also fixing red cells in adjacent capillaries. (A) The 

apposition of the basolateral surface of the tubular cells with the adjacent peritubular capillaries is close, leaving little interstitial space where 

the two come in contact (magnification ≈×13,000). (B) The proximal tubule basement membrane (PCT-BM) is relatively thick in comparison with 

the peritubular capillary endothelial basement membrane (PC-BM; magnification ≈×25,000). (Courtesy D. Maddox.)
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The inner medulla contains the thin descending and thin 
ascending limbs of Henle, together with collecting ducts 
(see Fig. 3.2). Within this region, the straight, unbranch-
ing vasa recta descend in bundles, with individual vessels 
leaving at every level to divide into a simple capillary 
network characterized by elongated links (see Figs. 3.1 and 
3.2).102,106,130 These capillaries converge to form the venous 
vasa recta. Within the inner medulla, the descending and 
ascending vascular pathways remain in close apposition, 
although distinct vascular regions can no longer be clearly  
discerned. The venous vasa recta rise toward the outer 
medulla in parallel with the supply vessels to join the vascular 
bundles. Within the outer stripe of the outer medulla, the 
vascular bundles spread out and traverse the outer stripe 
as wide tortuous channels that lie in close apposition to 
the tubules, eventually emptying into arcuate or deep 
interlobular veins.106 The venous pathways in the bundles 
are both larger and more numerous than the arterial vessels, 
suggesting lower flow velocities in the ascending (venous) 
than in the descending (arterial) vessels.131 The close appo-
sition of the arterial and venous pathways in the vascular 
bundles is important for maintaining the hypertonicity of the  
inner medulla.

The mechanism of urine concentration requires coordi-
nated function of the vascular and tubular components of 
the medulla. In species capable of marked concentrating 
ability, medullary vascular-tubular relationships show a high 
degree of organization favoring particular exchange processes 
by the juxtaposition of specific tubular segments and blood 
vessels.130,132 In addition to anatomic proximity, the absolute 
magnitude of these exchanges is greatly influenced by the 
permeability characteristics of the structures involved, which 
may vary significantly among species.133

PARACRINE AND ENDOCRINE FACTORS 
REGULATING RENAL HEMODYNAMICS 
AND GLOMERULAR FILTRATION RATE

EXTRINSIC AND INTRINSIC REGULATION OF THE 

RENAL MICROCIRCULATIONS

A variety of hormonal, neural, and paracrine factors exert 
regulating influences on RBF and GFR.35,55,83 Renal blood 
vessels from the arcuate arteries and interlobular arteries to 
the afferent and efferent arterioles are influenced to a greater 
or lesser extent by these intrinsic and extrinsic influences. 
As a result, the vascular tones of preglomerular and postglo-
merular resistance vessels are regulated to control RBF, 
glomerular hydraulic pressure, and the transcapillary hydraulic 
pressure gradient. The glomerular mesangium is the site of 
action and production of many such substances. Vasoactive 
compounds may elicit acute alterations in Kf by changing 
the effective surface area for filtration through contraction 
of mesangial cells, causing shunting of blood to fewer capillary 
loops.35,134,135 In addition, contraction of glomerular epithelial 
cells (podocytes), which contain filamentous actin molecules, 
may decrease the size of the filtration slit pores, thereby 
altering hydraulic conductivity of the filtration pathway and 
reducing Kf.136 Various growth factors influence chronic 
changes in renal hemodynamics by promoting mesangial 
cell proliferation and expansion of the extracellular matrix, 

the interlobular arteries branch into arcuate arteries mark 
this boundary. When considering the medullary circulation, 
most studies have focused on its relation to the countercurrent 
mechanism, as facilitated by the parallel array of descending 
and ascending vasa recta. This configuration is characteristic 
of the inner medulla, but the medulla also contains an outer 
zone consisting of two morphologically distinct regions, the 
outer and inner stripes of the outer medulla (see Fig. 3.2). 
The boundary between the outer medulla and inner medulla 
is defined by the beginning of the thick ascending limbs of 
Henle (see Fig. 3.1). In addition to the thick ascending limbs, 
the outer medulla contains descending straight segments 
of proximal tubules (pars recta), descending thin limbs, 
and collecting ducts. The nephron segments of the inner 
stripe of the outer medulla include thick ascending limbs, 
thin descending limbs, and collecting ducts. Each of these 
morphologically distinct medullary regions is supplied and 
drained by a specific vascular system.

Both the outer and inner stripes contain two distinct circula-
tory regions—the vascular bundles, formed by the coalescence 
of the descending and ascending vasa recta, and the inter-
bundle capillary plexus. Vascular bundles of the descending 
and ascending vasa recta arise from the efferent arterioles 
of juxtamedullary glomeruli and descend through the outer 
stripe of the outer medulla to supply the inner stripe of the 
outer medulla and inner medulla (see Fig. 3.2). Within the 
outer stripe, nutrient flow is provided by the ascending vasa 
recta rising from the inner stripe. This notion is supported 
by the large area of contact between the ascending vasa  
recta and descending proximal straight tubules within this 
zone.103,106,125

The outer medulla includes the metabolically active thick 
ascending limbs. Nutrients and O2 to this energy-demanding 
tissue in the inner stripe are delivered by a dense capillary 
plexus arising from a few descending vasa recta at the 
periphery of the bundles. Of the 10% to 15% of total RBF 
directed to the medulla, the largest portion perfuses this 
inner stripe capillary plexus. The descending vasa recta possess 
a contractile layer composed of smooth muscle cells in the 
early segments that evolve into pericytes by the more distal 
portions of the vessels. These pericytes contain smooth muscle 
α-actin, suggesting that they serve as contractile elements 
and participate in the regulation of medullary blood flow,126 
as well as in vascular-tubular crosstalk.127 Each of these vessels 
also displays a continuous endothelium that persists until 
the hairpin turn is reached, and the vessels divide to form 
the medullary capillaries. In contrast, ascending vasa recta, 
like true capillaries, lack a contractile layer and are character-
ized by a highly fenestrated endothelium.128,129 The smooth 
muscle cells of the descending vasa recta are replaced by 
pericytes surrounding the endothelium, with subsequent loss 
of the pericytes and transformation into medullary capillaries 
accompanied by endothelial fenestrations.102,125

The rich capillary network of the inner stripe drains into 
numerous veins, which, for the most part, do not join the 
vascular bundles but ascend directly to the outer stripe. These 
veins subsequently rise to the cortical-medullary junction 
and join with cortical veins at the level of the inner cortex.130 
A few veins may extend within the medullary rays to regions 
near the kidney surface.20,104,130 Thus, the capillary network 
of the inner stripe makes no contact with the vessels draining 
the inner medulla.
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Troy JL, Brenner BM: Dynamics of glomerular ultrafiltration in the rat. III: 
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leading to obliteration of capillary loops and a reduction in 
the filtration coefficient.

Our understanding of afferent and efferent arteriolar 
vascular responses to neural, paracrine hormonal, and vasoac-
tive substances have, to a large extent, come from micro-
puncture studies of glomerular hemodynamics. Various other 
methods have been used to examine the effects of vasoactive 
substances on the preglomerular and postglomerular vascu-
lature.35,55,83,137–144 The results using these different techniques 
have provided important insights into the vasoactive properties 
of the preglomerular and postglomerular vasculature that 
control renal hemodynamics and glomerular filtration rate.

The renal vasculature and glomerular mesangium respond 
to numerous endogenous hormones and vasoactive peptides, 
such as Ang II, by vasoconstriction, reductions in RBF and 
GFR, and reductions in the glomerular capillary filtration 
coefficient. Among the vasoconstrictors are Ang II, norepi-
nephrine, leukotrienes C4 and D4, platelet-activating factor 
(PAF), adenosine 5’-triphosphate (ATP), endothelin, vasopres-
sin, serotonin, and epidermal growth factor.35,55,83 Similarly, 
vasodilatory substances, such as NO and prostaglandin E2 
(PGE2), and PGI2, histamine, bradykinin, acetylcholine, 
insulin, insulin-like growth factor, calcitonin gene-related 
peptide, cyclic adenosine monophosphate, and relaxin can 
increase RBF and GFR.35,55,83 However, in addition to having 
their own direct effects on RBF and GFR, a number of these 
complex vasoactive systems, such as the renin-angiotensin-
aldosterone system (RAAS) and arachidonic acid metabolites, 
produce both vasoconstriction and vasodilator effects and 
can also stimulate production and release of other factors 
thus, masking their primary effect. Furthermore, vasoconstric-
tor agents such as Ang II may result in a feedback stimulation 
of vasodilatory compensatory factors yielding a complex 
interactive balance regulating renal hemodynamics.

INTRINSIC MECHANISMS: RENAL AUTOREGULATION

Renal autoregulation refers to the intrinsic ability of the 
kidney to respond to a perturbation that elicits a vasoactive 
response, which alters renal vascular resistance in the direction 
that maintains RBF and GFR. Changes in perfusion pressure 
are the manipulation most commonly used to demonstrate 
autoregulatory efficiency. Although the efficiency with which 
blood flow is maintained differs from organ to organ (being 
most efficient in brain and kidney), all organs and tissues 
exhibit autoregulation. As shown in Fig. 3.17, the kidney 
autoregulates renal blood flow over a wide range of renal 
perfusion pressures. Autoregulation of blood flow in response 
to changes in perfusion pressure requires parallel changes 
in resistance.

The finding that both RBF and GFR are autoregulated 
with a high efficiency indicates that the principal resistance 
change due to autoregulatory adjustments is localized to the 
preglomerular vasculature. Studies of single-nephron function 
of superficial nephrons have demonstrated that SNGFR also 
exhibits efficient autoregulation, as long as the tubular fluid 
collections do not block flow to the macula densa. Further-
more, direct measurements of glomerular pressures in the 
Munich-Wistar rat, which has glomeruli on the renal cortical 
surface that is accessible to micropuncture, have demonstrated 
autoregulation of glomerular pressure in response to variations 
in renal arterial perfusion pressure. Fig. 3.18 summarizes 
the effects of graded reductions in renal perfusion pressure 
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metabolites of the cytochrome P450 epoxygenase pathway 
attenuate the autoregulatory capacity of the afferent arteriole, 
whereas metabolites of the cytochrome P450 hydroxylase 
pathway enhance autoregulatory responsiveness.164

Inhibition of nitric oxide (NO) does not prevent autoregula-
tion of GFR and RBF, but values for RBF are reduced at any 
given renal perfusion pressure as compared with control 
values.165–168 In the isolated, perfused, juxtamedullary afferent 
arteriole, the initial vasodilatation observed when pressure 
was increased was of shorter duration when endogenous NO 
formation was blocked, but the autoregulatory response was 
unaffected.161 Cortical and juxtamedullary preglomerular 
vessels in the split hydronephrotic kidney also autoregulate 
in the presence of NO inhibition.169 Thus, the evidence 
indicates that NO is not essential for the manifestation  
of renal autoregulation, although it does greatly influence 
the plateau of the autoregulatory response. Furthermore, 
NO plays a role in tubuloglomerular feedback, as will be 
discussed.35,170

Myogenic and Tubuloglomerular  
Feedback Mechanisms

There is general consensus that both myogenic and tubulo-
glomerular feedback mechanisms contribute to autoregulatory 
responses. The myogenic mechanism refers to the ability of 
arterial smooth muscle to contract and relax in response to 
increases and decreases in vascular wall tension.153,156,171,172 
Thus, an increase in perfusion pressure, which initially 
distends the vascular wall, is followed by contraction of a 
resistance vessel, resulting in a recovery of blood flow from 
an initial elevation to a value comparable to the control level. 
Evidence that the renal vasculature is intrinsically responsive 
to changes in the transmural hydraulic pressure difference 
and exhibits myogenic responses has been obtained in isolated 
afferent arterioles. Myogenic control of renal vascular resis-
tance has been estimated to contribute up to 50% of the 
total autoregulatory response.153,173

Autoregulation of renal blood flow is observed, even 
when tubuloglomerular feedback is inhibited by furosemide, 
suggesting an important role for a myogenic mechanism.174 
This myogenic mechanism of autoregulation occurs very 
rapidly, reaching a full response in 3 to 10 seconds.174,175 
Autoregulation occurs in all the preglomerular resistance 
vessels of the in vitro, blood-perfused, juxtamedullary nephron 
preparation.152,153,164,175–177 Of note, the afferent arterioles in 
this preparation constricted in response to rapid increases 
in perfusion pressure, even when flow to the macula densa 
was prevented by resection of the papilla, indicating a 
myogenic response.175 Isolated perfused rabbit afferent 
arterioles respond to step increases of intraluminal pressure 
with a decrease in luminal diameter.143 In contrast, efferent 
arteriolar segments showed vasodilation when submitted to the 
same procedure, probably reflecting simple passive physical  
properties.

Autoregulation is also observed in the afferent arteriole 
and arcuate and interlobular arteries of the nonfiltering 
hydronephrotic kidney preparation but, again, the efferent 
arteriole does not autoregulate in this model.156,158,159,169,178 
However, it should be noted that efferent arteriolar resistance 
in vivo may increase in response to prolonged reductions  
in AP.145,179 This may result from increased activity of the 
intrarenal renin-angiotensin system (RAS). These data may 

on PGC and preglomerular (RA) and efferent arteriolar (RE) 
resistance.145 Graded reductions in renal perfusion pressure 
from 120 to 80 mm Hg result in only a modest decline in 
glomerular capillary blood flow, whereas a further reduction 
in perfusion pressure to 60 mm Hg leads to a more pro-
nounced decline (see Fig. 3.18).

Autoregulation of glomerular capillary blood flow and PGC 
as perfusion pressure decreased from 120 to 80 mm Hg is 
the result primarily of a pronounced decrease in RA, with 
little or no change in RE. Over the range of renal perfusion 
pressures from 120 to 60 mm Hg, RE tended to increase 
slightly at the lower perfusion pressure. Under conditions 
of modest plasma volume expansion, RA declines while RE 
increases slightly as renal perfusion pressure is lowered so 
that PGC and ΔP are virtually unchanged over the entire range 
of renal perfusion pressures.145 The mean glomerular trans-
capillary hydraulic pressure difference (ΔP) exhibits almost 
perfect autoregulation over the entire range of perfusion 
pressures.145 These results indicate that autoregulation of 
GFR is the consequence of the autoregulation of glomerular 
blood flow and glomerular capillary pressure. Similar results 
have been obtained in other rat strains and in dogs, where 
proximal and distal tubular pressures and peritubular capillary 
pressure also demonstrated autoregulation.146

Although more controversial, autoregulation also occurs 
in the medullary circulation,147–149 an effect that may be 
influenced by the volume status of the animal.148 In the split 
hydronephrotic rat kidney preparation,150 reductions in perfu-
sion pressure from 120 to 95 mm Hg elicited dilation of all 
preglomerular vessels, including the arcuate and interlobular 
arteries. The large preglomerular arterioles, including the 
interlobular arteries, contribute to the constancy of outer 
cortical blood flow in the upper autoregulatory range.151 
These responses notwithstanding, most evidence has indicated 
that the major preglomerular resistance components are the 
afferent arterioles.33,152–154 Direct observations of perfused 
juxtamedullary nephrons have revealed parallel reductions in 
the luminal diameters of arcuate, interlobular, and afferent 
arterioles in response to elevations in perfusion pressure. 
However, because quantitatively similar reductions in vessel 
diameter produce much greater elevations in resistance in 
smaller than in larger vessels, the predominant effect of these 
changes is an increase in afferent arteriolar resistance.30,152

Under conditions of substantial plasma volume expansion, 
medullary blood flow autoregulation efficiency is diminished, 
whereas cortical blood flow autoregulatory responses are 
maintained. This loss of medullary blood flow autoregulation 
is thought to contribute to the exaggerated pressure natri-
uresis during plasma volume expansion.36,155

Cellular Mechanisms Involved  
in Renal Autoregulation

Autoregulation of the afferent arteriole and interlobular 
artery is blocked by administration of L-type calcium channel 
blockers, inhibition of mechanosensitive cation channels, 
and a calcium-free perfusate.156–159 Thus, the autoregulatory 
response involves gating of mechanosensitive channels, 
which produces membrane depolarization and activation 
of voltage-dependent calcium channels and leads to an 
increase in intracellular calcium concentration and vasocon-
striction.156,160,161 Indeed, calcium channel blockade almost 
completely blocks the autoregulation of RBF.162,163 Intrinsic 
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Increased perfusion of the late proximal tubule into the 
distal tubule causes a reduction in glomerular blood flow, 
glomerular pressure, and GFR.187 Furthermore, experimental 
maneuvers that decrease distal tubule fluid flow induce affer-
ent arteriolar vasodilation and interfere with the normal 
autoregulatory response.35,170,188 In addition, perfusion with 
furosemide-containing solutions into the macula densa 
segment abrogate the normal constrictor response of afferent 
arterioles to increased perfusion pressure,189 presumably by 
blocking the Na+-K+-2Cl– transporter on the luminal mem-
brane of the macula densa cells.153,190 These studies have 
suggested that the autoregulatory response in juxtamedullary 
nephrons is also highly dependent on the TGF mechanism. 
Moreover, deletion of the A1 adenosine receptor gene in 
mice to block TGF results in less efficient autoregulation, 
again indicating the role for TGF in the autoregulatory  
response.191

To examine the role of TGF in autoregulation, investigators 
have studied spontaneous oscillations in proximal tubule 
pressure and RBF and the response of the renal circulation 
to high-frequency oscillations in tubule flow or renal perfusion 
pressure.192 Oscillations in tubule pressure have been observed 
in anesthetized rats at a rate of about three cycles/min that 
are sensitive to small changes in delivery of fluid to the macula 
densa.193 These spontaneous oscillations are eliminated by 
loop diuretics.194 To examine this hypothesis,192 sinusoidal 
oscillations were induced in distal tubule flow in rats at a 
frequency similar to that of the spontaneous fluctuations in 
tubule pressure. Varying distal delivery at this rate caused 
parallel fluctuations in stop-flow pressure (an index of glo-
merular capillary pressure), probably mediated by alterations 
in afferent resistance, again consistent with dynamic regulation 
of glomerular blood flow by the TGF system. To investigate 
the role of this system in autoregulation,195 the effects of 
sinusoidal variations in AP at varying frequencies on renal 
blood flow were examined. Two separate components of 
autoregulation were identified, one operating at about the 
same frequency as the spontaneous fluctuations in tubule 
pressure, the TGF component, and one operating at a much 
higher frequency consistent with spontaneous fluctuations 
in vascular smooth muscle tone by the myogenic component.196 
These data have suggested that slow pressure changes elicit 
a predominant TGF response, whereas the rapid response 
reflects the myogenic mechanism.

The TGF mechanism stabilizes delivery of volume and 
solute to the distal nephron. Under normal conditions, 
flow-related changes in the tubular fluid composition at the 
macula densa are sensed, and signals are transmitted to the 
afferent arterioles to regulate the filtered load. Early distal 
tubular fluid is hypotonic (~120 mOsm/kg H2O), and its 
composition is closely coupled to fluid flow along the ascend-
ing loop of Henle, so that increases in flow cause increases 
in tubular fluid osmolality and NaCl concentration at the 
macula densa, which lead to vasoconstriction of the afferent 
arteriole. At the cellular level, increases in tubular fluid 
osmolality elicit increases in cytosolic [Ca2+] in macula densa 
cells, which result in release of a vasoconstrictive factor from 
these cells.197 As depicted in Fig. 3.20, suggested mediators 
of TGF include purinergic compounds, such as adenosine 
and ATP, and one or more of the eicosanoids, such as 
prostaglandin E2 (PGE2) or 20-hydroxyeicosatetraenoic acid 
(20-HETE). The factor mediating TGF responses vasoconstricts 

also explain why autoregulation of GFR is more efficient 
than autoregulation of RBF.

The autoregulatory threshold can be reset in response to 
a variety of perturbations. Autoregulation in the afferent 
arteriole is attenuated in diabetic kidneys and may contribute 
to the hyperfiltration seen early in this disease.178 Autoregula-
tion is partially restored by insulin treatment and/or by 
inhibition of endogenous prostaglandin production.178 
Autoregulation in the remnant kidney is markedly attenuated 
24 hours after the reduction in renal mass but is restored 
by cyclooxygenase inhibition, suggesting that release of 
vasodilatory prostaglandins may be involved in the initial 
response to increased SNGFR in the remaining nephrons 
after an acute partial nephrectomy.180 Much higher pressures 
than normal are required to evoke a vasoconstrictor response 
in the afferent arteriole during the development of spontane-
ous hypertension.181 Both the afferent arterioles and the 
interlobular arteries of Dahl salt-sensitive hypertensive rats 
exhibit reduced myogenic responsiveness to increases in 
perfusion pressure when fed a high-salt diet.182 Thus, altera-
tions in autoregulatory responses of the renal vasculature 
occur in a variety of disease states and may influence the 
kidney’s ability to alter excretory responses to increased plasma 
volume expansion.

During development of the nephron, the tubule develops 
a segment that descends from the cortex into the medulla, 
but the connection with the originating glomerulus remains 
throughout the developmental process and provides the 
structural basis for the regulatory mechanism known as 
“tubuloglomerular feedback” (TGF; Fig. 3.19). A specialized 
nephron segment macula densa, at the end of the thick 
ascending limb of the loop of Henle, has distinct morphologic 
characteristics, including the presence of a primary cilium.183 
Macula densa cells are adjacent to the cells of the glomerulus 
and connect with the extraglomerular mesangium and afferent 
and efferent arterioles of the glomerulus (see Fig. 3.19). 
This anatomic arrangement of macula densa cells, extraglo-
merular mesangial cells, arteriolar smooth muscle cells, and 
renin-secreting cells of the afferent arteriole is known as the 
“juxtaglomerular apparatus” (JGA).184

The JGA is ideally suited to serve as a feedback system 
whereby a physicochemical stimulus in the tubular fluid 
activates the macula densa cells, which in turn transmit signals 
to the arterioles to alter the degree of contraction, thus 
regulating afferent arteriolar resistance. Changes in the 
volume flow and composition of the fluid flowing past the 
macula densa elicit rapid alterations in afferent arteriolar 
resistance and glomerular filtration, with increases in delivery 
of fluid resulting in decreases in SNGFR and PGC of the same 
nephron.35,185,186 The TGF system senses delivery of fluid to 
the macula densa and “feeds back” signals to control filtration 
rate, thus providing a powerful feedback mechanism to 
regulate the pressures and flows that govern GFR in response 
to acute perturbations in delivery of fluid to the macula 
densa. The TGF mechanism is thus another important 
mechanism that helps explain the very high efficiency of 
autoregulation of RBF and GFR. Increased RBF or glomerular 
capillary pressure leads to increased GFR and, therefore, 
greater delivery of volume and solute to the distal tubule. 
Increased distal delivery is sensed by the macula densa, which 
activates effector mechanisms that increase preglomerular 
resistance, reducing RBF, glomerular pressure, and GFR.48
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is Ang II. In states of low Ang II activity (e.g., extracellular 
volume expansion, salt loading), the TGF mechanism is less 
responsive, whereas feedback sensitivity is enhanced during 
conditions of high Ang II activity, such as occurs during 
dehydration, hypotension, or hypovolemia.

The interactions between the myogenic mechanism and 
the TGF are complex and not simply additive. Contributions 
from other systems add additional complexity. For example, 
glomerulotubular balance, whereby proximal tubule reabsorp-
tion increases as GFR rises, blunts the effects of alterations 
in GFR on distal delivery. In addition, the persistence of 
some autoregulatory behavior in nonfiltering kidneys198 and 

afferent arteriolar vessels through the opening of voltage-gated 
Ca2+ channels in vascular smooth muscle cells.35

The sensitivity of the TGF mechanism can be modulated 
by many agents and circumstances. TGF sensitivity is dimin-
ished during volume expansion, thus allowing a greater 
delivery of fluid and electrolytes to the distal nephron for 
any given level of GFR. Reductions in TGF sensitivity allow 
correction of volume expansion. In contrast, contraction of 
extracellular fluid and blood volume is associated with an 
enhanced sensitivity of the TGF mechanism, which together 
with an augmented proximal reabsorption helps conserve 
fluid and electrolytes. A major regulator of TGF sensitivity 
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Fig. 3.19. Schematic drawing of a cross-section of a glomerulus, vascular pole, and macula densa cells forming the juxtaglomerular apparatus. 

As the afferent arteriole enters the glomerular tuft (large vessel, lower left), it breaks into a capillary network, and blood leaves the glomerular 

tuft via the efferent arteriole (large vessel, lower right). The glomerular capillaries have a fenestrated endothelium. The capillary network and 

mesangium located between the capillaries are bound together by a common basement membrane (blue line between the podocytes and 

capillaries). The basement membrane is absent between the capillary lumen and mesangial cells. The outer side of the basement membrane 

is surrounded by interdigitating visceral epithelial cells known as podocytes. Kriz and coworkers184 have pointed out that the glomerular 

mesangium is continuous with the extraglomerular mesangium (consisting of extraglomerular mesangial cells and matrix) at the vascular pole. 

The extraglomerular mesangium, along with the macula densa cells of the distal tubule and the afferent arteriole, form the juxtaglomerular 

apparatus. (Courtesy D.A. Maddox.)
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the myogenic component of autoregulation requires less than 
10 seconds for completion and normally follows first-order 
kinetics without rate-sensitive components.173 The response 
time for the tubuloglomerular feedback may occur as rapidly 
as 5 seconds,154 although others have suggested that it takes 
30 to 60 seconds and shows spontaneous oscillations at 0.025 
to 0.033 Hz.173 The myogenic and tubuloglomerular feedback 
mechanisms account for most of the autoregulatory responses, 
but additional systems have been suggested.173 Furthermore, 
the nature of their interaction may be complex, with the 
TGF primarily influencing the sensitivity of the myogenic 
mechanism.35

in isolated blood vessels has suggested that the delivery of 
filtrate to the distal tubule is not absolutely required for 
constancy of blood flow. Nevertheless, the myogenic and 
TGF mechanisms are not mutually exclusive, and various 
models of renal autoregulation incorporate both systems.172,199 
Because the myogenic and TGF responses share the same 
effector site, the afferent arteriole, interactions between these 
two systems are unavoidable, and each response is capable 
of modulating the other. The prevailing view is that these 
two mechanisms act in concert to accomplish the same end, 
a stabilization of renal function when blood pressure is 
altered.35,173,200 Furthermore, the time constraints are different; 
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Fig. 3.20 Proposed macula densa tubuloglomerular feedback (TGF) signaling mechanisms. Numbers in circles refer to the following sequence 

of events: 1, Flow-dependent changes in tubular fluid composition, including Na+, Cl–, osmolality, signals from intratubular paracrine agents, 

and cilia disturbance; 2, membrane activation step, including membrane depolarization, enhanced Na+, Cl–, K+ uptake, or other sensing mechanism; 

3, transmission from membrane to intracellular signal mobilization; 4, formation and release of TGF mediators, including ATP and adenosine 

(Ado), arachidonic acid (AA) metabolites, and nitric oxide (NO); 5, receptor activation by released agents, membrane depolarization, and activation 

of Ca2+ channels in vascular smooth muscle cells; 6, afferent arteriolar vasoconstriction partially countered by NO-stimulated increases in cGMP 

and other released mediators—local angiotensin II (Ang II) and neuronal nitric oxide synthase (nNOS) activity modulate the response.  

ATP, Adenosine triphosphate; A1R, adenosine A1 receptor; C, constriction; cGMP, cyclic guanosine monophosphate; COX, cyclooxygenase; 

D, dilation; EET, epoxyeicosatrienoic acid; HETE, hydroxyeicosatetraenoic acid; P2R, P2 purinergic receptors; p450, cytochrome P 450;  

PG, prostaglandins; PLA2, phospholipase A2; TX, thromboxanes. (Modified from Navar LG, Bell PD, Burke TJ: Role of a macula densa feedback 

mechanism as a mediator of renal autoregulation. Kidney Int. 1982;22:S157–S164.)
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and adenosine are formed in macula densa cells or in the 
adjacent interstitium, ATP interacts with purinergic (P2) 
receptors on the extraglomerular mesangial and vascular 
cells, resulting in an increase in [Ca2+]i.208 The increase in 
[Ca2+]i may occur, in part, via basolateral membrane depo-
larization through receptor operated channels, followed by 
a further increase in Ca2+ entry into the cells via voltage-gated 
Ca2+ channels.209 As indicated in Fig. 3.20, gap junctions then 
transmit the calcium transient to the adjacent afferent 
arteriole, or ATP can exert similar effects directly on vascular 
smooth muscle cells, thus leading to vasoconstriction. Some 
of the ATP elicited by macula densa cells is metabolized to 
adenosine, which also can directly constrict the afferent 
arteriole through activation of purinergic P1 receptors.210

Although there is general consensus that ATP is secreted 
by macula densa cells, some investigators have suggested 
that the ATP metabolite, adenosine, is primarily responsible 
for mediating tubuloglomerular feedback. Intraluminal 
administration of an adenosine A1 receptor agonist enhances 
the TGF response.211 In addition, TGF is attenuated in adenos-
ine A1 receptor-deficient mice.212,213 Blocking adenosine A1 
receptors, or inhibition of adenosine synthesis via inhibition 
of 5’-nucleotidase, reduces TGF efficiency.214 Addition of 
adenosine to the afferent arteriole causes vasoconstriction 
via activation of the adenosine A1 receptor, and addition of 
an A1 receptor antagonist blocks both the effects of adenosine 
and of high macula densa [NaCl].215 These results are 
consistent with the hypothesis that adenosine is also a mediator 
of TGF responses invoking an effect of Na+/K+-ATPase activity 
and leading to increased adenosine synthesis.215 However, 
adenosine also activates adenosine A2 receptors, which cause 
afferent arteriolar dilation and apparently abrogate the actions 
of A1 receptors.216,217

Efferent arterioles also respond to adenosine but they 
vasodilate in response to an increase in NaCl concentration 
at the macula densa or to direct application due to actions 
of the adenosine A2 receptors, which antagonize the effects 
of A1 receptors.217,218 The changes in efferent arteriolar 
resistance tend to be in an opposite direction to that of the 
afferent arterioles, which vasoconstrict in response to increased 
NaCl at the macula densa.215,219 The net result, however, is 
decreased glomerular blood flow, decreased glomerular 
hydraulic pressure, and a reduction in SNGFR.

There are many additional paracrine agents produced 
and secreted by macula densa cells, as shown in Fig. 3.20. 
These include metabolites of the arachidonic acid cascade, 
including prostaglandins PGE2 and PGI2, and other products 
of the cyclooxygenase pathway, products of the cytochrome 
P450 pathway, including epoxygenases and the cytochrome 
P450 4A HETEs.35,164,220 Another very important regulating 
paracrine regulator is NO, which exerts vasodilatory responses 
when released by the macula densa cells. Under normal 
circumstances, when the NaCl concentration of tubular fluid 
is increased, there are increases in ATP release coupled with 
reductions in PGE2 formation until the ATP release reaches 
a plateau, and the PGE2 release is markedly reduced. With 
further increases in [NaCl], NO release is augmented to 
counteract the effects of increased ATP.35

In addition to the paracrine factors released by macula 
densa cells, there are also many modulatory agents that 
influence the sensitivity of TGF responses. Ang II is one of 
the more important factors. TGF is blunted by Ang II 

Mechanisms of Tubuloglomerular Feedback 
Control of Renal Blood Flow and Glomerular 
Filtration Rate

There appear to be several factors that have been identified 
as tubular signals for TGF.201 Changes in delivery of Na+, Cl–, 
and K+ are thought to be sensed by the macula densa through 
the Na+-K+-2Cl– cotransporter on the luminal cell membrane 
of the macula densa cells.202 Alterations in Na+, K+, and Cl– 
reabsorption result in inverse changes in SNGFR and renal 
vascular resistance, primarily due to changes in preglomerular 
resistance. For example, when salt concentration increases 
at the macula densa, the feedback mechanism increases 
afferent arteriolar resistance, thus decreasing glomerular 
pressure and SNGFR. Agents such as furosemide that interfere 
with the Na+-K+-2Cl– cotransporter in the macula densa cells190 
inhibit the feedback response.203

Additional studies have been performed in which macula 
densa segments were perfused with solutions that contained 
minimal concentrations of essential ions needed to maintain 
the integrity of the Na+-K+-2Cl– cotransporter, with the remain-
ing solute being deficient in Na+ (choline chloride) or 
deficient in Cl– (Na isocyanate). These solutions clearly elicited 
normal TGF responses.204 Furthermore, orthograde perfusion 
with nonelectrolyte solutes also elicited TGF responses.35,205 
Collectively, these results indicate that the integrity of the 
Na+-K+-2Cl– cotransporter must be maintained for the sensing 
mechanism to function normally. However, the actual sensing 
mechanism may be activated by changes in total solute 
concentration. Furthermore, studies evaluating the possible 
role of the primary cilium in macula densa cells have suggested 
that flow-dependent signals may stimulate the cilium and 
alter the magnitude of the TGF response.183,206

Another area of uncertainty involves the intracellular signal-
ing cascade to generate a vasoactive agent that is secreted. 
Some studies have suggested that the luminal signal activates 
release of Ca2+ from the intracellular stores that then lead 
to the formation of ATP, which is secreted and plays a central 
role in mediating the signal from the luminal cell membrane 
of the macula densa. This is illustrated in Fig. 3.20, which is 
derived from based on several sources.35,186 According to this 
scheme, increased delivery of solute to the macula densa 
results in concentration-dependent increases in solute uptake 
by the Na+-K+-2Cl– cotransporter and may separately generate 
a signal to initiate the cascade. This, in turn, stimulates 
mitochondrial activity in the macula densa cells, leading to 
the formation of ATP. Macula densa cells respond to an 
increase in luminal [NaCl] or total solute concentration by 
releasing ATP at the basolateral cell membrane through 
ATP-permeable, large-conductance anion channels, possibly 
providing a communication link between macula densa cells 
and adjacent mesangial cells via purinoceptors receptors on 
the latter.207 The ATP can exert direct actions on the vascular 
smooth muscle cells and is also metabolized further, with 
ultimate degradation to the metabolites, adenosine diphos-
phate (ADP) and adenosine monophosphate (AMP). Activity 
of cytosolic 5’-nucleotidase or endo-5’-nucleotidase bound 
to the cell membrane results in the formation of adenosine.186 
In addition to the ATP metabolites, the macula densa cells 
also produce arachidonic acid metabolites, including PGE2 
and PGI2, and nitric oxide and reactive oxygen species. Thus, 
there are several vasoactive substances that are secreted and 
may alter afferent arteriolar vascular tone. Although ATP 
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constants. The initial rapid response occurs within a few 
seconds and elicits a rapid vasoconstriction and decrease in 
GFR and PGC when sodium delivery to the macula densa cells 
is acutely increased. A second vasoconstrictor response occurs 
in seconds to minutes and changes the slope of the response 
to a slower time constant. This may be due to modulation 
of the initial response by some of the modulating agents 
mentioned. The rapid TGF system prevents large changes 
in GFR under conditions such as spontaneous fluctuations 
in blood pressure, thereby maintaining tight control of distal 
sodium delivery in the short term. Over the long term, renin 
secretion, controlled by the JGA in accordance with the 
requirements for sodium balance and the TGF system, resets 
to a new sodium delivery rate.225 In the uninephrectomized 
rat with sustained elevations of the GFR, the TGF system 
appears to be reset.240

Connecting Tubule Glomerular  
Feedback Mechanism

There is also growing interest in a second feedback loop 
that links the connecting tubule, which has been shown to 
be in apposition to its own glomerulus and in close contact 
with the afferent arteriole.241 In vitro perfusion of the con-
necting tubule has shown that increases in luminal NaCl 
elicit vasodilation of preconstricted afferent arterioles.242 This 
action is opposite to the effect of macula densa TGF signaling, 
in which increases in NaCl cause vasoconstriction, raising 
the question of how these two opposing systems interact. 
Additional studies demonstrating that the addition of 
amiloride to the perfusion solution prevents the action of 
increased luminal Na+, have suggested that the epithelial 
sodium channel mediates the connecting TGF (CTGF).242 
The afferent vasodilator effect of increased ENaC activity 
appears to be mediated by PGE2 acting on an EP4 receptor 
on the afferent arteriole.243 An additional role of epoxyeico-
satrienoic acid (EET) has also been suggested.244 Furthermore, 
the presence of Ang II in the luminal fluid enhances the 
afferent arteriolar vasodilator effect caused by increases in 
luminal Na+ concentration.245 This CTGF mechanism is 
thought to mediate resetting of the macula densa TGF 
mechanism by partially reducing its sensitivity.246 A modulating 
role of CTGF has been observed in experimental hyperten-
sion,247 during high salt intake,248 and in the renal vasodilatory 
response that occurs in the remaining kidney after unilateral 
nephrectomy.249

ENDOTHELIAL FACTORS AND GASEOUS 
TRANSMITTERS CONTROLLING RENAL 
HEMODYNAMICS AND GLOMERULAR  
FILTRATION RATE

A particularly intriguing and growing area of research involves 
the paracrine interactions between endothelial cells and the 
underlying smooth muscle cells. As shown in Fig. 3.21, 
endothelial cells respond to various physical and chemical 
stimuli, including pressure, flow, shear stress, and circum-
ferential strain, as well as vasoactive factors normally present 
in the blood. Under normal conditions, an increase in shear 
stress may activate endothelial cells to produce NO and the 
prostanoids PGE2 and PGI2, which help adjust vascular tone 
to accommodate the increased load. However, during condi-
tions of tissue injury or inflammation, the endothelial cells 
may also be stimulated to produce endothelin, thromboxane, 

antagonists and Ang II synthesis inhibitors, and TGF is mark-
edly reduced in knockout mice lacking the AT1A Ang II 
receptors or angiotensin-converting enzyme (ACE).221,222 
Furthermore, systemic infusion of Ang II in ACE knockout 
mice restores TGF.221,223–228 Ang II also enhances TGF via 
activation of AT1 receptors on the luminal membrane of the 
macula densa.229 Acute inhibition of the AT1 receptor in 
normal mice reduces TGF responses and reduces autoregula-
tory efficiency.224 Several studies have shown the interactions 
between adenosine and Ang in the TGF mechanism. In these 
studies, adenosine A1 receptor antagonist administration 
results in decreased afferent arteriolar resistance and increased 
transcapillary hydraulic pressure differences (ΔP), whereas 
pretreatment with an angiotensin AT1 receptor antagonist 
prevented these changes.230 Although it is known that Ang 
II is not the primary regulator of TGF, these results indicate 
that Ang II plays a prominent role in modulating tubuloglo-
merular feedback sensitivity, and that this response is mediated 
through the AT1 receptor.

Neuronal NO synthase (nNOS or NOS I) is present in 
macula densa cells.231 NO derived from nNOS in the macula 
densa provides a vasodilatory influence on tubuloglomerular 
feedback, decreasing the amount of vasoconstriction of the 
afferent arteriole that otherwise would occur.231,232 Increased 
distal sodium chloride delivery to the macula densa stimulates 
nNOS activity and also increases activity of the inducible 
form of cyclooxygenase (COX-2), which forms PGE2 and 
counteracts TGF-mediated constriction of the afferent 
arteriole.231,232 Macula densa cell pH increases in response 
to increased luminal sodium concentration and may be related 
to the stimulation of nNOS.233 Inhibition of macula densa 
guanylate cyclase increases the TGF response to high luminal 
[NaCl], further indicating the importance of NO in modulat-
ing TGF.219 In an isolated perfused JGA preparation, micro-
perfusion of the macula densa with an inhibitor of NO 
production led to constriction of the adjacent afferent 
arteriole.234 When the macula densa was perfused with a 
solution low in Na concentration, however, the response was 
blocked, indicating that Na reabsorption is required.234 
Microperfusion of the macula densa with the precursor of 
NO, l-arginine, blunts TGF responses, especially in salt- 
depleted animals.235–237 These results indicate that NO released 
from macula densa cells or endothelial cells causes afferent 
arteriolar vasodilation acutely or may blunt TGF responses. 
An increase in NO production may also inhibit renin release 
by increasing cyclic guanosine monophosphate (cGMP) in 
the granular cells of the afferent arteriole,238 thereby accentuat-
ing its vasodilatory effects. When NO production was chroni-
cally blocked in knockout mice lacking nNOS, TGF in 
response to acute perturbations in distal sodium delivery 
was normal.225 However, the presence of intact nNOS in the 
JGA is required for sodium chloride–dependent renin secre-
tion.225 The TGF system, which elicits vasoconstriction and 
a reduction in SNGFR in response to acute increases in sodium 
and solute delivery to the macula densa, appears to activate 
a vasodilatory response secondarily via NO release.239 Stimula-
tion of NO production in response to increased distal salt 
delivery under conditions of volume expansion would be 
advantageous by resetting TGF and limiting TGF-mediated 
vasoconstrictor responses.

The dynamics of the TGF mechanism can be temporally 
divided into two or more responses with different time 
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remains active for prolonged periods.35,83 All three isoforms 
of NOS are found in the kidney. The arcuate and interlobular 
arteries, as well as the afferent and efferent arterioles, all 
produce NO, which regulates basal vascular tone, as indicated 
by the constriction that occurs in response to inhibition of 
endogenous NO production.35,83

Once released by the endothelium, NO diffuses into 
adjacent and downstream vascular smooth muscle cells,257 
where it stimulates the activity of soluble guanylate cyclase 
and increases cGMP formation.83,258–263 cGMP reduces calcium 
influx, intracellular calcium release, and intracellular calcium 
concentration. This occurs, in part, through a cGMP-
dependent protein kinase (PKG)-mediated phosphorylation 
of targets, which include inositol trisphosphate (IP3) recep-
tors, calcium channels, and phospholipase A2,264 thereby 
reducing the amount of free calcium available for contraction, 
hence promoting relaxation.265

In addition to stimulation by acetylcholine, NO forma-
tion in the vascular endothelium increases in response to 
bradykinin,262,266–269 thrombin,270 platelet-activating factor,271 
endothelin,272 and calcitonin gene-related peptide.267,273–276 
Elevation of blood flow through vessels with intact endothe-
lium or across cultured endothelial cells results in increased 
shear stress and increased NO release. Both the pulse 
frequency and pulse pressure modulate flow-induced NO 
release.259,266,268,277–281 Elevated perfusion pressure and shear 
stress also increase NO release from afferent arterioles.282

NO plays a major role in modulation of renal hemodynam-
ics, regulation of medullary perfusion, modulation of the 
sensitivity of the TGF mechanism, inhibition of tubular sodium 
reabsorption, modulation of renal sympathetic neural activity, 
and mediation of pressure natriuresis.35,283–287 NO dominates 
integrated renal hyperemic responses to acetylcholine and 
bradykinin, and renal endothelium-dependent vasodilation 
is diminished in diabetes due to impaired NO function.288 
Pressure natriuresis in experimental models using stepwise 
increases of both renal perfusion pressure and medullary 
blood flow involve increased NO release, which can exert 
direct tubular effects to promote sodium and water excre-
tion.289,290 Tubular epithelial cells are capable of releasing 
NO but, during increased medullary flow, the vasa recta may 
be a primary source of the NO, as suggested by the fact that 
flow-dependent increases of NO also occur, even during 
microperfusion of isolated outer medullary vasa recta.291

There are important interactions among NO, Ang II, and 
renal nerves in the control of renal function and blood 
pressure.292 Nonselective NOS inhibition using competitive 
inhibitors of NO results in decreases in RPF, increases in 
mean arterial blood pressure (AP), and generally a reduction 
in GFR.165,293,294 These effects are largely prevented by the 
simultaneous administration of excess l-arginine, the NOS 
substrate.293 Selective inhibition of neuronal NOS (nNOS or 
type I NOS), which is found in the thick ascending limb of 
the loop of Henle, the macula densa, and efferent arteri-
oles,256,285 decreases GFR without affecting blood pressure 
or RBF.295 Because eNOS is found in the endothelium of 
renal blood vessels, including both the afferent and efferent 
arterioles and glomerular capillary endothelial cells,256 dif-
ferences in the effects of generalized NOS inhibition versus 
specific inhibition of nNOS on NO formation and RBF appear 
to be related to the distinct distribution of eNOS versus 
nNOS in the kidney. Both acute and chronic inhibition of 

certain growth and profibrotic factors that elicit vasoconstric-
tion, and/or additional paracrine factors associated with 
tissue injury and fibrosis. Several of these factors associated 
with regulation of the renal microcirculation are gaseous 
physiologic transmitters, called “gasotransmitters,” which have 
been identified over the last 2 decades. NO is the first such 
gasotransmitter discovered, but carbon monoxide (CO) and 
hydrogen sulfide (H2S) have also been shown to influence 
the renal microcirculation.

Nitric Oxide and Nitric Oxide Synthases

In 1980, Furchgott and Zawadzki250 demonstrated that the 
vasodilatory action of acetylcholine requires the presence of 
an intact endothelium. Acetylcholine binds to receptors on 
endothelial cells, leading to the formation and release of an 
“endothelial-derived relaxing factor,” now known to be 
NO.251,252 Many cell types, including the endothelium, produce 
NO from the amino acid L-arginine35,83,253 by a family of nitric 
oxide synthases (NOSs) that are present in many cell types, 
including vascular endothelial cells, macrophages, neurons, 
glomerular mesangial cells, macula densa, and renal tubular 
cells.35,254–256 Three main NOS isoforms have been isolated. 
Neuronal NOS, also termed “NOS I” or “nNOS,” and endo-
thelial NOS, also called “NOS III” or “eNOS,” are constitutively 
present in the kidney. A third NOS, iNOS or NOS II, is 
inducible, is expressed after transcriptional induction, and 
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blockade of NOS. Studies of in vitro perfused nephrons302 
and of anesthetized rats in vivo305 suggest that the increase 
in renal vascular resistance that follows NOS blockade is 
blunted when Ang II formation or receptor binding is blocked. 
NO inhibits renin release, whereas acute Ang II infusion 
increases cortical NOS activity and protein expression, and 
chronic Ang II infusion increases mRNA levels for eNOS 
and nNOS.305,306 Ang II increases NO production in isolated 
perfused afferent arterioles via activation of the AT1 Ang II 
receptors.307 In contrast, nonselective NOS inhibition increases 
renal oxygen consumption, independently of Ang II.308 
Additionally, inhibition of NOS in conscious rats had similar 
effects on renal hemodynamics in the intact and Ang II–
blocked state.309 This suggests that the vasoconstrictor response 
to NOS blockade is not mediated by Ang II. Further studies310 
have shown that when the Ang II levels are acutely raised by 
the infusion of Ang II, acute NO blockade amplifies the 
renal vasoconstrictor actions of Ang II. An observation in 
agreement with this finding is that intrarenal inhibition of 
NO enhances Ang II–induced afferent, but not efferent, 
arteriolar vasoconstriction.144,311 In the juxtaglomerular 
nephron, however, blockade of nNOS enhanced efferent 
but not afferent arteriolar responsiveness to Ang II.304 These 
data suggest that NO modulates the vasoconstrictor effects 
of Ang II on glomerular arterioles in vivo, perhaps blunting 

NO production result in systemic and glomerular capillary 
hypertension, an increase in preglomerular (RA) and efferent 
arteriolar (RE) resistance, a decrease in Kf, and decreases in 
both single-nephron plasma flow and GFR.296–300

As shown in Fig. 3.22, acute administration of pressor doses 
of a blocker of NO production results in a decline in SNGFR, 
QA, and Kf and increases in both preglomerular and efferent 
arteriolar resistances. Administration of nonpressor doses of 
the inhibitor of NO formation through the renal artery yielded 
an increase in preglomerular resistance and a decrease in 
SNGFR and Kf but no effect on efferent resistance297 These 
studies suggest that the cortical afferent, but not efferent, 
arterioles are under tonic control by NO. However, others 
have found that the renal artery, arcuate and interlobular 
arteries, and afferent and efferent arterioles all produce NO 
and constrict in response to inhibition of endogenous NO 
production.144,169,234,257,301–304 In agreement with this finding, 
investigators31,302 have reported that NO dilates both efferent 
and afferent arterioles in perfused juxtamedullary nephrons. 
Interestingly, the modulatory influence of nNOS on afferent 
arteriolar tone is dependent on the maintenance of distal 
tubular fluid, indicative of a critical interaction with the TGF 
mechanism.304

Controversy exists regarding the role of the RAS in the 
genesis of the increase in vascular resistance that follows 
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channels (KCa) with iberiotoxin completely blocked CORM-A1 
vasodilation. Thus, CO released from CORM-AI increases 
RBF and decreases vascular resistance by activating guanylate 
cyclase and opening KCa channels.318

The vascular effects of HO may be related to CO synthesis 
and are affected by NO release linked to the HO-CO system. 
Administration of a CO donor into the renal artery of rats 
increased RBF, GFR urinary cGMP excretion, and blood 
carboxyhemoglobin levels.319 Inhibition of HO induced acute 
renal failure, with decreases in RBF, GFR, and cGMP excretion. 
These effects were nearly eliminated by the addition of a 
CO donor, which also decreased renal cortical NO concentra-
tion, urinary excretion of nitrates and nitrites, and urinary 
cGMP excretion and increased blood carboxyhemoglobin 
levels. Inhibition of renal HO resulted in acute renal failure, 
characterized by a large drop (–77%) in RBF and GFR (–93%). 
Supplementing HO inhibition with CO donor administration 
reversed the effects of HO inhibition on RBF and GFR, 
suggesting that the deleterious effects of HO on RBF and 
GFR were caused by the inhibition of CO. HO inhibition 
also decreased cortical NO concentration and increased 
urinary nitrate and/or nitrite excretion of the HO-CO system, 
whereas a CO donor increased renal NO levels and decreased 
nitrate and nitrite excretion. These results have suggested 
that changes in NO release contribute to the renal effects 
of the HO-CO system.319

Administration of heme decreases vascular resistance and 
increases RBF and sodium excretion, excretion of 6-keto-
PGF1α, and the concentration of CO in renal cortical 
microdialysate. Pretreatment with an inhibitor of HO blunted 
heme-induced renal vasodilation and increased RBF. Pretreat-
ment with sodium meclofenamate blunted the renal vasodila-
tory effect of heme, suggesting that heme-induced renal 
vasodilation is cyclooxygenase-dependent, yielding increased 
synthesis of PGI2.

Hydrogen Sulfide

A growing body of evidence has shown that H2S, an endog-
enous bioactive gas synthesized in nearly all organs, plays 
an important role in the regulation of kidney function. H2S 
generation by kidney cells is reduced in acute and chronic 
disease states, and H2S donors ameliorate injury320 but, 
under some conditions, H2S may lead to kidney injury.321 
H2S is produced by cystathionine beta-synthase (CBS) and 
cystathionine gamma-lyase (CGL) by the transsulfuration of 
homocysteine.322,323 Incubation of renal tissue homogenates 
with L-cysteine as a substrate yields H2S. This response was 
prevented by inhibitors of both CBS and CGL in combina-
tion, whereas either inhibitor alone induced only a small  
decrease in H2S.322

H2S plays a role in renal hemodynamics, as shown by the 
effects of intrarenal infusion of a donor of H2S (NaHS), 
which increased renal blood flow and GFR, as well as urinary 
sodium and potassium excretion. Infusion of l-cysteine also 
increases endogenous H2S production.322 Simultaneous 
infusion of both an inhibitor of CBS and CGL to decrease 
H2S production decreased GFR and sodium and potassium 
excretion, but either inhibitor alone did not affect these 
renal functions.322 H2S causes endothelium-dependent/cyto-
chrome P450– dependent vasodilation and vascular smooth 
muscle hyperpolarization of small arterial vessels, increasing 
ryanodine-mediated Ca2+ release through the activation of 

Ang II’s vasoconstrictor response in the afferent arteriole, 
with some results showing similar responses on the efferent 
arteriole.

Effects of Heme Oxygenase and Carbon 
Monoxide on Renal Function

Heme is degraded by heme oxygenase (HO) enzymes (HO-1 
and HO-2) producing carbon monoxide (CO), biliverdin, 
and bilirubin and by the release of free iron.2,35,312–315 Induction 
of HO-1 with hemin in anesthetized rats resulted in significant 
increases in RBF and GFR, a lower renal vascular resistance, 
and an increase in sodium excretion in untreated control 
rats without affecting blood pressure. Furthermore, auto-
regulatory responses to acute Ang II infusion were blunted, 
and these studies suggested a vasodilatory influence of HO-1 
induction and hence CO production.313 When a heme 
oxygenase inhibitor was administered either alone or to rats 
receiving an NOS inhibitor—N(ω)-nitro-L-arginine methyl 
ester (L-NAME)—for 4 days, blockade of HO in control rats 
decreased CO, HO-1 levels, urine volume, and sodium excre-
tion, but did not affect AP, RBF, or GFR. In rats undergoing 
NOS inhibition with L-NAME, blockade of HO decreased 
endogenous CO and renal HO-1 levels, urine volume, and 
sodium excretion, but again had no effect on AP, RBF, or 
GFR. An increase in plasma renin activity was observed in 
untreated rats but not in L-NAME–treated rats, indicating 
that the effects on urine volume and sodium excretion are 
associated, even when NO was inhibited. This suggests that 
inhibition of HO promotes water and sodium excretion by 
a direct tubular action. independently of renal hemodynamics 
or the NO system.314

Inhibition of renal medullary HO activity and CO produc-
tion decreases medullary blood flow and sodium excretion; 
the abundance of both the HO-1 and HO-2 isoforms of HO 
are higher in the inner medulla and lower in the cortex.316 
Inhibition of HO significantly reduces renal medullary cGMP 
concentrations when infused into the renal medullary 
interstitial space. These results suggest that both HO-1 and 
HO-2 are highly expressed in the renal medulla that HO, 
and its products play a key role in maintaining the constancy 
of blood flow to the renal medulla; cGMP may mediate the 
vasodilator effect of HO and CO in the renal medullary 
circulation.316 In anesthetized rats, increases in renal perfusion 
pressure were found to increase CO concentrations in the 
renal medulla. An HO inhibitor reduced HO activity and 
pressure-dependent increases in CO in the medulla and 
blunted pressure natriuresis.317 In conscious rats fed a normal-
sodium diet, chronic infusion of an HO inhibitor into the 
renal medulla increased mean AP. When rats were placed 
on a high-salt diet, inhibition of HO activity caused a further 
increase in AP. Thus, renal medullary HO activity plays a key 
role in the control of arterial blood pressure and the control 
of pressure natriuresis.317

Using a CO-releasing molecule (CORM-A1), Ryan and 
coworkers demonstrated that increases in CO in the mouse 
increase RBF, with comparable results obtained from infu-
sion of the vasodilator acetylcholine.318 Pretreatment with an 
inhibitor of guanylate cyclase to block acetylcholine reduced 
the increase in RBF by CORM-A1. In isolated vasoconstricted 
renal interlobular arteries, CORM-A1–induced vasodilation 
was attenuated with the guanylate cyclase inhibitor, as 
observed in vivo. Inhibition of calcium-activated potassium 



106 SECTION I — NORMAL STRUCTURE AND FUNCTION

the inositol trisphosphate receptor (IP3R).330 Superoxide 
also enhances calcium entry pathways into afferent arterioles 
through L-type channels by membrane depolarization.337 
NOX2 NADPH oxidase is activated by Ang II, promoting the 
generation of ROS, which scavenge NO and cause subsequent 
NO-deficiency.331 O2

– and H2O2 activate different signaling 
pathways in vascular smooth muscle cells linked to discrete 
membrane channels, with opposite effects on membrane 
potential and voltage-operated Ca2+ channels, and therefore 
have opposite effects on myogenic contractions.335

Increased perfusion pressure and Ang II increase O2
– 

production and increase myogenic responses in arterioles 
of superoxide gene-deleted mice compared with controls.338 
In the macula densa of blood-perfused juxtamedullary 
nephrons, O2

– was undetectable in control normotensive 
mice, but was markedly elevated in Ang II-induced hyper-
tensive animals. NO was found in the macula densa of control 
mice but was undetectable in the macula densa of hypertensive 
animals.339 These data suggest that under normal conditions, 
NO generated in the macula densa reduces tubuloglomerular 
feedback sensitivity, but in Ang II-induced hypertension, the 
TGF response is augmented by O2

– generated by the macula 
densa.339 Increased perfusion pressure causes vascular O2

– 
production from NADPH oxidase, enhancing myogenic 
contractions independently of NO, whereas H2O2 impairs 
pressure-induced contractions but is not involved in the 
normal myogenic response.340

In the remnant kidney model, COX-2 is induced, leading 
to activation of thromboxane prostanoid receptors (TP-Rs), 
which enhance ET-1, ROS generation, and contractions.333 
Compared with controls, diabetic mouse afferent arterioles 
also have increased production of O2

– and H2O2 and enhanced 
responses to ET-1. These responses are accompanied by 
reduced protein expression and activities for catalase and 
superoxide dismutase-2. ET-1 further increases O2

–, whereas 
H2O2 is unchanged by ET-1. Increased ROS in diabetes 
(notably H2O2) contributes to the enhanced arteriolar 
responses to ET-1.341 TGF-β1, a growth factor involved in 
glomerular and tubular injury in diabetes, blocks autoregula-
tion of afferent arterioles, an effect prevented with an ROS 
scavenger or an NADPH oxidase inhibitor. In smooth muscle 
cells, TGF-β1 stimulated ROS formation that was inhibited 
by NADPH oxidase inhibitors.334

In afferent arterioles from rats with spontaneous hyperten-
sion, pressure-induced increases in ROS were four times 
greater in SHR than in WKY rats. Both a scavenger of O2

– and 
an NOX2-based (NADPH oxidase) inhibitor attenuated 
pressure-induced constriction in SHR vessels but not in WKY. 
Thus, NOX2-derived O2

– may contribute to an enhanced 
myogenic response in SHR afferent arterioles.342 Of note, 
arterioles from rats with ischemia-reperfusion injury had a 
38% increase in H2O2, which could act to buffer the effect 
of Ang II and be a protective mechanism.343

Endothelin

Endothelin is a potent vasoconstrictor agent derived primarily 
from vascular endothelial cells.344 There are three distinct 
genes for endothelin, each encoding distinct 21–amino 
acid isopeptides, ET-1, ET-2, and ET-3.344–346 Proteolytic 
cleavage of a 212–amino acid preproendothelin by furin 
yields a 38- to 40-amino acid proendothelin, which in turn is 
cleaved by endothelin-converting enzyme to yield endothelin 

large conductance calcium activated potassium channels, 
causing membrane hyperpolarization and vasodilation.324 
The involvement of cGMP-dependent protein kinase-I in 
H2S-induced vasorelaxation was shown in preconstricted aortic 
rings, with or without intact endothelium.325 Treatment of 
the aortic rings with NaHS (an H2S donor) indicated that a 
cGMP-dependent protein kinase (PKG) is activated by H2S. 
Incubation with a PKG-1 inhibitor blocked NaHS-stimulated 
vasodilation.325 NaHS-induced vasorelaxation was reduced by 
removal of the endothelium and by inhibitors of either NO 
or cGMP production.326 H2S also relaxes smooth muscle by 
activating ATP-sensitive potassium channels.327

Increases in TGF-β1 are associated with the development 
of tubulointerstitial fibrosis and glomerular sclerosis in other 
renal diseases and are mediated, at least in part, by Ang II. 
Ang II- and transforming growth factor beta 1 (TGF-β1)–
induced renal tubular epithelial-mesenchymal transition 
(EMT) plays a pivotal role leading to renal sclerosis. One 
study has demonstrated that Ang II stimulates EMT in renal 
tubular epithelial cells by increasing the level of α-smooth 
actin and decreasing E-cadherin.328 This effect was blocked 
by a TGF-β receptor kinase inhibitor. Ang II stimulated TGF-β 
activation and exogenous TGF-β1–induced EMT. The H2S 
donor NaHS blocked the promotion of EMT by Ang II and 
TGF-β1 and reduced TGF-β activity. H2S cleaves the disulfide 
bond in dimeric active TGF-β1, promoting the formation of 
inactive TGF- β1 monomer.328 These results have suggested 
the potential to treat sclerosis in the kidney (both glomerular 
sclerosis and tubulointerstitial fibrosis), as well as other 
diseases associated with fibrosis and TGF-β1 (e.g., pulmonary 
fibrosis) by stimulating H2S or using another means to form 
the inactive TGF-β1 monomer.

REACTIVE OXYGEN SPECIES

Reactive oxygen species (ROS) are products of a one-electron 
reduction of dioxygen (oxygen gas, O2) to form the anionic 
form of O2, superoxide, O2

– . Superoxide is generated by the 
catalytic actions of oxidative enzymes, such as nicotinamide 
adenine dinucleotide (NADH)/reduced NADPH oxidase 
(NOX) and cytochrome oxidase.2,35 Superoxide is toxic and 
organisms creating O2

– have developed isoforms of super-
oxide dismutase (SOD), which catalyzes the conversion of 
superoxide to hydrogen peroxide (H2O2). Other enzymes 
degrade H2O2, protecting against the deleterious actions of 
this ROS.2,35 ROS are produced in the kidney by endothelial 
cells, epithelial cells, vascular smooth muscle cells, mesangial 
cells, podocytes, and other cell types and have effects on the 
kidney vasculature.329

Normally, oxidative and antioxidative enzymes in the kidney 
yield a balanced production of NO and the superoxide anion. 
ROS are formed in the arteries, arterioles, glomeruli, and 
juxtaglomerular apparatus and other nephron segments, and 
the oxidases NOX 1, 2, and 4, NOS, and COX are also found 
in the kidney.2,35 In the renal vasculature, NOX 1 and NOX 
2 produce O2

–, whereas NOX 4 in epithelial cells produces 
H2O2. Superoxide dismutase converts superoxide to H2O2; 
catalase and glutathione peroxidase degrade H2O2.

Stimulants of O2
– production include Ang II,330–332 endo-

thelin,333 norepinephrine,2 TGF-β1,334 and stretch of vascular 
walls by increased intravascular pressure.335,336 Ang II activates 
NADPH oxidases in afferent arterioles to form O2

–, leading 
to calcium release from intracellular stores by activation of 
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Intravenous infusion of ET-1 induces a marked, prolonged 
pressor response344,379 accompanied by increases in preglo-
merular and efferent arteriolar resistances and a decrease 
in RBF and GFR, without changes in fractional Na excretion.379 
As shown in Fig. 3.23, infusion of subpressor doses of ET-1 
decreases SNGFR, QA, and whole-kidney RBF and GFR,380–384 
accompanied by increases in preglomerular and postglomeru-
lar resistances and filtration fraction.380,382,385 Vasoconstriction 
of afferent and efferent arterioles by endothelin has been 
confirmed in the split hydronephrotic rat kidney prepara-
tion386,387 and in isolated perfused arterioles.301,388,389 Endothelin 
also causes mesangial cell contraction.346,390 The vasoconstrictor 
effects of the endothelins can be modulated by several 
factors,364,391 including NO,301,392 bradykinin,393 prostaglandin 
E2,394 and prostacyclin.394,395 The endothelin pathways dem-
onstrate significant sexual dimorphisms that may affect the 
progression of renal disease and treatment choices.396

The ETA and ETB receptors have been cloned and character-
ized.366,397,398 ETA receptors are abundant on vascular smooth 
muscle, have a high affinity for ET-1, and play a prominent 
role in the pressor response to endothelin.399 ETB receptors 
are present on endothelial cells, where they may mediate 
NO release and relaxation.398 Both ETA and ETB receptors 
are expressed in the media of interlobular arteries and afferent 
and efferent arterioles. Only ETA receptors are present  
on vascular smooth muscle cells of interlobar and arcuate 
arteries.400 There is strong labeling of ETB receptors on 
peritubular and glomerular capillaries, as well as the vasa 

peptides.347,348 ET-1, the primary endothelin produced in the 
kidney, is formed in arcuate arteries and veins, interlobular 
arteries, afferent and efferent arterioles, glomerular capillary 
endothelial cells, glomerular epithelial cells, and glomerular 
mesangial cells.349–360 ET-1 acts in an autocrine or paracrine 
fashion, or both,361 to alter a variety of biologic processes in 
these cells. Endothelins are potent vasoconstrictors, and the 
renal vasculature is highly sensitive to these agents.362 Once 
released from endothelial cells, endothelins bind to specific 
receptors on vascular smooth muscle, the ETA receptors that 
bind both ET-1 and ET-2.361,363–366 ETB receptors are expressed 
in the glomerulus on mesangial cells and podocytes and have 
equal affinity for ET-1, ET-2, and ET-3.365,366 There are two 
subtypes of ETB receptors, the ETB1 linked to vasodilation and 
the ETB2 linked to vasoconstriction.367 An endothelin-specific 
protease modulates endothelin levels in the kidney.368–370

Endothelin production is stimulated by physical factors, 
including shear stress and vascular stretch.371,372 A variety of 
hormones, growth factors, and vasoactive peptides increase 
endothelin production, including TGF-β, platelet-derived 
growth factor, tumor necrosis factor-α, Ang II, arginine 
vasopressin, insulin, bradykinin, thromboxane A2, and 
thrombin.349,353,355,359,373–376 Endothelin production is inhibited 
by atrial and brain natriuretic peptides acting through a 
cGMP-dependent process368,377 and by factors that increase 
intracellular cAMP and protein kinase A activation, such as 
β-adrenergic agonists.355 ATP-binding renal purinergic (P2) 
receptors may regulate ET-1 production.378
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ROLE OF THE RENIN-ANGIOTENSIN-ALDOSTERONE 
SYSTEM IN THE CONTROL OF RENAL BLOOD FLOW 
AND GLOMERULAR FILTRATION RATE

The RAS exerts major autocrine, paracrine, and endocrine 
functions regulating RBF and GFR. As presented in detail 
in several recent reviews,2,35,55,83 renin is a proteolytic enzyme 
synthesized, stored, and released from the kidney, and also 
synthesized in the liver. In the kidney, it is synthesized and 
secreted primarily by the granulated epithelioid cells of the 
JGA adjacent to the terminal portion of the afferent arteriole; 
renin is also formed in the proximal tubules and in the 
principal cells of the connecting tubule and collecting 
duct.2,35,413–415 Renin release from the kidneys is stimulated 
by a decrease in sodium intake, a reduction in extracellular 
fluid volume and blood volume, a decrease in arterial blood 
pressure, and increased sympathetic nerve activity.416 Renin 
cleaves a decapeptide, angiotensin I (Ang I) from angioten-
sinogen, a glycoprotein formed in the proximal tubules of 
the kidney415 and the liver. Circulating angiotensinogen is 
present in the α2-globulin fraction of plasma. Subsequent 
conversion of Ang I by angiotensin-converting enzyme (ACE), 
identical to kininase II, yields the octapeptide Ang II. ACE 
is present in many tissues, including lung. In the kidney, it 
is bound to the luminal sides of endothelial cells of blood 
vessels and tubular cells, including the brush border of the 
proximal tubule. All components needed for the production 
and degradation (the latter by angiotensinase A) of Ang II 
are present in the immediate region of the juxtaglomerular 
region of the nephron, allowing direct local regulation of 
glomerular blood flow and filtration rate.35,55

Ang II is a potent vasoconstrictor, and numerous studies 
have demonstrated that preglomerular vessels, including the 
arcuate arteries, interlobular arteries, and afferent arterioles, 
as well as the postglomerular efferent arterioles, constrict in 
response to exogenous and endogenous Ang II.144,174,303,389,417,418

Some studies have indicated that efferent arterioles have a 
greater sensitivity to Ang II, whereas others have shown similar 
effects on both afferent and efferent arterioles.35,144,303,389,418 
Fig. 3.24 shows the effects of Ang II on diameters in these 
vessels. As shown in Fig. 3.24, both L-type and T-type Ca++ 
channels are involved in the afferent arteriolar responses 
to Ang II while the T-type Ca++ channels are predominate 
at the efferent arterioles.522,523 In addition to constricting 
vascular smooth muscle cells, Ang II increases myocardial 
contractility, stimulates aldosterone release, increases salt 
appetite and thirst, and helps regulate sodium transport 
by the kidney tubules and intestine.419 The overall effect 
of Ang II is to minimize renal fluid and sodium losses and 
maintain extracellular fluid volume (ECFV) and arterial 
blood pressure.416

There are two major classes of Ang II receptors, AT1 and 
AT2, but the hypertensinogenic and vasoconstrictive actions 
of Ang II are primarily due to the AT1 receptor, which is 
widely distributed throughout all segments of the renal 
microvasculature in the cortical and medullary circulatory 
beds and are also present in the glomeruli, including mesan-
gial cells, glomerular capillary endothelial cells, and podo-
cytes.35,83,420 In rodents, afferent arterioles have both AT1a 
and AT1b receptors, whereas efferent arterioles have only 
AT1a receptors.420,421 AT1 receptors are also present in the 
proximal and distal tubules, loop of Henle and macula densa 

recta endothelium.400 ETA receptors are evident on glomerular 
mesangial cells and pericytes of descending vasa recta 
bundles.400 Endogenous endothelin may actually dilate the 
afferent arteriole and lower Kf via ETB receptors.401

ETA receptor antagonists may be useful for patients with 
diabetic nephropathy.402 These ETA receptor antagonists have 
been shown to reduce albuminuria in diabetic nephropathy, 
although the albuminuria returns on cessation of the drug. 
It has been used alone and in conjunction with renin-
angiotensin blockade.403,404 However, ETA receptor antagonists 
have been associated with edema and heart failure, so patients 
already manifesting these conditions should be excluded 
from this type of medication.405

Endothelin stimulates the production of vasodilatory 
prostaglandins,383,392,395,406,407 yielding a feedback loop to 
dampen the vasoconstrictor effects of endothelin. ET-1, ET-2, 
and ET-3 also stimulate NO production in the arterioles and 
glomerular mesangium via activation of the ETB recep-
tor.270,272,301,392,408 Resistance in the renal and systemic vascu-
lature is markedly increased during inhibition of NO 
production. There is a dynamic interrelationship between 
NO and endothelin effects, so that ETA blockade or inhibition 
of endothelin-converting enzyme leads to increased renal 
resistance caused by NO inhibition.409,410 The vasoconstrictive 
effects of Ang II may be mediated, in part, by stimulation of 
ET-1 production, which acts on ETA receptors to produce 
vasoconstriction.373,376 Chronic administration of Ang II 
reduces renal blood flow, an effect reduced by a mixed 
ETA-ETB receptor antagonist, suggesting that endothelin 
contributes to the renal vasoconstrictive effects of Ang II.373

Blood flow through the renal medulla is influenced by 
ET-1 as well as by Ang II, norepinephrine, nitric oxide, and 
vasodilatory prostaglandins. Medullary vasodilation measured 
by laser Doppler techniques was seen to occur at low doses 
of endothelin when cortical blood flow was decreased.411 
An ETA receptor antagonist blocked cortical vasoconstric-
tion by ET-1 but failed to prevent medullary dilation. The 
endothelin-induced medullary vasodilation was blocked by 
an ETA/B receptor antagonist and was mimicked by an ETB 
receptor agonist. Inhibition of NO completely blocked the 
endothelin-induced vasodilation of medullary blood flow, 
and inhibition of prostaglandins attenuated the response. 
These results have indicated that endothelin causes cortical 
vasoconstriction mediated by ETA receptors, whereas activation 
of ETB receptors causes medullary vasodilation mediated by 
the release of NO.411

Medullary blood flow occurs through vasa recta capillaries, 
and most regions of the vasa recta are covered by pericytes 
capable of vasoconstriction. The role of these pericytes in 
controlling blood flow through the vasa recta has been 
examined with confocal microscopy and pericyte-mediated 
vasoconstriction and vasodilation were visualized. Ang II, 
endothelin, and norepinephrine all caused vasoconstriction 
at pericyte locations.412 These effects were attenuated by an 
NO donor and enhanced with inhibitors of NO production 
or inhibition of prostaglandin release by nonselective cyclo-
oxygenase inhibition with indomethacin. Because of the 
narrow diameter of the vasa recta (normally, ~10 µm), constric-
tion of pericytes can cause impairment of the movement of 
red cells and hence blood flow through the medulla. These 
results suggest an important role for pericytes in the control 
of the medullary circulation.412
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rather than or as well as reducing the surface area available 
for filtration, thereby reducing Kf.429 Glomerular epithelial 
cells possess both AT1 and AT2 receptors and respond to 
Ang II by increasing cAMP production, suggesting a possible 
role for these cells in reducing Kf.430 Alterations in epithelial 
structure or the size of the filtration slits, however, have not 
been detected following infusion of Ang II at a dose sufficient 
to decrease GFR and Kf.431

The vasoconstrictive effect of Ang II on glomerular mesan-
gial cells is markedly reduced by NO. Release of NO from 
endothelial cells stimulated by bradykinin increases cGMP 
production in co-incubated mesangial cells. Comparable 
results were obtained when mesangial cells were incubated 
with NO alone.262 Ang II alone caused constriction of the 
mesangial cells, but this effect was largely eliminated when 
the cells were co-incubated with both Ang II and NO. These 
studies suggest that local NO production from endothelial 
cells can modify the effects of Ang II on glomerular mesangial 
cells.262 Glomerular epithelial cells contain Ang II receptors 
and, together with mesangial cells, may play an important 
role in Ang II-mediated control of the glomerular filtration 
barrier.430

Blockade of the AT1 receptors caused a dose-dependent 
dilation when Ang II was added to the lumen or bath of 
isolated afferent arterioles preconstricted by norepinephrine. 
This effect was blocked by pretreatment with an AT2 receptor 
antagonist, suggesting that activation of the AT2 causes 
vasodilation of afferent arterioles. Disruption of the endo-
thelium or simultaneous inhibition of the cytochrome P450 
pathway also abolished the vasodilation by Ang II. Thus, 
activation of AT2 receptors may cause endothelium-dependent 
vasodilation via a cytochrome P450 pathway, counteracting 
the vasoconstrictor effects of Ang II at AT1 receptors.432,433

As indicated, Ang II produces prohypertensive and renal 
vasoconstrictor effects via the activation of AT1 receptors, 
whereas activation of AT2 receptors results in modest vasodi-
lation.35,433 Several metabolic fragments of the octapeptide 

cells, cortical and medullary collecting ducts, glomerular 
podocytes, and mesangial cells.419

The vasoconstrictor effects of Ang II are blunted by the 
endogenous production of vasodilators including NO, cyclo-
oxygenase, and cytochrome P450 epoxygenase metabolites 
in the afferent but not the efferent arterioles.140,144,303,311,422–425 
Ang II-simulated release of NO in the afferent arterioles 
occurs through activation of the AT1 receptors.307,426 Ang 
II increases the production of prostaglandins (both PGE2 
and PGI2) in afferent arteriolar smooth muscle cells, and 
PGE2, PGI2, and cAMP all blunt Ang II-induced calcium 
entry into these cells,423 potentially explaining, at least in 
part, the different effects of Ang II on vasoconstriction of the 
afferent and efferent arterioles.422,423 In contrast to effects on 
the afferent arteriole, PGE2 had no effect on Ang II-induced 
vasoconstriction of the efferent arteriole.140 The effects of 
PGE2 on Ang II-induced vasoconstriction of the afferent 
arteriole are concentration-dependent, with low concentra-
tions acting as a vasodilator via interaction with prostaglandin 
EP4 receptors and high concentrations of PGE2 acting on 
prostaglandin EP3 receptors to restore the Ang II effects in 
that segment.140 Ang II infusion alone produces decreases 
in renal blood flow, with lesser effects on GFR resulting in 
an increase in filtration fraction.35 However, when combined 
with cyclooxygenase inhibition, Ang II causes marked reduc-
tions in SNGFR and QA, suggesting an important role for 
endogenous vasodilatory prostaglandins in ameliorating the 
vasoconstrictor effects of Ang II.427 Because Ang II increases 
renal production of vasodilatory prostaglandins, this serves as a 
feedback loop to modulate the vasoconstrictor effects on Ang 
II under chronic conditions when the RAAS is stimulated.83

Ang II decreases Kf
427 and contracts mesangial cells.428 One 

possible cause for the changes in Kf, is that contraction of 
the mesangial cells reduces effective filtration area by blocking 
flow through some glomerular capillaries, but no direct 
evidence has been obtained to support this hypothesis. 
Alternatively, Ang II might decrease hydraulic conductivity, 
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Fig. 3.24 Role of L- and T-type Ca2+ channels in angiotensin II (Ang II)–mediated afferent and efferent arteriolar vasoconstriction. Ang II 

constricts both afferent and efferent arterioles. The vasoconstrictor effects of Ang II on afferent arterioles are blocked by both L-type and T-type 

Ca2+ channel blockers. In contrast, the efferent vasoconstrictor effects of Ang II are not blocked by L-type Ca2+ channel blockers, but are 

blocked by T-type Ca2+ channel blockers.35,522,523 (From Carmines PK, Navar LG. Disparate effects of Ca channel blockade on afferent and efferent 

arteriolar responses to Ang II. Am J Physiol Renal Physiol. 1989;256(6 Pt 2):F1015–F1020; Feng MG, Navar LG. Angiotensin II-mediated constriction 

of afferent and efferent arterioles involves T-type Ca2+ channel activation. Am J Nephrol. 2004;24(6):641–648.)
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blood pressure toward normal.451 ACE inhibition in the obese 
Zucker rat has significantly reduced proteinuria compared 
with untreated obese animals, downregulated expression of 
nephrin, and decreased expression of TGB-β1, collagen IV, 
and fibronectin.452 Similarly, in an animal model of myocardial 
infarction (MI), rats with MI had significant renal injury, and 
treatment by ACE inhibition exerted beneficial effects.453

Ang II induces upregulation and activation of a transcrip-
tion factor called “sterol-responsive element-binding protein” 
(SREBP-1), leading to upregulation of TGF-β1 and increased 
production of matrix collagen and fibronectin.450 An ARB 
prevented the increase in TGF-β1 formation and the induction 
of SREBP-1. Inhibition of SREBP-1 prevented Ang II-induced 
glomerular upregulation of TGF-β1 and matrix synthesis, 
demonstrating a significant role of the transcription factor 
in glomerular injury and indicating that TGF-β1 plays a role 
in the stimulation of matrix production.450 SREBP-1 upregula-
tion is observed in diabetic kidneys; SREBP-1 is activated by 
high glucose levels and mediates profibrogenic responses in 
primary rat mesangial cells.454 In these cells, high glucose 
levels activated SREBP-1, which binds to the TGF-β1 promoter, 
resulting in TGF-β1 upregulation.454

Treatment with an ARB in rats with NSN protected against 
interstitial inflammation, tubular degeneration, and segmental 
glomerulosclerosis.455 NSN rats were treated with pirfenidone 
(an antifibrotic, antiinflammatory compound first used to 
treat pulmonary fibrosis) or with pirfenidone plus an ARB. 
Pirfenidone alone yielded a decrease in proteinuria and the 
ARB a slightly greater decrease; the two together had additive 
effects on proteinuria, interstitial inflammation, tubular 
degeneration, and segmental glomerulosclerosis.455 Transgenic 
mice overexpressing active renin from the liver develop 
progressive pulmonary fibrosis, much like that seen in humans 
with pulmonary fibrosis. There was increased extracellular 
matrix deposition of fibronectin and collagens and increased 
production of TGF-β1 and connective tissue growth factor 
(CTGF).456 Two weeks of treatment with a renin inhibitor or 
an ARB reduced production of TGF-β1 and CTGF and 
decreased deposition of matrix proteins.

ARACHIDONIC ACID METABOLITES  
REGULATING RENAL BLOOD FLOW AND 
GLOMERULAR FILTRATION RATE

The processing of the essential polyunsaturated fatty acid, 
linoleic acid, in the liver yields the polyunsaturated fatty acid 
arachidonic acid, which is stored in membrane phospholipids. 
Biologically active eicosanoids, C20 metabolites of arachidonic 
acid, are produced by three primary enzymatic pathways, 
including the following: cyclooxygenase-generating prosta-
glandins (PGs) and thromboxanes (TBXs); lipoxygenase 
(OX) yielding leukotrienes (LTs) and HETEs; and cytochrome 
P450 pathways synthesizing HETEs and EETs. Arachidonic 
acid (AA) is released from cell membranes, predominantly 
by phospholipase A2 (PLA2).457–461 These eicosanoids regulate 
the renal microcirculation, in part by activating G protein–
coupled receptors in the endothelium and vascular smooth 
muscles.458,462

Prostaglandins

Following the interaction of various hormones and vasoactive 
substances with their membrane receptors, PLA2 is activated, 
resulting in the release of AA from the cell membranes. This 

Ang II, once believed to be inactive, have now been shown 
to have physiologic effects on the kidney, often opposing 
the actions of Ang II. The related peptide, Ang 1-7, has 
been shown to induce vasodilation of preconstricted renal 
arterioles.434 These effects of Ang 1-7 occur independently 
of binding to AT1 or AT2 receptors and appear to involve 
activation of the G protein–coupled Mas receptor,435 which 
has been shown to be expressed on the afferent arteriole.436 
In addition, an isoform of ACE, known as “ACE2,”437,438 is 
involved in the formation of Ang 1-7.439 Ang 1-7, ACE2, and 
the Mas receptor have all been detected in the kidney. The 
balance between opposing actions of the vasoconstrictor 
peptide, Ang II, and the vasodilator peptide, Ang 1-7, may 
be influenced by the ratio of ACE to ACE2 and AT1 to Mas 
receptor content in specific vascular regions (and tubular 
segments) of the kidney. Cardiovascular and renal diseases 
may involve an imbalance of these peptides, enzymes, or 
receptors.436

Additional mechanisms involved in Ang II-induced hyper-
tension have been proposed. The principal cells of the 
connecting tubule and collecting duct express prorenin 
receptors and produce renin, which, coupled with delivery 
of angiotensinogen from the proximal tubule,414 allows for 
the local formation of Ang I.2,413,433 Luminal ACE in the 
collecting duct is then available to produce Ang II, which 
in turn can increase sodium reabsorption by enhancing activity 
of ENaC and other transporters in the collecting duct, an 
effect that may be important in the progression of diabetes 
and Ang II-induced hypertension.413,414,433,440

ROLE OF ANGIOTENSIN II IN GLOMERULAR  
AND TISSUE INJURY

Chronic renal failure is characterized by a progressive decline 
in renal function, with glomerular and tubular injury and 
systemic hypertension. An important demonstration of an 
elevation of glomerular hydraulic pressure in kidney disease 
was in a model of nephrotoxic serum nephritis (NSN),441 
where Ang II is thought to have a key role in the renal 
complications that develop. Intravenous infusion of Ang II 
increases PGC and ΔP in rats with reduced renal mass.442 In 
the remnant kidney model of renal failure, inhibition of Ang 
II production by an ACE inhibitor lowered PGC and ΔP toward 
normal and prevented proteinuria and glomerular injury.443 
Over the last 30 years, the efficacy of blockade of the RAAS 
with ACE inhibitors and/or Ang II type 1 receptor antagonists 
(angiotensin receptor blockers [ARBs]) in limiting or slowing 
the progression of some types of kidney disease has been 
established.444 ACE inhibitors and ARBs also are effective in 
the treatment of spontaneous glomerulosclerosis associated 
with aging.445,446 Both ACE inhibitors and ARBs prevented 
hypertension, limited proteinuria, and ameliorated sclerosis 
in several experimental models of glomerulonephritis.447 In 
one study, ACE inhibition was suggested to promote regenera-
tion of new renal tissue.448 Similarly, in the remnant kidney 
model of renal disease, there is evidence that chronic treat-
ment with an ACE inhibitor causes reversal of renal injury.449

Accumulation of extracellular matrix proteins, including 
collagen and fibronectin, leads to glomerular and tubular 
injury.450 Enhanced production of TGF-β1 in the remnant 
kidney increases matrix formation by stimulating the produc-
tion of TGF-β1. Administration of a neutralizing antibody or an 
Ang II receptor antagonist reduces plasma TGF-β1 levels and 
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filtration and renal blood flow are leukotriene C4 (LTC4), 
leukotriene D4 (LTD4), and leukotriene B4 (LTB4). LTC4 and 
LTD4 are potent vasoconstrictors,473 whereas LTB4 produces 
moderate renal vasodilation and an increase in RBF, with no 
change in GFR in the normal rat.474 Intravenous infusion of 
LTC4 increases renal vascular resistance, leading to a decrease 
in RBF and GFR, as well as a decrease in plasma volume and 
cardiac output.475,476 The decline in RBF is diminished by 
saralasin, an Ang II receptor antagonist, and indomethacin, 
an inhibitor of cyclooxygenase, indicating the involvement 
of Ang II and cyclooxygenase products in the response to 
LTC4, as well as a direct effect of LTC4 on the renal resistance 
vessels.475 Similarly, LTD4 decreased Kf, but increased renal 
vascular resistance, particularly, RE, a fall in QA and SNGFR, 
and a rise in PGC and ΔP during blockade of Ang II and control 
of renal perfusion pressure, demonstrating a direct effect 
of this leukotriene on renal hemodynamics.477 Leukotrienes 
often mediate drug-associated nephrotoxicity in some models 
of kidney disease.478

Inflammatory injury also activates the 5-, 12-, and 
15-lipoxygenase pathways in neutrophils and platelets to form 
acyclic eicosanoids called lipoxins (LXs), of which there are 
two main types, LXA4 and LXB4.

479 LXB4 and 7-cis-11-trans-
LXA4 produce renal vasoconstriction.478,480 By contrast, 
intrarenal infusion of LXA4 induces a reduction in preglo-
merular resistance (RA) without affecting RE, thereby resulting 
in an increase in PGC and ΔP.477 The specific vasodilation of 
the preglomerular vessels by LXA4 was blocked by cyclooxy-
genase inhibition, indicating that vasodilatory prostaglandins 
are responsible for this effect.477,480 Unique to this compound, 
LXA4 produced vasodilation while simultaneously causing 
a reduction in Kf.480 Because PGC, ΔP, and QA were increased, 
SNGFR also increased.477 Furthermore, transfection of rat 
kidney with the 15-lipoxygenase gene suppressed inflammation 
and preserved function in experimental glomerulonephritis.481 
The lipoxins have also been used to treat acute renal failure 
in mice.482,483

Cytochrome P450

A rapidly growing field of study is that of eicosanoids formed 
through the cytochrome P 450 (CYP450) monooxygenase 
pathway. AA is metabolized via the CYP450 enzymes to other 
active metabolites, including EETs, dihydrooxyeicosatetraenoic 
acids (DiHETEs), and HETEs, which act locally in a paracrine 
manner.35 Early researchers demonstrated the role of one 
metabolite, 20-HETE, involved in regulating renal hemody-
namics through direct actions, as well as exerting modulatory 
actions on the TGF mechanism.460 In addition to its vascular 
effects, 20-HETE inhibits sodium transport in the proximal 
tubule and the thick ascending loop of Henle. 20-HETE 
elicits an enhancement of myogenic tone and vasoconstricts 
afferent arterioles, which may be partially mediated through 
the augmentation of the TGF mechanism.484 Blockade of 
20-HETE formation attenuated vascular responses to Ang 
II, endothelin, norepinephrine, NO, and CO.222,484 NO inhibits 
the production of 20-HETE, which contributes to the vasodila-
tory effect of NO.222,460,463,485–487

In contrast to the contractile responses of 20-HETE,  
some of the EETs mentioned also formed via the CYP450 
pathway are potent vasodilators.35,488 EETs are formed locally 
and serve as both autocrine and paracrine factors. EETs are 
endothelium-derived hyperpolarizing factors that elicit potent 

allows the enzymatic action of cyclooxygenase to process 
AA into prostaglandins—PGG2 and subsequently PGH2. 
PGH2 is then converted into a number of biologically active 
prostaglandins, including PGE2, prostacyclin (PGI2), PGF2α, 
PGE1, PGD2, and thromboxane (TxA2). Prostaglandins play 
important roles in healthy and diseased kidneys.93,463–466 PGE2 
receptors are the most abundant prostaglandin receptors in 
the kidney. The effects of PGE2 on the kidneys depend on the 
location of the receptor subtype and interaction with other 
active compounds. PGE2 activates at least four receptors, 
EP1 to EP4. Prostaglandin EP1 receptor activation results in 
contractile effects in smooth muscle through the Gq alpha 
protein linkage, whereas EP2 and EP4 are relaxant via the 
Gs alpha subunit. EP3 is an inhibitory receptor (Gi alpha), 
decreasing cAMP, which causes vasoconstriction.35,463,464

In the kidneys, PGE1, PGI2, and PGE2 are vasodilator 
prostaglandins that generally increase renal plasma flow 
yet produce little or no increase in GFR and SNGFR, in 
part due to a decline in Kf.93,464–466 TxA2 generally results 
in contraction of the glomerular mesangial cells via the Gq 
alpha subunit. During blockade of endogenous prostaglandin 
production, infusion of PGE2 or PGI2 decreases SNGFR and 
QA, accompanied by an increase in renal vascular resistance 
(particularly RE), increases in PGC and ΔP, and a decline 
in Kf.467 Additional blockade of Ang II receptors during 
cyclooxygenase inhibition results in vasodilation in response 
to PGE2 or PGI2, resulting in a return of SNGFR and QA 
equal to or more than control values, a fall in PGC below 
control values, and a return of Kf to normal.467 Thus, the 
renal vasoconstriction induced by exogenous PGE2 or PGI2 
appears to be mediated by induction of renin and Ang II  
production.

Vasodilation at the whole-kidney level resulting from PGI2 
infusion during cyclooxygenase and Ang II inhibition has 
not always been observed.468 Topical application (but not 
luminal) of PGE2 to the afferent arteriole increased the 
vasoconstrictive effect of Ang II and norepinephrine, whereas 
PGI2 only attenuated norepinephrine-induced vasoconstric-
tion.469 PGE2 also constricted interlobular arteries but neither 
prostaglandin produced vasodilation of vessels preconstricted 
by Ang II.469 Indomethacin alone induced vasoconstriction 
of preglomerular and postglomerular resistance vessels of 
superficial and juxtamedullary nephrons, indicating that 
vasodilatory prostaglandins normally modulate endogenous 
vasoconstrictors.470 However, there appears to be gender-
dependent differences in mechanisms, because indomethacin 
treatment results in net renal vasodilation in female rats.471 
The combination of cyclooxygenase inhibition with an ACE 
inhibitor caused vasodilation of preglomerular but not 
postglomerular vessels of the cortical nephrons due to the 
effects of continued NO production in the preglomerular 
vessels.470 Additionally, the PGE2 EP3 receptor regulates 
COX-2 through a negative feedback loop in the thick ascend-
ing limb of the loop of Henle.472 These data, taken together, 
indicate that differences in the response to vasoactive 
prostaglandins between superficial and deep nephrons may 
be due to prostaglandin receptor subtypes and cyclooxygenase 
activity.

Leukotrienes and Lipoxins

Leukotrienes are a class of lipid products formed from AA via 
the lipoxygenase pathway. Leukotrienes that affect glomerular 
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inflammation, the effects of increased renal nerve activity 
are exacerbated.496 The actions of increased sympathetic 
activity to decrease renal cortical perfusion are attenuated 
by temporally mediated reductions in ROS.497

Renal denervation in animals undergoing acute water 
deprivation (48-hour duration) or with congestive heart failure 
produces increases in SNGFR, plasma flow, and Kf.498 This 
indicates that the natural activity of the renal nerves in these 
settings plays an important role in the constriction of the 
arterioles and reductions in Kf that were observed with water 
deprivation and in congestive heart failure.498 The vasoconstric-
tive effects of the renal nerves in both settings were mediated 
in part by a stimulatory effect on Ang II release, together 
with direct vasoconstrictive effects on the preglomerular and 
postglomerular blood vessels.498 These studies have demon-
strated the important role of the renal nerves in pathophysi-
ologic settings.

Clinical trials have focused on whether catheter-based renal 
artery denervation reduces blood pressure in patients with 
resistant hypertension. Some studies have demonstrated 
sustained reduction in blood pressure in patients who 
underwent renal denervation; however, the blood pressure 
response did not differ from the sham-treated patients at 6 
months after treatment.499 More recent clinical trials using 
improved catheters have provided more promising long-term 
effects.500

GLOMERULAR HEMODYNAMICS IN  
THE AGING KIDNEY

Aging is commonly associated with the progressive develop-
ment of chronic renal disease characterized by global glo-
merulosclerosis, tubular atrophy, interstitial fibrosis, and 
arteriosclerosis. Over 75 years ago, Davies and Shock dem-
onstrated that beyond 40 to 50 years of age, inulin clearance 
in humans declined approximately 8 mL/min/1.73 m2 in 
each subsequent decade of age.501 In healthy adult living 
kidney donors, the prevalence of glomerulosclerosis, followed 
by local tubular atrophy and interstitial fibrosis, was found 
to increase progressively from 2.7% for patients aged 18 to 
29 years to 73% for patients aged 70 to 77 years.502 Despite 
these changes, the age-related decline in GFR was not fully 
explained by these age-related histologic changes.502,503 Fig. 
3.25 shows the declines in GFR beyond the ages of 40 to 50 
years83,504–506 Kidney disease associated with aging is generally 
accompanied by declines in GFR, RPF, and RBF associated 
with an increase in filtration fraction. In one study, the 
calculated filtration coefficient, Kf, was lower in older than 
in younger subjects (4.9 ± 1.7 nL/[min⋅mm Hg] in older 
subjects vs 7.0 ± 2.9 nL/[min⋅mm Hg] in younger subjects).507 
However, age-related declines in GFR and RBF do not neces-
sarily occur in everyone.502,506,508 As shown in Fig. 3.25, associ-
ated with the decline in GFR and RBF is the fact that systolic 
blood pressure increases with age,507,509 which may contribute 
to a further decline in renal function. Nevertheless, in disease-
free older individuals, GFR is generally adequate to sustain 
quality of life (see Fig. 3.25).

Factors likely involved in the decline in renal function 
associated with aging include eating high-protein meals, which 
may lead to episodes of hyperfiltration and glomerular capil-
lary hypertension, development of diabetes, with associated 

vasodilation of the afferent arteriole.488 These actions are 
mediated in part by activating large conductance potassium 
channels.

NEURAL REGULATION OF  
RENAL CIRCULATION

The renal vasculature, including the afferent and efferent 
arterioles, macula densa cells of the distal tubule, and glo-
merular mesangium are richly innervated.83,489 Innervation 
primarily includes renal efferent sympathetic adrenergic 
nerves489,490 and renal afferent sensory fibers containing 
peptides, including calcitonin gene-related peptide (CGRP) 
and substance P.83,489 Sympathetic efferent nerves are found 
in all segments of the vascular tree, from the main renal 
artery to the afferent arteriole (including the renin-containing 
juxtaglomerular cells) and efferent arteriole.489,490 They play 
an important role in the regulation of renal hemodynamics, 
sodium transport, and renin secretion.491 Afferent nerves 
containing CGRP and substance P are localized primarily in 
the main renal artery and interlobar arteries, with some 
innervation also observed in the arcuate artery, interlobular 
artery, afferent arteriole, and juxtaglomerular apparatus.489,490 
Peptidergic nerve fibers immunoreactive for neuropeptide 
Y (NPY), neurotensin, vasoactive intestinal polypeptide, and 
somatostatin are also found in the kidney.55 Neuronal NOS-
immunoreactive neurons have been identified in the kidney.489 
The NOS-containing neuronal stomata are seen in the wall 
of the renal pelvis, at the renal hilus close to the renal artery, 
along the interlobar arteries, the arcuate arteries, and extend-
ing to the afferent arteriole, supporting their role in the 
control of RBF.489 They are also present in nerve bundles 
that have vasomotor and sensory fibers, suggesting that they 
modulate renal neural function.489

In micropuncture studies of the effects of renal nerve 
stimulation (RNS), RNS alone increased RA and RE, resulting 
in a decrease in plasma flow and SNGFR, without any effect 
on Kf.492 When prostaglandin production was inhibited by 
indomethacin, however, the same level of RNS produced 
even greater increases in RA and RE, accompanied by very 
large declines in plasma flow and SNGFR and decreases in 
Kf, PGC, and ΔP.492 When saralasin was administered as a 
competitive inhibitor of endogenous Ang II in conjunction 
with indomethacin, RNS had no effect on Kf, but both RA 
and RE were still increased, and ΔP was slightly reduced.492 
The release of norepinephrine by RNS enhances Ang II 
production and results in arteriolar vasoconstriction and 
reductions in Kf. The increase in Ang II production may 
then enhance vasodilator prostaglandin production,492,493 
which partially ameliorates the constriction.

Continued vasoconstriction by RNS during the blockade 
of endogenous prostaglandins and Ang II has indicated that 
norepinephrine has vasoconstrictive properties by itself. The 
findings that norepinephrine causes constriction of preglo-
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advanced glycosylated end products, obesity, oxidative stress 
due to chronic exposure to oxygen free radicals, dyslipidemia, 
excessive exposure to some drugs that reduce renal function, 
infections, atherosclerotic disease, male gender, genetic and 
racial differences, and environmental factors.506,510–512 Sclerotic 
glomeruli seen with aging are smaller than functional 
glomeruli, leading to a decline in average glomerular size. 
With the progressive loss of filtering glomeruli, unaffected 
glomeruli undergo compensatory hypertrophy, which helps 
preserve GFR.502 As has been shown in studies of the rat, 
following removal of 50% to 80% of total renal mass, the 
remaining nephrons undergo compensatory hypertrophy 
and increases in SNGFR and glomerular capillary hydraulic 
pressures.14,513,514 In the aging human, progressive loss of 
functioning nephrons and hypertrophy of remaining filtering 
units would also result in glomerular capillary hypertension 
and damage to these remaining nephrons. Because these 
alterations use renal reserve capacity, there is a reduced 
capability of the renal vasculature in older individuals to 
respond to amino acid infusion, so that there is only an 
increase in GFR and filtration fraction and RPF remains 
unchanged.508,515 In contrast, the vasoconstrictive response 
to Ang II is identical in younger and older people.516 These 
data suggest that there is a blunted renal vasodilatory response 
but a vasoconstrictive response is maintained in older subjects, 
indicating that the aged kidney has used reserve capacity 
and is in a state of compensatory renal vasodilation to 
compensate for the chronic glomerular injury and loss of 
functional glomeruli.515
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BOARD REVIEW QUESTIONS

1. A 21-year old woman runs a marathon and her extracellular 
fluid volume becomes severely decreased. Immediately 
following the race, she takes double the prescribed dose 
of ibuprofen (a non-steroidal anti-inflammatory drug) to 
alleviate the pain of her aching ankle and knee joints. 
Which one of the following adverse effects is likely to 
occur in the renal circulation?
 a. Increased prostaglandin levels in the kidney.
 b. Decreased efferent arteriolar resistance.
 c. Increased afferent arteriolar resistance.
 d. Increased urinary excretion of salt and water.
 e. Increased renal blood flow and GFR.
Answer: c
Rationale: The decreased extracellular fluid volume 

stimulates increased renal sympathetic activity as well as 
activation of the renin-angiotensin system. This causes direct 
renal vasoconstriction of both the afferent and efferent 
arterioles. This is normally counteracted by vasodilator 
prostanoids such as prostacyclin and PGE2 that cause afferent 
vasodilation. However, NSAID drugs block cyclooxygenase, 
and therefore prevent afferent vasodilation, leading to 
impaired renal blood flow and GFR.

2. A 35-year old man is diagnosed with severe hypertension 
due to bilateral renal artery stenosis. An angiotensin 
receptor antagonist is administered in order to block the 
actions of angiotensin II (Ang II) on AT1 receptors. 
Although blood pressure returns to normal, GFR decreases 
markedly (by about 50%). In addition to the reduction 
in blood pressure, which one of the following mechanisms 
is most responsible for the decrease in GFR?
 a. Increased bradykinin levels in the kidney.
 b. Decreased glomerular ultrafiltration coefficient (Kf).
 c. Increased erythropoietin levels in the kidney.
 d. Decreased efferent arteriolar resistance.
 e. Decreased renin secretion by the juxtaglomerular cells.
Answer: d
Rationale: Bilateral renal artery stenosis reduces renal 

perfusion pressure beyond the stenosis leading to activation 
of the renin-angiotensin system and increased systemic and 
intrarenal Ang II levels. The increased Ang II levels increases 
afferent and efferent arteriolar resistance but the vasodilator 
influence of the tubuloglomerular feedback mechanism exerts 
vasodilator influence on the afferent arterioles, leaving the 
Ang II influence on the efferent arterioles unopposed. The 
reduction in blood pressure plus the efferent arteriolar 
vasodilation due to blockade of the AT, receptors cause 
profound decreases in glomerular pressure and the GFR.

3. Mr. H.I. Stress has not seen a doctor in several years but 
comes to see you because a screening at a mall showed a 
blood pressure of 190/100 mmHg. Records from 10 years 
previously show that he had a plasma creatinine of 1.0 mg/
dl and normal blood pressure. The plasma creatinine 
concentration is now 4 mg/dL. Which one of the following 
changes in renal function is illustrated in this patient?
 a. His renal function has been stable.
 b. Cannot make conclusions based on data given.
 c. He has had a 75% reduction in glomerular function.
 d. He has had a 25% reduction in glomerular function.
 e. He has had a 50% reduction in GFR.

Answer: c
Rationale: Although not exact, there is a reciprocal relation-

ship between plasma creatinine and GFR such that a 4-fold 
increase in plasma creatinine concentration reflects reduced 
glomerular functions to 1

4  of his original value assuming that 
the daily production of creatinine has remained unchanged.

4. A 47-year old man is admitted to the intensive care unit 
because of severe alcohol withdrawal with symptoms and 
signs of excessive sympathetic stimulation. The effect of 
this on renal nerve activity would result in which one of 
the following:
 a. Decrease in renal blood flow but not GFR.
 b. Decrease in both renal blood flow and GFR.
 c. Decrease in renal blood flow but increase GFR.
 d. Increase in both renal blood flow and GFR due to the 

increase in arterial pressure.
 e. Cause no changes in renal blood flow and GFR because 

of renal autoregulation.
Answer: b
Rationale: The renal vasculature has abundant sympathetic 

innervation to all vascular elements. Thus, marked renal 
sympathetic activity will vasoconstrict both afferent and 
efferent arterioles causing marked decreases in renal blood 
flow. Because of the greater amount of preglomerular vascular 
smooth muscle cells, the preglomerular vasoconstriction will 
predominate with increased renal sympathetic activity leading 
to profound decreases in glomerular pressure and thus GFR.

5. A 70-year-old male is seen by his physician for a physical, 
his first in almost 10 years. He has gained 40 pounds and 
his BMI has increased from 29 to 34. His HbA1c is now 
9.0, up from 6.0 previously. His serum creatinine has gone 
from 0.8 to 1.8 suggesting some loss of GFR due to type 
II diabetes and perhaps an age-related decline in renal 
function. His blood pressure has also increased from 
120/80 to 150/90. The physician prescribes an angiotensin 
converting enzyme (ACE) inhibitor to inhibit the produc-
tion of angiotensin II (Ang II). Which one of the following 
responses regarding the effects of Ang II on the kidney 
is most likely?
 a. The ACE inhibitor will result in a decrease in renal 

blood flow and GFR.
 b. The reduced intrarenal Ang II will increase sodium 

reabsorption in the cortical collecting duct.
 c. The ACE inhibitor will lead to reductions in intrarenal 

Ang II allowing maintenance of glomerular capillary 
hydraulic pressure and GFR.

 d. The reduced intrarenal Ang II will decrease production 
of proliferative factors.

 e. The ACE inhibition will increase intrarenal Ang II.
Answer: c
Rationale: Following the conversion of circulating and 

intrarenal angiotensinogen by renal renin, all components 
needed to synthesize and degrade Ang II are present in 
the immediate region of the juxtaglomerular region of 
the nephron thereby allowing direct local regulation of 
glomerular blood flow and filtration rate. Both ACE inhibi-
tors and ARBs prevent hypertension, limit proteinuria and 
ameliorate sclerosis in several experimental models of  
glomerulonephritis.
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GLOMERULAR CELL ANATOMY AND 
INJURY RESPONSE PATTERNS

Loss of protein into the urine (proteinuria), especially 
albumin (albuminuria), is the hallmark of glomerular disease 
and an important prognostic marker for a wide variety of 
kidney diseases, including the numerically and economically 
increasing challenge of diabetic nephropathy.1 Albuminuria 
is also an independent risk factor for cardiovascular mortality.2 
Therefore, understanding the pathophysiology of albuminuria 
and therapeutic approaches to its modification has major 
clinical and health economic significance.

The kidney of a healthy 70-kg adult filters approximately 
180 L of plasma per day. Filtration and urine production 

takes place in the smallest functional unit of the kidney, 
called the nephron. The ultimate site of filtration is located 
at the beginning of the nephron in the renal corpuscule. The 
renal corpuscule (Fig. 4.1) is composed of the glomerulus, a 
network (tuft) of capillaries, which is surrounded by parietal 
epithelial cells (PECs) of Bowman’s capsule (BC), and is 
thereby separated from the tubular system. As described and 
depicted in detail in Chapter 3, blood enters the glomerulus 
at the vascular pole through an afferent arteriole of the renal 
circulation and is drained into an efferent arteriole. The 
unique resistance of these arterioles generates a high pressure 
within the capillary convolute of the glomerulus, ultimately 
driving the ultrafiltration of a primary urinary filtrate through 
the glomerular filtration barrier into Bowman’s space with 
an effective filtration pressure of approximately 50 mm Hg.3 

KEY POINTS

• The glomerulus represents a functional and integrated syncytium of four types of glomerular 
cells, which together ascertain glomerular filtration.

• Together, podocytes and glomerular endothelial cells allow for a size- and charge-selective 
glomerular filtration due to their specialized three-dimensional structure, extensive glycocalyx 
coating, and the coordinated synthesis of the unique glomerular basement membrane.

• Mesangial cells provide structural support of the glomerular capillaries, regulate glomerular 
filtration, and maintain glomerular endothelial health.

• Parietal epithelial cells build the Bowman’s capsule to prevent leakage of the primary urine 
filtrate to the tubulointerstitium, contribute to glomerular scarring, and are thought to constitute 
a potential reservoir for podocytes in development, maturation, and eventually in adulthood.

• The hallmarks of diseases related to primary podocyte injury of genetic or autoimmune 
origin are proteinuria (often nephrotic range), foot process effacement, podocyte 
hypertrophy, and depletion.

• Crosstalk between glomerular cell types attenuates and/or perpetuates glomerular injury.

• Most forms of glomerular injury result from humoral and cellular immunologic mechanisms to 
which the glomerulus reacts by basic responses such as cellular proliferation, changes in 
glomerular cell phenotypes, and increased deposition of extracellular matrix.
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pole to be further processed to final urine in the downstream 
tubular system. While water and small molecules such as 
glucose, salt, and amino acids freely pass across the glomerular 
filtration barrier, a partial impermeability to large molecules, 
such as albumin, into the primary urine is maintained. The 
degree of fractional albumin filtration has been a matter of 
debate, but more recent two-photon in vivo imaging studies 
indicate values for a glomerular sieving coefficient of 0.02–0.04 
for albumin filtration into the primary urine, which for the 
most part is reabsorbed by the proximal tubule.7 This partial 
impermeability to large molecules is achieved by a highly 

Tracer studies point to a charge selectivity favoring the 
filtration of positively charged solutes.4,5 Furthermore, an 
electrokinetic model of filtration has been proposed. In this 
model, filtration pressure establishes a streaming potential 
across the glomerular filtration barrier with Bowman’s space 
being more negatively charged than the endothelial lumen. 
This might establish a retrograde electrophoretic field that 
acts opposite to diffusive and convective fluxes and tends to 
exclude negatively charged macromolecules away from the 
glomerular filtration barrier in the course of active filtration.6 
The primary urine exits the renal corpuscule at the urinary 
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anchor nephrin to the plasma membrane and generates a 
signaling hub in lipid rich membrane compartments, e.g., 
for the Ca2+-permeable transient receptor potential channel 
(TRPC) 616—that might translate mechanical tension to ion 
channel action and cytoskeletal regulation.17 On their intracel-
lular C-terminal parts, nephrin and neph1 are associated 
with several signaling adaptor molecules and scaffold proteins 
linking the slit diaphragm to the actin cytoskeleton.14,18 In 
general, the podocyte cytoskeleton is highly elaborate. The 
podocyte cell body and major and secondary processes contain 
vimentin-rich intermediate filaments that assist in maintaining 
cell shape and rigidity. Large microtubules form organized 
structures along major processes. Foot processes contain long 
actin fiber bundles that run cortically and contiguously to 
link adjacent podocytes. Actin, α-actinin-4, and myosin form 
a contractile system in foot processes, which is regulated by 
the interplay of the actin binding proteins synaptopodin19 
and α-actinin-4 with rho GTPases. This well-orchestrated actin 
and microtubule cytoskeleton ensures the high plasticity of 
the podocyte process network.20,21 The apical surfaces of 
podocytes are covered by the surface sialomucin podocalyxin,22 
whose highly negative charge functions to keep adjacent 
foot processes separated, thereby keeping the urinary filtration 
barrier open.23

FUNCTION

The main podocyte function is to build, maintain, and regulate 
the three-layered glomerular filtration barrier.

1. The synthesis of the mature GBM requires the crosstalk 
of podocytes with endothelial cells.24 Podocytes and 
endothelial cells both secrete laminin 111 and type IV 
collagen α1α2α1 in GBM development and the final 
laminin 521 isoforms after maturation. However, only 
podocytes secrete type IV collagen α3α4α5 of the fully 
mature GBM.25

2. Podocytes maintain the glomerular filtration barrier by 
secreting survival factors such as angiopoietin-1 (Angpt1, 
which binds to Tie2 on glomerular endothelial cells 
[GEnC] and MCs),26 normosialylated angiopoietin-like-4 
(which binds to integrin αVβ5 on GEnC),27 vascular 
endothelial growth factor A (binds to vascular endothelial 
growth factor receptor 2 [VEGFR2] on GEnC),28 and 
stromal derived factor 1 (which binds to CXCR4 on 
GEnC)29; these factors exert paracrine effects across the 
filtration barrier on glomerular endothelial and MCs 
supporting their respective migration, differentiation, and 
survival.30

3. Podocytes stabilize the glomerular filtration barrier by 
expressing cell–matrix adhesion receptors such as integrin 
α3β1, which connects laminin 521 in the GBM through 
various adaptor proteins to the intracellular actin cyto-
skeleton or integrins α2β1 and αVβ3, α-dystroglycan, 
syndecan-4, and type XVII collagen.31

4. Podocytes regulate glomerular filtration32 by presumably 
compressing the GBM through their adhesion to the GBM 
and the tensile forces of their cytoskeleton, which in turn 
reduces the permeability to macromolecules.33 Further-
more, they regulate glomerular filtration through the 
formation of the slit diaphragm and by sensing the glo-
merular filtration pressure by a mechanoreceptor complex 
situated at the slit diaphragm.34

complex interplay of two types of glomerular cells: the visceral 
epithelial cells (podocytes) and the glomerular endothelial 
cells, which ultimately compose the three-layered glomerular 
filtration barrier (podocyte—the 250–400 nm thick glomerular 
basement membrane [GBM]—endothelial cell). The GBM 
is composed of several types of extracellular matrix (ECM) 
macromolecules (laminin, type IV collagen, the heparan 
sulfate proteoglycan agrin, and nidogen), which produce an 
interwoven meshwork thought to impart both size-selective and 
charge-selective properties.8 Finally, intraglomerular mesan-
gial cells (MCs) occupy the space between the glomerular 
filtration barrier to provide structural support. As specialized 
pericytes, MCs indirectly participate in filtration by reduc-
ing the glomerular surface area by contraction and are also 
thought to participate in matrix turnover and innate immune 
function.9 Although all glomerular cells form a functional 
and integrated syncytium, in this chapter each component is  
described in brief.

Clinical Relevance

The glomerulus is a functional syncytium of four cell 
types, which interact in physiologic and also pathologic 
situations, thereby perpetuating and extending the site 
of glomerular injury.

PODOCYTES

STRUCTURE

Podocytes are highly differentiated, mesenchymal-derived 
cells.10 An apicobasal polarity axis allows for podocyte orienta-
tion between the urinary space and the GBM.11 Podocytes 
reside in the urinary space and embrace the glomerular 
capillaries with their flat cell body, from which they extend 
long-branching major processes. Major processes give rise 
to secondary processes (often called foot processes), which 
interdigitate in a zipper-like fashion with secondary processes 
of neighboring podocytes12 (Fig. 4.2). Foot processes attach 
podocytes to the underlying ECM of the GBM by specific 
proteins, such as adhesion receptors, including integrins, 
syndecans, vinculin, talin, and dystroglycan.13 Foot processes 
are interconnected by slit diaphragms, which represent highly 
sophisticated cell–cell contacts that form an adjustable, 
nonclogging barrier through which glomerular filtration 
occurs. Although the term “diaphragm” implicates a thin-
layered sieve, recent studies revealed that the slit diaphragm 
is composed of multiple layers of flexible transmembrane 
molecules to limit the passage of macromolecules.14 Structur-
ally, the slit diaphragm combines components of several types 
of cell–cell junctions, including tight, adhesion, neuronal, 
and gap junctions. Proteins from tight (ZO-1, JAM4, occludin, 
and cingulin) and adherens junctions (P-cadherin, FAT1, 
and the catenin family of proteins) are associated with the 
immunoglobulin superfamily members nephrin and neph1.15 
Nephrin and neph1 form the core component of the slit 
diaphragm by a bipartite assembly with neph1 molecules 
spanning the lower part of the slit close to the GBM and 
nephrin molecules positioned in the apical side.14 The 
stomatin protein family member podocin (NPHS2) helps 
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cytoskeleton.35 As a general theme, podocyte injury appears 
to involve reactivation of developmental programs such as 
those engaged by Notch,36 Wnt,37–40 and mTOR pathways.41 
Overactivation, imbalance, and impairment of these central 
intracellular signaling pathways disrupt normal podocyte 
energy metabolism42 and protein homeostasis,43 thus initiating 
a mostly irreversible dedifferentiation process.

Podocyte Foot Process Effacement

Podocyte function largely depends on its complex three-
dimensional cytoskeletal structure. The identification of over 
50 monogenic causes of podocyte disease44 has immensely 
increased our understanding of podocyte function and 
dysfunction. Regardless of the underlying disease, a charac-
teristic and almost predictable response to podocyte injury 
is a change in shape, called effacement.45 Numerous studies 
have shown that effacement is an active process, due to 

PODOCYTE PATHOPHYSIOLOGY

Due to their molecular setup and localization, podocytes are 
permanently targeted by, and required to respond to, various 
physiologic and pathophysiologic stressors. If exposure is 
too excessive in time and dosage, this leads to complex 
adaptive and maladaptive intracellular changes, which then 
lead to the typical histopathologic sequence of foot process 
effacement, podocyte hypertrophy, and podocyte detachment 
from the GBM with loss into the urine (Fig. 4.3). Podocyte 
dysfunction results in clinical proteinuria and in a variety of 
glomerular responses, such as disruption of podocyte-
endothelial crosstalk and activation of podocyte–parietal cell 
interactions culminating in glomerulosclerosis.

Over 80 pathways have been described that result in 
podocyte distress, including circulating factors, cell-surface 
signaling, metabolism, fibrosis, inflammation, and the actin 
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diabetic kidney disease are accompanied by a progressive 
decline in overall kidney function, measured clinically by 
a decrease in glomerular filtration rate. This is largely due 
to glomerulosclerosis, with or without tubulointerstitial 
fibrosis. Patterns of glomerulosclerosis histologically include 
a segmental form (a portion of an individual glomerulus is 
scarred) and the more extensive global form (the major-
ity of an individual glomerulus scars). Podocyte depletion 
is a major contributor to the development of age-related 
glomerulosclerosis in humans and rodents.67–70 A decrease 
in podocyte number is one of the best predictors for a poor 
outcome in clinical diabetic kidney disease. A loss of 20% of 
podocytes is tolerated by rats71 and mice72 and is accompanied 
by MC proliferation and expansion. Segmental glomerulo-
sclerosis ensues when 40% of podocytes are depleted, and 
global glomerulosclerosis occurs when the podocyte number 
is below 60% of normal.71 There has been a long-standing 
debate on the underlying mechanisms for podocyte deple-
tion, ranging from necrosis, apoptosis, and necroptosis to 
the detachment of viable cells from the GBM.73 Interestingly, 
viable podocytes can be isolated from the urine of proteinuric 
patients, emphasizing the importance of podocyte detach-
ment as a mechanism of podocyte depletion in glomerular  
diseases.

Studies have suggested that despite a lack of prolifera-
tion, podocyte number can be restored following certain 
therapies such as angiotensin-converting enzyme inhibition.74 
Despite compelling data, however, it remains unclear whether 
podocyte regeneration exists in renal aging or in pathophysi-
ologic situations and, if podocyte regeneration exists, from 
what source of resident progenitor cells the novel podocytes 
originate.75 Possible sources discussed might be progenitor 
cells derived from glomerular parietal epithelial cells76 and/or 
cells of renin lineage,77 although further studies are needed 
to fully validate these findings.

Podocyte-Related Mechanisms of Proteinuria

Proteinuria is the clinical hallmark of podocyte injury, ensuing 
from a disruption of their most important biologic function, 
which is namely to limit the passage of plasma proteins into 
the urinary space. In general, any kind of injury affecting 
podocyte function results in proteinuria, either selective as 
albuminuria (mostly loss of the 60-kDa protein albumin) or 
nonselective as global proteinuria (loss of a multitude of 
proteins over 60 kDa of size, including immunoglobulins of 
150 kDa) in case of major breakdown of the glomerular filtra-
tion barrier. Genetic studies and animal studies have dem-
onstrated that podocyte-dependent proteinuria originates 
from at least six distinct mechanisms.

Mechanism 1: Alteration of the slit membrane as the 
size- and charge-selective barrier to proteins through heredi-
tary or acquired defects of one or more structural slit dia-
phragm proteins, such as nephrin or podocin, leads to 
increased passage of proteins across this barrier. Either an 
absolute decrease in slit diaphragm protein levels or a change 
in their subcellular location is associated with proteinuria. 
Moreover, given the complex interplay between proteins 
comprising the slit diaphragm, a change in one slit diaphragm 
protein often leads to a cascading dysfunction of one or 
more of the other proteins.78

Mechanism 2: Alteration of the podocyte cytoskeletal 
network either through mutations of structural proteins and 

changes in the actin cytoskeleton of the podocyte, which 
forms the “backbone” of these highly specialized cells.46 
Further evidence that effacement is an active process is that 
in some instances it can be reversed, such as in treatment-
responsive patients with minimal change disease (MCD). 
There has been debate as to whether effacement per se causes 
proteinuria, because proteinuria due to podocyte damage 
can occur independent of this change in shape. The relation-
ship between podocyte foot process effacement and protein-
uria has been questioned,47 and it is clear that there is still 
much to learn about this long-recognized but still poorly 
understood ultrastructural phenomenon. Confusingly, efface-
ment has also been reported (in the absence of proteinuria) 
in the protein-malnutrition state kwashiorkor,48 suggesting 
that it may be a feature of hypoalbuminemia rather than of 
proteinuria per se. However, it is generally accepted that 
effacement is a manifestation of serious podocyte injury, and 
that this histologic finding implies changes in either slit 
diaphragm proteins (i.e., nephrin49 and podocin50), actin 
binding and regulating proteins (i.e., α-actinin-451 and 
CD2AP52), podocyte attachment to the GBM (i.e., laminin 
β253 and integrin β454), nuclear proteins (WT155 and 
LMX1B56), mitochondrial57 and lysosomal58 components, 
and/or other events, as genetic studies in humans suggest. 
Therefore teasing out precisely the biologic role of effacement 
in the development and maintenance of proteinuria may 
not be important.

Podocyte Hypertrophy

Podocytes are terminally differentiated epithelial cells and 
unable to adequately proliferate to cover denuded areas of 
the GBM in situations of glomerular (GBM) distention (i.e., 
in case of renal hyperfiltration) or podocyte loss. Despite 
the virtual absence of podocyte mitosis and regeneration, 
current knowledge suggests that differentiated podocytes do 
have at least some capacity to adjust to an altered glomerular 
architecture by hypertrophy. Therefore hypertrophy can be 
adaptive in the setting of glomerular development, growth, 
and numerical minimal podocyte depletion (up to 20%), or 
can reflect a multifactorial maladaptive response of podocytes 
due to persistent injury promoting stimuli such as high glucose 
in diabetic nephropathy or subepithelial deposits in membra-
nous nephropathy.59 Recent findings highlight mammalian 
target of rapamycin (mTOR) and its downstream target, the 
translational repressor protein 4E-BP1,60 as a key regulator of 
both adaptive and maladaptive podocyte hypertrophy, whereby 
the timing, extent, and duration of mTOR activation decide 
whether hypertrophy is adaptive or maladaptive.41 Inhibition 
of mTOR by rapamycin in the setting of adaptive hypertrophy 
results in proteinuria and glomerulosclerosis, whereas inhibi-
tion of mTOR in the setting of maladaptive hypertrophy 
could be therapeutically beneficial.61 Besides an imbalance 
of mTOR signaling pathways,62,63 podocyte hypertrophy in 
response to hyperglycemia and stretch have been shown to 
be also mediated by the cyclin-dependent kinase inhibitor 
p27Kip1.64,65 Hypertrophy in membranous nephropathy seems 
to originate in part from altered protein degradation and 
subsequent cytoplasmic accumulation of proteins.66

Podocyte Depletion

Many podocyte diseases such as focal segmental glomeru-
losclerosis (FSGS), membranous nephropathy (MN), and 
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special form of microvascular pericytes.89 MCs are positive 
for vimentin and desmin.

FUNCTION

MCs, together with their matrix, form a functional unit with 
GEnC and podocytes.9

1. MCs are required for the development and for the mechani-
cal (structural) support of glomerular capillary loops.90,91 
Mechanical support is in part mediated by attachment of 
MCs to the carboxy-terminus globular domain of laminin 
α5 in the GBM.92

2. MCs regulate the glomerular capillary flow and ultrafiltra-
tion surface and hence the fine-tuning of glomerular filtra-
tion by cell contraction at the single nephron level.93 
Contraction of MCs is regulated by vasoactive substances94 
and is dependent on the calcium signaling response and 
membrane permeability.94,95 Relaxation of MCs, on the 
other hand, is mediated by paracrine factors, hormones, 
and cyclic adenosine monophosphate (cAMP), with a role 
for growth factor priming.94

3. MCs are responsible for the homeostasis of the mesangial 
matrix through synthesis and degradation of their own 
matrix components (type IV collagen α1α2, type V col-
lagen, laminin fibronectin, proteoglycans [heparan and 
chondroitin sulfate, decorin, and biglycan], entactin, and 
nidogen).83,96–98 The mesangial matrix provides structural 
support to the glomerulus9 and regulates the behavior 
of MCs, such as growth and proliferation,99 partly by 
binding and sequestering growth factors and thereby 
influencing their activation and release.9 Furthermore, the 
mesangial matrix signals to MCs in response to mechanical  
stretch.100

4. MCs are sources and targets of growth factors, cytokines, 
and vasoactive agents.9 For example, MCs produce trans-
forming growth factor (TGF)-1, VEGF, and CTGF9 in 
response to capillary stretching resulting from glomerular 
hypertension. MC proliferation, along with eicosanoid 
and matrix production, is influenced by PDGF-B,101 
PDGF-C,102 fibroblast growth factor (FGF),96 hepatocyte 
growth factor (HGF),97 connective growth factor (CTGF),103 
epidermal growth factor (EFG),104 and TGF-β.98

5. MCs keep the mesangial space free from accumulating 
macromolecules, which trespass from the capillary lumen 
through the fenestrated endothelium. For this purpose, MCs 
phagocytose glomerular basal lamina or immune complexes 
formed at or delivered to the glomerular capillaries,105,106 
and aid neutrophils to phagocytose apoptotic cells.107 
Macromolecules are removed by both receptor-dependent 
and independent mechanisms, depending on the size, 
charge, concentration, and affinity for MC receptors.9,108

6. MCs are involved in the tubuloglomerular feedback by 
communicating with vascular smooth muscle cells over 
gap junctions.109

7. MCs maintain endothelial health and function by cross 
communication via the mediators and pathways described 
above.

PATHOPHYSIOLOGY

As of yet, no discrete primary disease of MCs has been 
described. However, MCs react to changes of the intravascular 
milieu (soluble factors), immunoglobulin deposition, and 

adaptor proteins or through an imbalance of signaling 
through actin-regulating enzymes and of converging signaling 
pathways culminate in enhanced or decreased actin poly-
merization, ultimately leading to proteinuria through a loss 
of the complex three-dimensional structure and flexibility 
of the podocyte cytoskeleton.

Mechanism 3: Although no known hereditary mutations 
of podocalyxin have been described, loss of podocalyxin 
results in reduced negative surface charge of podocyte 
processes and proteinuria.23

Mechanism 4: Podocyte depletion (i.e., through loss of 
adhesion)79 results in denuded GBM areas through which 
proteins escape.

Mechanism 5: Alteration in GBM composition by podocytes 
through increased secretion of ECM proteins is typically 
observed in membranous and diabetic nephropathy. These 
ECM proteins are laid down along the GBM and eventually 
lead to the characteristic thickening of the GBM in these 
diseases.80 The altered ECM composition leads to secondary 
changes (loss) in negative charge to the GBM, thereby 
enabling increased passage of proteins. In addition, increased 
production and secretion of reactive oxygen species and 
metalloproteinases from podocytes leads to degradation of 
the GBM and proteinuria.

Mechanism 6: Effect on the glomerular endothelial cell 
whose survival is dependent in part on the VEGFA produced 
and secreted from podocytes.81 A decrease in production by 
podocytes, such as when podocyte number decreases, leads 
to secondary apoptosis of glomerular endothelial cells, which 
in turn is accompanied by a decrease in resistance of this 
layer of the glomerular filtration barrier.

MESANGIAL CELLS

STRUCTURE

MCs are divided into intraglomerular and extraglomerular 
MCs. MCs are mainly derived from the metanephric mes-
enchyme82 and migrate into the cleft of the comma and 
S-shaped bodies as well as the maturing glomerulus under 
the chemotactic control of platelet-derived growth factor B83 
and the survival factor VEGF, both secreted from the progeni-
tors of podocytes and GEnC.84 In the mature glomerulus, 
MCs constitute the central stalk and are in continuity with 
the extraglomerular mesangium and the juxtaglomerular 
apparatus. Extraglomerular MCs are in close connection 
to afferent and efferent arteriolar cells by gap junctions, 
allowing for intercellular communication.85 MCs are highly 
branched with processes extending in all directions. First, 
MCs have major processes that contain abundant bundles of 
microfilaments, microtubules, and intermediate filaments.86 
These major processes contain actin, myosin and α-actinin, 
and connect MCs with anchoring filaments to the GBM 
opposite podocyte foot processes and at paramesangial 
angles, giving them contractile properties.87 Second, MCs 
have abundant microvillus-like projections arising from the 
cell body or from the major processes. Within the cell body 
microfilament bundles are less frequent and the perinuclear 
region is free of microfilaments.86 MCs are in direct contact 
with GEnC without an intervening basement membrane on 
the capillary lumen side, where the cell membranes of both 
cell types interdigitate.88 MCs do not express highly cell-specific 
markers; however, they express genes that classify MCs as a 
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cytoplasm of GEnCs is 200 nm thin at its slimmest areas and 
punctuated by numerous fenestrae. The fenestrae of GEnCs 
are the largest in comparison to the fenestrae of endothelial 
cells of other organs and represent circular pores of 60 to 
80 nm in diameter, which cover 20% of the glomerular 
endothelial surface.121 Under special fixation conditions, a 
diaphragm is visible that spans the fenestrae.122 GEnCs are 
covered by a 200- to 400-nm–thick glycocalyx, which represents 
a negatively charged gel-like surface structure of proteoglycans 
with their covalently bound polysaccharide chains named 
glycosaminoglycans (GAGs), glycoproteins, and glycolipids. 
The main carbohydrate constituents are heparan sulfate (HS), 
chondroitin sulfate (CS), and hyaluronan (HA), bound to 
the HA binding surface proteins such as CD44. The glycocalyx 
is attached to the GEnC by charge–charge interactions,123 
rendering GEnC very sensitive to hemodynamic factors118 
such as shear stress.124 The glycocalyx covers the fenestrae 
and the interfenestral domains of GEnC equally125; however, 
the thickness of the glycocalyx differs between fenestrated 
and nonfenestrated GEnCs.126 The GEnC fenestrae are 
plugged by a high content of HA126 and are considered to 
be a key component of the glomerular permeability barrier. 
Like other endothelial cells, GEnCs express the specific 
markers platelet endothelial cell adhesion molecule 1 
(PECAM1, CD31), intercellular adhesion molecule 2 (ICAM2), 
VEGFR2, growth factor receptor Tie2, von Willebrand factor, 
and vascular endothelial (VE)-cadherin (CD144).127

FUNCTION

1. GEnCs are involved in the GBM production together with 
podocytes but to a lesser extent than podocytes as seen 
in mice with podocyte-specific type IV collagen α5 chain 
deletion (Alport model), which exhibit marked thinning 
and alteration of the GBM.128,129

2. GEnCs contribute to the hydraulic conductivity of the 
glomerular filtration barrier through GEnC fenestrations,130 
which are formed in response to VEGF.127,131

3. GEnCs contribute to the size and charge selectivity of the 
glomerular filtration barrier by the endothelial surface 
lining composed of the membrane-bound glycocalyx and 
the loosely bound endothelial cell coat.126,132 The glycocalyx 
adds to size and charge selectivity, most likely by forming 
a mesh-like structure of negatively charged HSs and the 
less charged HA,133 as infusion of enzymes that degrade 
the glycocalyx increases albumin passage through the 
GEnC.134

4. The glycocalyx of GEnC protects against protein leakage, 
inflammation, and coagulation.134 With properties like a 
hydrogel, the glycocalyx acts as a size barrier to protein. 
With the high negative charge of polyanions, the glycocalyx 
electrically repels proteins.135–137 GAG-degrading enzymes 
such as chondroitinase and heparanase alter glomerular 
permeability.138,139 The gel-like, antiadhesive properties of 
the glycocalyx preclude the interaction of leukocytes with 
adhesion molecules.

PATHOPHYSIOLOGY

GEnCs are primarily targeted in several forms of vasculitis, 
in hemolytic uremic syndrome, and in preeclampsia.140 Even 
though GEnCs are primarily affected, these conditions are 
associated with mesangiolysis and proteinuria, indicating 
endothelium-dependent changes in MCs and podocytes. Injury 

to changes affecting GEnC and podocytes. Glomerular MC 
injury is commonly associated with mesangial immune deposit 
formation in IgA nephropathy, lupus nephritis, and Henoch-
Schönlein purpura (also designated as IgA vasculitis).110 Even 
though IgA nephropathy primarily affects the mesangium 
(mesangioproliferative disease), it produces marked hematuria 
and proteinuria, indicating changes in the permeability of 
endothelial cells, GBM, and podocytes. The myriad biologic 
responses of MCs to injury range from mesangiolysis to 
mesangial hypercellularity, mesangial expansion, and the 
promotion of glomerular inflammation (see Fig. 4.3). Overall, 
these biologic responses of MCs to injury are elicited (1) by 
structural abnormalities of the basement membrane that are 
either acquired (as in diabetes mellitus) or genetic (as in 
Alport syndrome); (2) by factors either released from neigh-
boring MCs in an autocrine manner; or (3) from circulating 
factors affecting MCs in an endocrine manner.

Mesangiolysis is defined as a dissolution or attenuation 
of mesangial matrix and degeneration of MCs either by 
apoptosis or lysis without obvious damage to the capillary 
basement membranes. The matrix swells, loosens, and eventu-
ally dissolves; the MCs may show swelling and vacuolization. 
Mesangiolysis results in a dilation of the glomerular capillary 
lumina, as the mechanic support of capillaries provided by 
the anchoring points of MCs to the GBM is lost.111 Loss 
of intraglomerular MCs can be replenished by ingrowth of 
extraglomerular MCs.112

Mesangial hypercellularity is characterized by an 
increase of intraglomerular MC number by hypertrophy, 
proliferation, and migration82 as in IgA nephropathy. In 
cases where the proliferative insult is limited, mesangial 
hypercellularity is limited by apoptosis and phagocytosis 
of these apoptotic cells by adjacent MCs or by infiltrating  
inflammatory cells.113

Mesangial expansion is a term characterizing the widening 
of the intraglomerular mesangium. Mesangial expansion 
occurs in diabetic nephropathy by excess mesangial matrix 
production such as fibronectin by MCs114 or by decreased 
degradation of the mesangial matrix by metalloproteinases.115 
Mesangial expansion also occurs through the deposition of 
immune complexes, light chains, amyloid, fibrils, complement, 
and worn-out GBM material.116

Promotion of glomerular inflammation: Injured MCs 
generate reactive oxygen species, proinflammatory activators 
such as platelet activating factor,117 cytokines (TNF-α, CSF-1 
and IL-6), and chemokines,9 thus sustaining and perpetuating 
glomerular inflammation.

GLOMERULAR ENDOTHELIAL CELLS

STRUCTURE

The glomerular microcirculation is unique as unlike other 
capillary circulations, glomerular capillaries are highly perme-
able to water and small solutes while maintaining relative 
impermeability to macromolecules potentially even as small 
as albumin.118 GEnCs are highly specialized cells that form 
the continuous inner layer of glomerular capillaries. GEnCs 
have a particular embryonic origin, with the majority of GEnCs 
arising by vasculogenesis from mesenchymal precursors in 
combination with a minority of GEnCs arising from introgres-
sion of existing vessels.119,120 In the mature glomerulus, the 
nucleus of GEnCs bulges into the capillary lumen. The 
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regulate the extravasation of leukocytes upon a chemo 
attractant gradient.152 Alterations of glycocalyx composition 
ensue in enhanced binding of chemokines by way of positive 
charge interactions.153

PARIETAL EPITHELIAL CELLS

PECs are derived from the metanephric mesenchyme and 
line Bowman’s capsule of the renal glomerulus. During the 
vesicle and comma stages in glomerular development, PECs 
share a common phenotype with the other epithelial cells 
of the later glomerulus—namely, podocytes and proximal 
tubular cells. With the formation of the Bowman’s space in 
the S-shaped body, the phenotypes of PECs, podocytes, and 
proximal tubular cells diverge. In the mature kidney, PECs 
are a heterogeneous population of cells as PECs at the urinary 
pole maintain features of proximal tubular cells and PECs 
at the vascular pole maintain features of podocytes and are 
therefore termed parietal podocytes.154

STRUCTURE

PECs resemble squamous epithelial cells with their small 
thin cell body ranging in thickness from 0.1 to 0.3 µm and 
increasing to 2.0 to 3.5 µm at the nucleus. The surface of 
some PECs is lined by microvilli and cilia in a range from zero 
to two cilia per cell.155 They are interconnected by “labyrinth-
like” delicate tight junctions located at the apical surface, 
which consist of claudin-1, -2, -3, K-cadherin (Cdh6), kidney 
specific cadherin (Cdh16), occludin, and zonula-occludens 1 
(ZO-1).156 PECs have a simple cytoskeleton with filaments at 
the basal membrane region.157 They express the intermediate 
filament protein cytokeratin 8.158 PECs have the transcriptional 
prerequisite to express podocyte markers.159 The expression 
of podocyte proteins is negatively regulated through protein 
degradation159 and by microRNA-193a,160 which represses 
Wilms tumor protein 1 (WT1) mRNA levels.161 PECs express 
the transcription factor Pax2 from the paired box family, which 
is involved in regulating genes governing proliferation, cell 
growth, and survival. Furthermore, PECs can be differentiated 
from podocytes through the expression of EPH receptor 
A7 belonging to the ephrin receptor subfamily, ladinin (a 
proposed anchoring filament that is a component of basement 
membranes), and scinderin (a calcium-dependent protein 
that regulates cortical actin networks).162

FUNCTION

1. PECs at the vascular pole constitute a potential reservoir 
for podocytes in glomerular development, maturation,72,163 
and eventually even adulthood.164

2. PECs presumably form the basement membrane of  
Bowman’s capsule, which consists of laminin-111, laminin- 
511,165,166 type IV collagen α1 α2, and type IV collagen α5 
α6167,168; however, this is not definitely proven.

3. PECs prevent the leakage of urine from the urinary space 
into the periglomerular compartment.169

PATHOPHYSIOLOGY

To date there is no evidence for glomerular injuries related 
to primary PEC injury. However, PECs have taken the center 
stage of attention for their contribution to glomerular diseases 
such as rapid progressive glomerulonephritis (RPGN) and 

of the GEnC induces the release of vasoactive substances 
and changes the composition of the endothelial glycocalyx 
and endothelial adhesion molecules, resulting in a net 
prothrombotic state (see Fig. 4.3).141,142 Furthermore, GEnCs 
hypertrophy, proliferate, go into apoptosis, and detach, further 
accelerating the thrombosis of glomerular capillaries.141 
Experimental models indicate that recovery from glomerular 
injury is dependent on GEnC angiogenesis.143–145 Visualization 
of GEnC injury remains challenging. Morphologic signs of 
GEnC injury are swelling of the cell body, thinning of the 
glycocalyx,146,147 loss of fenestrations, and enhanced expres-
sion of adhesion markers such as CD34148 and E-selectin 
(CD62E), an adhesion receptor for leukocytes. GEnC injury 
has been demonstrated to arise from an altered crosstalk  
with podocytes.

Clinical Relevance

Proteinuria is a hallmark of glomerular injury and should 
usually initiate a workup by a nephrologist to identify 
eventual underlying genetic, inflammatory, toxic, tumor, 
and infectious causes.

Endotheliosis: Glomerular capillary endotheliosis describes 
the swelling of GEnC with the deposition of fibrous material 
in and beneath GEnC, a condition typically seen in pre-
eclamptic glomerular injury. The net result of GEnC swelling 
and deposition of fibrous material is capillary occlusion.

Changes of glycocalyx and their sequelae because the 
glycocalyx functions as a molecular scaffold and binds (1) 
circulating proteins such as growth factors and chemokines; 
(2) proteins involved in cell attachment, migration, and 
differentiation; and (3) proteins involved in blood coagulation 
and inflammation, alterations of the glycocalyx are central 
to the pathology of GEnC and glomerular injury. GEnC injury 
induces changes both in the thickness and in the molecular 
composition of the endothelial glycocalyx. Changes in gly-
cocalyx thickness are mainly due to upregulation of glycocalyx-
degrading enzymes such as hyaluronidase, heparanase, and 
proteinases, thereby shedding glycocalyx fragments into the 
glomerular circulation. Alteration of glycocalyx composition 
such as decreased levels of HA or changes in HS sulfation 
patterns change the antiadhesive and anticoagulative proper-
ties of the glycocalyx. In total, loss of glycocalyx thickness 
and glycocalyx modification result in enhanced permeability 
of the filtration barrier to proteins, inflammation, and 
coagulation.134

Mediation of the inflammatory reaction: Injured GEnCs 
release vasoactive substances (nitric oxide and endothelin), 
which regulate glomerular filtration. Furthermore, GEnCs 
promote glomerular inflammation by attracting leukocytes 
by means of shed glycocalyx fragments and by expressing 
leukocyte adhesion molecules. Upon perturbation of the 
glycocalyx, these adhesion molecules become unmasked and 
allow leukocyte interactions with the endothelial surface. HS 
of the glycocalyx acts as a direct ligand for L-selectin.149 Upon 
stimulation with inflammatory stimuli, GEnCs increase the 
expression of HS domains,150 which facilitates leukocyte 
extravasation.151 The endothelium binds chemokines, which 
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PODOCYTES AND GLOMERULAR ENDOTHELIAL CELLS

Podocytes are essential for GEnC development and mainte-
nance, and the first glomerular cell crosstalk to be identified 
was the cross communication from podocytes to GEnC. 
Podocytes secrete vascular growth factors, such as VEGFA, 
which bind to its cognate receptor VEGFR2 on GEnC, a 
crosstalk crucial for GEnC health81 and which, if disrupted, 
results in glomerular injury. A tight control of VEGFA levels 
is essential for correct glomerular barrier function, and even 
though other podocyte-specific proteins such as the transcrip-
tion factor Pod1/Tcf21188 or the TGF-β activated kinase 1 
(Tak1)189 have been shown to be essential for GEnC develop-
ment and health, it remains to be established whether this 
is a direct effect or a consequence of altered VEGFA levels. 
Podocyte progenitors also express ephrin B2, another vascular 
growth factor, and by this might contribute to EphB4 receptor 
expressing GEnC development and health.190 Angpt1 is 
expressed by both podocytes and MCs and binds to the 
tyrosine-protein kinase receptor (Tie2/Tek) expressed on 
GEnC. This crosstalk is thought to stabilize the glomerular 
capillaries, as mice with induced deletion of Angpt1 at 
embryonic day 10.5 exhibit dilated capillary loops and dis-
rupted subendothelial GBM structures and reduced MCs, 
whereas podocytes appear intact.191 Podocytes also secrete 
the chemokine CXCL12 (SDF1), which binds to its receptor 
CXCR4 on GEnC, a crosstalk important for the formation 
of glomerular capillaries.29

Despite their importance in glomerular development and 
maintenance, some podocyte-derived signals have been shown 
to perpetuate or attenuate GEnC injury in pathologic settings. 
Therefore, enhanced circulation of endothelin-1 or enhanced 
podocyte expression of endothelin-1, which binds in a 
paracrine way to the endothelin receptor A on GEnC, mediates 
mitochondrial oxidative stress and dysfunction in adjacent 
GEnC.192,193 Furthermore, endothelin 1 induces podocytes 
to release the GEnC glycocalyx-degrading enzyme heparanase, 
contributing to GEnC injury in diabetic nephropathy.194 
Another example for disease-perpetuating crosstalk is the 
podocyte-specific expression of angiopoietin-2, which results 
in GEnC apoptosis without affecting podocytes.195 The 
CXCL12/CXCR4 crosstalk enhances GEnC injury in diabetic 
nephropathy171 and in Shiga toxin–associated hemolytic 
uremic syndrome.172 A GEnC-protective crosstalk with podo-
cytes was suggested for podocyte-derived angiopoeitin-like-4 
(Angptl4), which is structurally similar to angiopoietins but 
does not signal over Tie2. Angptl4 was suggested to protect 
GEnC from oxidative injury in nephrotic syndrome by binding 
to αVβ5 integrins.27 A protective reverse signaling from GEnCs 
to podocytes has been demonstrated for vasohibin secreted 
from GEnC, which is thought to counteract VEGFA signaling 
in situations of pathologic elevated VEGFA levels such as in 
diabetic nephropathy.196

GLOMERULAR ENDOTHELIAL CELLS AND  
MESANGIAL CELLS

The fate of MCs and GEnCs is tightly linked. Both com-
municate directly at the paramesangial areas of glomerular 
capillaries, where their plasma membranes are in direct 
contact. Even though MCs secrete a multitude of factors 
in vitro, which could affect GEnC, only a few MCs secreted 
factors have been identified that partake in GEnC crosstalk in 

FSGS. Activated PECs exhibit a larger cytoplasm and larger 
rounder nuclei. Further signs of PEC activation are a de 
novo expression of CD44170 and the phosphorylation of signal-
ing molecules.171,172 The predominant reactions of PECs to 
glomerular injury are proliferation, migration, and synthesis 
of a matrix that results in the development of crescents or 
glomerular tuft scars (see Fig. 4.3). There is an ongoing 
debate whether PECs serve as an intrinsic fixed progenitor 
population to replenish podocytes or proximal tubular 
progenitor cells in glomerular regeneration.173 PECs respond 
to injury with the expression of podocyte markers such as 
synaptopodin and WT1.174,175

Proliferation and migration: Activation of PECs as in rapid 
progressive glomerulonephritis (RPGN) results in their 
proliferation and the formation of extracapillary prolifera-
tions, also called cellular glomerular crescents, of which PECs 
are the major constituents.176 Crescent formation is not only 
the result of PEC proliferation but also in part the result of 
the transdifferentiation of PECs to myofibroblasts,170,177 the 
deposition of matrix, and the infiltration with inflammatory 
cells. Crescents can occlude the tubular outlet of the glo-
merulus, resulting in entire nephron degeneration,178 and 
are generally associated with a poor prognosis. PEC prolifera-
tion is usually associated with glomerular endothelial cell, 
GBM, or podocyte injury, as leakage of plasma components 
such as fibrin from the blood circulation is a strong inducer 
of PEC proliferation.179,180 Additionally, PEC depletion initiates 
PEC proliferation and crescent formation.181 Migration of 
PECs from Bowman’s capsule onto the glomerular tuft is the 
predominant reaction of PECs in focal segmental glomeru-
losclerosis (FSGS).176 In this scenario, PECs are activated and 
invade the glomerulus at focal areas via adhesions connecting 
sclerotic capillary areas with Bowman’s capsule.182 PECs are 
then present in the sclerotic regions183,184 and can be visualized 
by staining for CD44.185

Matrix deposition: Thickening of Bowman’s capsule due 
to matrix production can be observed in aging glomeruli186 
and glomerular injury. Matrix deposition by PECs is observed 
in glomerular crescents and in the sclerotic glomerular 
tuft regions in FSGS. PECs that migrate to the glomerular 
tuft produce and deposit ECM proteins. The composition 
of this ECM is related to that of Bowman’s capsule183 and 
contains specific heparan sulfate moieties of heparan sulfate 
proteoglycans.187

GLOMERULAR CELL CROSSTALK

Podocytes, glomerular endothelial cells, MCs, and PECs with 
their respective matrix must be considered as a functional 
unit, in which every cell plays its part in ensuring proper 
glomerular filtration. As a consequence, 30 years of isolated 
cell-type–based research is now being replaced by systems 
biology approaches to integrate the role and contribution of 
each individual glomerular cell type for the proper glomerular 
biology and function. Recent advances have demonstrated 
that glomerular cell crosstalk is the prerequisite for normal 
glomerular development and health. Furthermore, primary 
injury of one glomerular cell type affects the other glomerular 
cell types by crosstalk. Clinical and experimental observations 
suggest that crosstalk exists between podocytes and GEnC, 
between GEnC and MCs, between MCs and podocytes, and 
finally between podocytes and PECs (Fig. 4.4).
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Furthermore, like podocytes, MCs synthesize angiopoietin-1, 
which binds to its receptor Tie2 on GEnC191 to stabilize  
the vasculature.

PODOCYTES AND MESANGIAL CELLS

It is not clear to date at which sites podocytes communicate 
with MCs and the in vivo evidence of podocyte–MC crosstalk 
is scarce. Nonetheless, experimental data and clinical observa-
tions in several hereditary forms of nephrotic syndrome due 
to mutations in podocyte-specific genes198 suggest that such a 
communication exists. For example, in glomerular develop-
ment, mutations in podocyte genes such as the transcription 

vivo. This is in part a consequence of the lack of glomerular 
endothelial cell and also of MC-specific gene targeting strate-
gies in vivo, which is a prerequisite for such investigations. 
Endothelial derived PDGF-B and its receptor PDGFR-β, 
localized on MCs, have been demonstrated to be of crucial 
importance for the development and maintenance of 
glomerular capillaries.9 Consequently, injury and loss of 
GEnCs—for example, due to toxin- or antibody-related 
GEnC injury—results in decreased PDGF-B levels and MC 
death (mesangiolysis). MCs maintain endothelial health and 
function through integrin α5β8-dependent sequestering of 
TGF-β, thereby reducing the amount of active TGF-β.197 
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matrix. Any cause of severe glomerulonephritis (GN) can 
cause a crescent formation (typical for rapid progressive GN), 
which is composed of parietal cells,181,213 podocytes,208 and 
inflammatory cells.214,215 Most forms of glomerular injury 
result from immunologic mechanisms,216–220 which include 
both humoral and cellular components. Only little is known 
about the origin of the etiologic agents that induce the 
immunologic mechanisms, with the exception of infection-
related forms of disease such as beta-hemolytic streptococci 
in poststreptococcal GN, or hepatitis C and hepatitis B virus 
in cryoglobulinemic membranoproliferative GN. However, 
it is likely that drugs, toxins, and other infectious agents 
induce similar immune responses that result in GN via shared 
common pathways.

The humoral response is often a T helper cell 2 (Th2) 
mediated response resulting in B-cell activation, antibody 
generation and deposition, and complement activation. 
Immunoglobulin and complement component deposition 
is found in most human glomerular diseases, suggesting 
that the humoral response is crucial in the development 
of glomerular injury, which has been the rationale for the 
use of therapeutic B-cell depletion in various glomerular 
diseases. There are three patterns of immunoglobulin deposi-
tion in the glomerulus: (1) immune deposits at the GBM 
and in the subepithelial space (underneath podocytes) are 
typical for membranous nephropathy and usually do not 
initiate a strong inflammatory reaction, as the deposits are 
separated from the circulation by the GBM; (2) immune 
deposits in the subendothelial space (lupus nephritis and 
membranoproliferative GN); or (3) in the mesangium (IgA 
nephropathy and lupus nephritis), on the other hand, initiate 
multiple inflammatory processes. The final pattern of immu-
noglobulin deposition is determined by the biologic properties 
of the immunoglobulins (IgG subtype) deposited, the absolute 
amount of immunoglobulins deposited, and lastly the mecha-
nisms whereby the deposits are formed. Deposition of the 
complement-fixing IgG1 or IgG3 subtypes ensues in stronger 
glomerular injury than deposition of IgA or IgG4, which both 
poorly activate complement.221 Principally, antibody–antigen 
binding that takes place within the glomerulus to glomerular 
self or nonself antigens (termed in situ binding) induces 
stronger complement activation than when preformed 
immune complexes are deposited in glomeruli. Typical 
glomerular self-antigens are the phospholipase A2 receptor 
(PLA2R1)222 and thrombospondin type-1 domain-containing 
7A (THSD7A)223 in membranous nephropathy, or the noncol-
lagenous domain of the α3 chain of type IV collagen known 
as the Goodpasture antigen.224,225 Nonself antigens localize to 
glomerular capillaries by mechanisms such as charge affinity 
for glomerular structures or pure passive trapping in the 
glomerular sieve in the form of the antigen alone (termed as 
planted antigens) or as antigen-antibody complexes formed 
outside the kidney. In situ antibody binding to planted nonself 
antigens is typical in lupus nephritis to DNA nucleosome 
complexes226,227 or in IgA nephropathy to abnormally glycosyl-
ated IgA.228 Glomerular deposition of preformed immune 
complexes to nonself antigens has been demonstrated in 
early childhood MN, where immune complexes contain-
ing cationic bovine serum albumin are deposited,229 or in 
hepatitis C virus–associated membranoproliferative GN where 
hepatitis C virus–containing cryoglobulins are deposited.230 
There is little experimental evidence that immunoglobulin 

factor Pod1/tcf21,199 phospholipase Cε200 laminin α5,92 and 
Wilms tumor antigen55 result in a failure of MCs to migrated 
into glomeruli. The podocyte-specific deletion of collagen 
type IV α3 (Alport mouse) results in enhanced expression of 
integrin α1 by MCs,201 possibly affecting MCs cell adhesion 
and cell signaling at the GBM. The chemokines CCL19 and 
CCL21, generated by podocytes, bind to CCR7 on MCs and 
are thought to regulate local MC migration and adherence 
to the GBM.202 Also, a decrease of VEGFA secretion from 
podocytes results in mesangiolysis,30 supporting the idea of 
a podocyte-MC crosstalk, which is of relevance in glomerular 
development. In glomerular injury, experimental data support 
a communication of podocytes with MCs, although it cannot 
be excluded that the observed effects on MCs in podocyte 
injury are not the result from altered PDGF-B levels related 
to podocyte-dependent GEnC injury. Several signaling 
pathways might be involved in podocyte-MC crosstalk in the 
setting of injury, such as endothelin 1, PDGF, CTGF, HGF,  
and TGF-β.28

PODOCYTES AND PARIETAL EPITHELIAL CELLS

Under physiologic conditions podocytes and PECs are in 
close proximity at the vascular pole, where transitional cells 
called parietal podocytes carry both the characteristics of 
PECs and podocytes.154 Another theoretical site of cross 
communication is across Bowman’s space, where the apical 
membranes of podocytes and PECs can overcome the physical 
separation given by the primary filtrate and touch. Controlled 
depletion of PECs results in transient proteinuria with focal 
podocyte foot process effacement,181 and podocytopenia is 
associated with PEC hyperplasia,203 suggesting interdepen-
dence of both cells. Communication between PECs and 
podocytes could also ensue from the uptake of podocyte-
derived proteins from the primary urine by PECs.204 Further-
more, podocytes release exosomes to the urine205,206 that in 
turn could affect PECs.

In glomerular injury, podocytes are in close contact to 
PECs by bridges formed between the capillary tuft and  
Bowman’s capsule207 and in intraglomerular crescents, of 
which they are both constituents.176,208 In glomerulonephritis, 
mathematical multiscale modeling studies209 and experimental 
data suggest that podocyte and PEC cross communication 
might regulate proliferation of both cells and regulate regen-
eration of podocytes from PECs. Proliferation of both cell types 
and thereby crescent formation was shown to be dependent of 
the heparin-binding EGF-like growth factor (HB-EGF), which 
is de novo expressed by podocytes and PECs in RPGN and 
the EGF receptor, which is found on both cells.210 Lineage 
tracing experiments suggest that podocyte regeneration in 
glomerulonephritis occurs from renal progenitor cells located 
in Bowman’s capsule76 and that this process can be enhanced 
by retinoic acid.211 Therefore, retinoic acid synthesized in 
glomeruli promotes renal progenitor cells to differentiate 
toward a podocyte phenotype.212

COMMON MECHANISMS OF 
GLOMERULAR DISEASES

There appear to be several basic responses of the glomerulus 
to injury such as cellular proliferation, changes in glomerular 
cell phenotypes, and increased deposition of extracellular 
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are important players in the formation of thrombi and in 
the recruitment of leukocytes to the inflamed glomerulus.247 
In addition, they release factors that enhance glomerular 
permeability to proteins, enhance immune complex deposi-
tion,248–250 and induce MC proliferation (PDGF)251 and MC 
sclerosis (TGF-β).252

Dendritic cells (DCs) are restricted to the tubulointerstitium 
and are absent from glomeruli.253 However, proteins that 
pass the glomerular filter are captured by renal DCs or reach 
the renal lymph nodes by lymphatic drainage254 to induce 
immune tolerance255 to innocuous proteins, such as food 
antigens or hormones, or to stimulate infiltrating T cells to 
produce proinflammatory cytokines.204

The site of glomerular injury, especially when glomeru-
lar cell is involved, determines whether the patient has 
an inflammatory or a noninflammatory injury (Fig. 4.5). 
Because glomerular endothelial and MCs are in contact with 
circulating factors such as complement and inflammatory 
cells, they are prone to react to injury via a principally more 
dramatic inflammatory response. In contrast, PECs and 
podocytes are separated by the GBM from the circulation; 
thus podocyte injury is rarely associated with activation of 
circulating inflammatory cells. Clinically the distinction 
between inflammatory and noninflammatory injury is crucial 
for the adequate diagnosis and management of patients. The 
clinical characteristics of inflammatory injury are hematuria 
with dysmorphic erythrocytes with or without red blood 
cell casts and occasional leukocyturia. Inflammatory injury 
is accompanied by varying degrees of proteinuria, which 
ranges from mild to nephrotic range proteinuria and a normal 

binding alone induces significant tissue injury, except for 
when the antibodies bind to podocyte antigens such as 
nephrin231,232 of the slit membrane or to THSD7A.233 Of 
note, severe inflammation can occur with only little anti-
body deposited, as in antineutrophil cytoplasmic antibody  
(ANCA)-associated GN.

The cellular response is a largely T helper cell 1 (Th1)-
mediated response characterized by the infiltration of circulat-
ing mononuclear cells such as lymphocytes and macrophages 
into glomeruli and the formation of crescents. Neutrophils 
are the earliest cells to be found in inflamed glomeruli in 
human biopsies and are strong inducers of glomerular 
injury.234 Animal studies demonstrate that their strongest 
attractants to inflamed glomeruli are interleukin (IL) 8 and 
complement factor C5a,235 bound to the glomerular endo-
thelium via HS proteoglycans.150,236 Neutrophils are activated 
by phagocytosis of immune complex aggregates, which induces 
them to undergo a respiratory burst with generation of reactive 
oxygen species such as hydrogen peroxide. Hydrogen peroxide 
interacts with the neutrophil cationic enzyme myeloperoxidase 
(MPO) to halogenate the glomerular capillary wall.237 Fur-
thermore, neutrophils store other cationic enzymes such as 
proteinase 3 (PR3), elastase, and cathepsin G, which upon 
release further degrade the glomerular capillary wall. Lastly, 
neutrophils release extracellular traps, web-like DNA structures 
expulsed from nuclei with adherent histones, proteases, 
peptides, and enzymes, which show a modest contribution 
to glomerular injury in anti-GBM glomerulonephritis,238 but 
could be more injurious in ANCA-associated GN and lupus 
nephritis.239

Macrophages are typically found in glomerular lesions with 
crescents and serve as effector cells of both humoral and 
cell-mediated forms of immune glomerular injury, because 
their localization to inflamed glomeruli is induced by interac-
tions with immunoglobulins through their Fc receptors and 
through chemokines, such as CCLS, and CCL2. Similar to 
neutrophils, macrophages generate direct tissue injury by 
the release of oxidants and proteases. Additionally, they 
release tissue factor to induce glomerular fibrin deposition 
and crescent formation and TGF-β to induce the synthesis of 
the extracellular matrix, culminating in glomerular sclerosis.240

T cells are rarely found in injured glomeruli except for 
GNs primarily mediated by macrophages such as crescentic 
GN. T-cell–mediated glomerular injury is mostly the result 
from released chemokines and the recruitment of macro-
phages.241 However, ovalbumin-specific CD4+ and CD8+ T 
cells together can induce glomerular injury in transgenic 
mice that express the antigen ovalbumin in podocytes.204 
Among the known T-cell subtypes, there is strong experimental 
evidence for the importance of T helper cell 17 (Th17) in 
crescentic GN.242,243 Th17 cells produce and secrete IL-17 
A, IL-17F, IL-21, IL-22, which promotes inflammation by 
directly causing tissue injury and enhancing secretion of 
proinflammatory cytokines and chemokines by resident 
cells. This results in augmented infiltration of leukocytes, 
in particular neutrophils, recruited by CXCL5244 to the 
affected kidney where they induce further inflammation and 
injury.245 The kidney-infiltrating Th17 cells are partly recruited  
from the gut.246

Platelets are present in glomerular lesions in which intracap-
illary thrombosis is involved, typically observed in thrombotic 
microangiopathies and antiphospholipid syndrome. Platelets 
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Fig. 4.5 The clinical presentation reflects the localization of 

glomerular injury. Injury of podocytes results in proteinuria (yellow 

droplets) eventually leading to the clinical manifestation of nephrotic 

syndrome. Injury of the glomerular basement membrane (GBM) com-

monly results in proteinuria and hematuria with dysmorphic erythrocytes. 

Injury of glomerular endothelial cells (GEnC) and mesangial cells (MC) 

usually leads to hematuria with dysmorphic erythrocytes and only 

little proteinuria. 
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MINIMAL CHANGE DISEASE AND FOCAL 

SEGMENTAL GLOMERULOSCHLEROSIS

Characteristics of MCD: In MCD the glomerulus is per defini-
tion mostly normal by light microscopy with absence of 
complement or immunoglobulin deposition. In light of the 
histologic “minimal changes,” pathologic diagnosis is primarily 
based on electron microscopic evaluations of podocytes, which 
exhibit foot process effacement, microvillous transformation, 
and vacuolization. The absence of glomerular sclerosis dif-
ferentiates MCD from FSGS. MCD typically presents as a 
steroid-sensitive nephrotic syndrome (SSNS), contrasting 
with FSGS, which often presents with steroid-resistant 
nephrotic syndrome (SRNS). Whether steroid-resistant MCD 
exists as its own disease entity, or whether steroid resistance 
in histologic MCD represents an early form of FSGS is a 
matter of debate, considering the high rate of sampling error 
on renal biopsies, possibly missing present (but rare) glom-
eruli with sclerosis. It is likely that patients with MCD can 
progress to FSGS due to a consistent pathologic agent.260

Characteristics of FSGS: FSGS is a generic term for a 
histologic injury pattern defined by segmental glomerular 
consolidation into a scar that affects some but not all glomeruli 
with a wide range of etiologic interpretations. FSGS describes 
both a disease characterized by a primary podocyte injury 
(primary FSGS), and a lesion that occurs secondarily in any 
type of chronic kidney disease (secondary FSGS).261 There 
is abundant evidence that classical FSGS is the consequence 
of podocyte loss in experimental models,262 which is accom-
panied by proliferation and migration of PECs to the glo-
merular tuft (both discussed earlier in the chapter). The 
underlying causes or mechanisms of FSGS are broadly 
considered as hereditary/congenital and sporadic/acquired 
in nature. Primary FSGS presents either with SSNS if triggered 
by causative circulating agents that increase the permeability 
of the glomerular filtration barrier (as discussed later) or 
with SRNS in case of an underlying genetic cause. Secondary 
FSGS, on the other hand, is associated with nephron loss, 
drug toxicity, or viral infections and rarely presents with 
nephrotic syndrome, but is steroid resistant.

PATHOPHYSIOLOGIC CONCEPTS OF MCD  
AND PRIMARY FSGS

MCD and primary FSGS might represent different histologic 
patterns of the same disease entity. At least there is a significant 
overlap in the factors causing these podocytopathies, which 
are the following:

1. Soluble serum factors: Based on experimental data, soluble 
serum factors are thought to be causative in MCD and 
FSGS, as nephrotic plasma has direct cellular effects on 
cultured podocytes263 or in single perfused kidneys.264 Many 
efforts have been undertaken to unravel “the increasing 
or missing circulating permeability factor” in SSNS and 
SRNS.265 Roles have been indicated for TNFα,266,267 circulat-
ing cardiotrophin-like cytokine factor 1 (member of the 
IL-6 family), circulating hemopexin,268,269 and the soluble 
urokinase-type plasminogen activator receptor (suPAR)270 
in the development of nephrotic syndrome.271 These 
factors, however, need further verification in the context 
of human disease activity,272,273 disease specificity,274–276 and 
therapeutic effects.277

or reduced glomerular filtration rate, depending on the 
severity of disease. Morphologically, inflammatory injury is 
characterized by glomerular hypercellularity that results from 
proliferating resident glomerular (mostly MCs and PECs) 
and from infiltrating hematopoietic cells (mostly neutrophils 
and macrophages), phenotype change, and visible structural 
injury. Glomerular injury arises from the release of inflam-
matory substances from infiltrating hematopoietic cells and 
from glomerular cells or from the impairment of protective 
mediators such as complement factor H256 or complement 
factor H–related protein 5257 as negative regulators of the 
complement pathway. The release of inflammatory substances, 
such as cytokines, growth factors, proteases, products result-
ing from complement activation (C5a, C5b-9), vasoactive 
agents, and oxidants,217,258,259 initiates thrombosis, necrosis, 
and crescent formation which, if extensive, leads to the serious 
clinical condition of rapid progressive glomerulonephritis. 
Noninflammatory lesions usually involve podocytes and are 
termed podocytopathies. They are characterized by protein-
uria and (if proteinuria is extensive) nephrotic syndrome (a 
triad consisting of proteinuria over 3.5 g/day, edema, and 
hypertriglyceridemia) without hematuria.

Clinical Relevance

The site of glomerular injury determines the clinical 
picture. Whereas involvement of podocytes presents as 
glomerular injury with proteinuria or nephrotic syn-
drome, involvement of glomerular endothelial cells, the 
GBM, and/or MCs typically presents with microhematuria 
or nephritic syndrome.

MECHANISMS OF INJURY IN COMMON 
PODOCYTOPATHIES

The most common causes of noninflammatory immune-
mediated glomerular injury are minimal change disease 
(MCD), primary focal segmental glomerulosclerosis (FSGS), 
and membranous nephropathy (MN). All three entities exhibit 
a dramatic increase in glomerular permeability with little to 
significant structural abnormalities by light microscopy in 
common. These diseases are classified as podocytopathies, 
as podocytes are thought to be the primary glomerular cell 
affected in the pathogenesis. In contrast, “nontraditional” 
podocyte diseases include diabetic kidney disease, human 
immunodeficiency virus nephropathy, amyloidosis, Fabry 
disease, membranoproliferative glomerulonephritis, and 
postinfectious glomerulonephritis. Diabetic nephropathy 
(covered in detail in Chapter 39) is the numerically and 
economically most important form of progressive kidney 
disease worldwide, involving the podocyte, endothelial, and 
MCs with a perturbation of glomerular cell crosstalk. The 
inciting causes of each podocyte disease differ, and therefore 
each disease affects podocytes in different ways; in turn, the 
response to injury in each disease differs, leading to differ-
ent histologic and clinical manifestations. Yet, regardless of 
the inciting causes and their mediators, several common 
clinical and pathologic responses occur in podocyte injury, 
as highlighted earlier—namely, hypertrophy, foot process 
effacement, loss, and proteinuria.
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is steadily increasing, these mutations are rare and explain 
less than 30% of patients with hereditary cases and only 
20% of patients with sporadic cases of FSGS.44 Studies of 
the increased susceptibility of African Americans to FSGS 
have implicated variants of another gene expressed in 
podocytes, apolipoprotein L1 (APOL1).305,306 Experimental 
expression of the APOL1 risk alleles in a podocyte specific 
manner demonstrated that these were causal for podocyte 
foot process effacement, proteinuria, and glomeruloscle-
rosis.307 Mechanistically, the risk-variant APOL1 alleles 
interfere with endosomal trafficking and block autophagic 
flux, ultimately leading to inflammatory-mediated podocyte 
death and glomerular scarring.307 A key question for 
practicing nephrologists is whether podocyte-specific gene 
mutations or polymorphisms play a role as predisposing 
factors for the much more common “sporadic” forms of 
proteinuric disease. In human disease an opportunity to 
study the very earliest features of FSGS is afforded by studies 
of FSGS recurrence in transplanted kidneys; changes in 
podocytes can be seen in reperfusion biopsies and are 
predictive of full-blown FSGS recurrence.308 Chapter 43 
includes an in-depth discussion of inherited glomerular 
diseases.

4. Altered posttranslational regulation of podocyte proteins: 
Besides abnormalities in podocyte genes, altered post-
translational regulation of podocyte mRNA by small 
noncoding RNA molecules, termed microRNAs, have been 
shown to result in FSGS, such as the transcription factor 
Wilms tumor protein 1 (WT1) by microRNA-193a161 or 
of Notch1 and p53 by microRNA-30.309

MEMBRANOUS NEPHROPATHY

Membranous nephropathy is an autoimmune disease with 
the morphologic hallmarks of GBM thickening, granular 
staining for human IgG and complement components along 
the glomerular filtration barrier, and subepithelial (subpodo-
cyte) electron-dense deposits by electron microscopy. Although 
this histologic pattern can arise from the deposition of 
preformed immune complexes as in lupus nephritis type 5 
or from subepithelial antigen trapping in hepatitis B virus 
and hepatitis C virus–associated secondary forms of MN, 
primary MN is thought to be the consequence of in situ 
binding of autoantibodies to podocyte-expressed antigens. 
The concept that primary MN is an antibody-mediated disease 
has been supported by the discoveries of autoantibodies to 
podocyte membrane antigens such as neutral endopeptidase 
(NEP),310 the phospholipase A2 receptor (PLA2R1),222 and 
thrombospondin type 1 domain-containing 7A (THSD7A).223 
PLA2R1 and THSD7A are targets for a malfunctioning immune 
system in 70% and 5% of adult cases, respectively, and NEP 
is important in a small number of neonates with MN caused 
by alloimmunization due to vertical transfer of antibodies 
from a genetically NEP-deficient mother.221 PLA2R1 polymor-
phisms influence the susceptibility to MN, and the association 
between certain HLA-DQA1 alleles and MN suggests that 
these HLA class II molecules could facilitate autoimmunity 
against PLA2R1.311 In contrast to PLA2R1-associated MN, 
THSD7A-associated MN has a high coincidence of malig-
nancy.312,313 The direct pathogenicity of autoantibodies is 
suggested by the observations that PLA2R1 or THSD7A 

2. Immune dysfunction: Considerable clinical and experi-
mental evidence point toward an immune dysfunction 
on the T- and B-cell side in MCD. Clinically, MCD is not 
only very responsive to steroids but also to rituximab,278,279 
a monoclonal antibody against plasma cell CD20, and 
a significant association of HLA-DQA1 (a major histo-
compability complex class II) missense coding variants 
exists.280 Additionally, MCD is associated with Hodgkin 
disease and with allergies.281 On the experimental side, 
mice develop proteinuria if they receive CD34+ peripheral 
stem cells from MCD patients282 or following the injection 
of the supernatant derived from T cells or from peripheral 
blood mononuclear cells.283 T- and B-cell dysfunction is 
further suggested by a different DNA methylation pattern 
of Th0 cells in MCD patients,284 an altered Th17/regulatory 
T-cell balance,285 and an upregulation of T-cell–derived 
IL-13 in patients160 that can cause proteinuria and foot 
process effacement in rats.286,287 Further pointing toward an 
immune dysfunction as the origin of nephrotic syndrome 
is the finding that abatacept, an antibody challenging 
the CD80 (B7-1)–CTLA-4-axis has been shown to reduce 
proteinuria in FSGS,288 an effect requiring still further 
confirmation.289–291 Recent experimental findings have 
given rise to the idea of a disease-specific expression of 
CD80288,292 or of the expression of a hyposialylated form of 
angiopoietin-like-4 by podocytes, which might contribute 
to glomerular disease.293–295

3. Genetic inheritance: Familial cases are rare in MCD, making 
genetic causes for MCD unlikely. Nonetheless, whole-exome 
sequencing in SSNS patients revealed mutations in epi-
thelial membrane protein 2 (EMP2), which is involved 
in regulating endocytosis and transcytosis,296 shedding new 
light into possible causes for podocyte disruption in SSNS. 
There are changes in expression patterns of podocyte-
specific transcripts297 and proteins298 in MCD, but it is 
difficult to determine whether these are cause or effect. 
There is strong evidence for genetic causes leading to 
FSGS. Inheritance of genetic causes of primary FSGS may 
be autosomal dominant or recessive, with a subset of 
autosomal recessive SRNS presenting as congenital 
nephrotic syndrome. The biologic functions altered in 
podocytes by the gene mutations involved in FSGS are 
broad, ranging from cytoskeletal regulation, slit membrane 
function, lysosomal function, mitochondrial function, and 
attachment to the GBM.44 In the late 1990s positional 
cloning of the gene responsible for congenital nephrotic 
syndrome of the Finnish type led to the identification of 
the archetypal podocyte-specific protein, nephrin.49 This 
was rapidly followed by the identification of other pro-
teinuric diseases linked to podocyte-specific single-gene 
disorders, including those affecting podocin,50 Wilms tumor 
1,299 CD2AP,300 α-actinin-4,51 TRPC6,301 phospholipase Cε1 
(PLCE1),200 WW and PDZ domain-containing 2 (MAGI2),302 
kidney ankyrin repeat-containing protein (KANK), and 
others.303,304 In each of these conditions it is generally 
accepted that proteinuria results directly from the disrup-
tion of these constitutively expressed genes in the podocyte, 
leading to FSGS.

It is becoming increasingly clear that monogenic 
inheritance of abnormalities in podocyte-specific genes is 
only one aspect of FSGS. Even though the amount of over 
50 known mutations of podocyte genes involved in SRNS 
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mineralocorticoid receptor blockers reduces proteinuria 
resulting in renoprotection, an effect that is attributed 
to a reduction in glomerular hydrostatic pressure and an 
abolishment of the detrimental trophic glomerular effects 
mentioned earlier.32 For these reasons, inhibition of the renin 
angiotensin aldosterone system is currently the standard of 
care for lowering proteinuria.

GLUCOCORTICOIDS

Steroids are immunomodulatory drugs widely used in the 
treatment of proteinuric diseases, but their modes of action, 
especially in the noninflammatory forms of nephrotic syn-
drome such as MCD and primary FSGS, remain completely 
unknown. Glucocorticoid receptor (GR) expression is ubiqui-
tous; therefore, these drugs could affect any glomerular cell 
type. It has been shown that GR-induced signaling pathways 
are functional in murine podocytes, having transcriptional 
and posttranscriptional effects on podocyte genes.337 Initial 
reports in murine338 and human339 podocytes showed that 
dexamethasone had potent biologic effects directly on podo-
cyte structure and function. These include limiting podocyte 
apoptosis,340 induction of podocyte differentiation by restoring 
the actin cytoskeleton,338 increasing levels of the transcription 
factors Kruppel-like factor 15 (KLF15),341 and by preventing 
the downregulation of protective microRNA-30.309 Specifically, 
the slit membrane protein nephrin is affected by steroids, as 
steroids enhance the transport of nephrin from the ER342 and 
induce the phosphorylation of nephrin,343 which is reduced 
in MCD344 and important for the function of nephrin and 
therefore of the slit membrane.

EVIDENCE FOR DIRECT ACTIONS OF 
IMMUNOSUPPRESSANTS ON PODOCYTES

The calcineurin inhibitors cyclosporine and tacrolimus are 
widely used in nephrotic syndrome, either alone or in 
combination with other therapies. Calcineurin is a Ca2+-
dependent phosphatase, which dephosphorylates nuclear 
factor of activated T cells (NFAT), a transcription factor. 
Dephosphorylation of NFAT initiates its cytoplasmic to nuclear 
translocation, resulting in an increased transcription of genes 
such as TRCP6,345 whose gain of function mutations in 
podocytes induce FSGS.301 In accordance, podocyte-expressed 
NFAT is a strong inducer of glomerulosclerosis in mice.346 
Besides their known immunomodulatory effects in T cells, 
calcineurin inhibitors affect the podocyte cytoskeleton by 
transcriptional downregulation of the earlier mentioned 
calcium channel TRPC6,347 and by preventing the degradation 
of the actin-organizing protein synaptopodin348 in an NFAT-
independent manner. Together, these mechanisms appear 
to result in a stabilization of the podocyte actin cytoskeleton 
and direct reduction of proteinuria.

The specific anti–B-cell monoclonal antibody rituximab, 
increasingly thought to be effective in proteinuric diseases 
even when they are not all obviously immune mediated,349 
has been shown to have direct effects on podocytes, including 
stabilizing their actin cytoskeleton.350 Although monoclonal 
antibodies are assumed to have very specific binding targets, 
they can also have “off-target” effects. In this case it seems that 
rituximab, as well as binding to the CD20 molecule that is its 
accepted molecular target, also binds to a podocyte protein 
called sphingomyelin phosphodiesterase acid-like-3b (SMPDL-
3b) and this protein stabilizes the actin cytoskeleton.350

autoantibodies are present in patients with a rapid recurrence 
of MN in renal transplants,223,314,315 the finding that anti-PLA2R1 
antibody levels are associated with disease remission316,317 and 
progression,317–319 and the finding that MN can be induced 
in mice that normally express THSD7A on podocytes320,321 
by injection of human autoantibodies233 or rabbit antibodies 
to THSD7A.322 So far there is no proof that PLA2R1-specific 
autoantibodies are pathogenic, related to the fact that rodents 
necessary for such studies normally do not express PLA2R1 
on podocytes. The role of complement in the pathogenesis 
of human MN remains unclear. First, the deposited IgG in 
idiopathic MN is typically of the noncomplement fixing IgG4 
subtype. Second, in rodent models of MN, clinical and 
morphologic MN can be induced in the absence of detectable 
complement deposition,233,322 as well as in rodents with genetic 
deficiency in complement components.323,324 On the other 
hand, C3 and the membrane attack complex C5b9 are usually 
constituents of the deposits325; C5b9 inserts into the podocyte 
membrane and is transported across the cell326 and excreted 
into the urine, where high levels of C5b9 can be measured 
in humans.327 Experimental studies allow for an injurious as 
well as a protective function of C5b9. Sublytic C5b9 has been 
shown to induce podocyte injury by multiple pathways such 
as the activation of kinases, the induction of endoplasmic 
reticulum stress, and the production of extracellular matrix.328 
On the other hand, C5b9 enhances the ubiquitin proteasome 
system,329 which supports a protective removal of damaged 
proteins.

EFFECTS OF EXISTING THERAPIES  
ON PODOCYTES

The basis for therapy of primary nephrotic syndrome 
(reviewed in Chapter 33) is mostly of a supportive nature, 
including antihypertensive and antiproteinuric therapy and 
dietary recommendations.330 Regrettably, no therapeutic 
approaches are currently available that specifically target 
podocytes in disease. However, several therapies have, in 
addition to their systemic effects, direct biologic actions on 
podocytes (i.e., pleiotropic actions), and these will be con-
sidered in the following sections.

RENIN ANGIOTENSIN SYSTEM BLOCKADE

Blockade of the renin angiotensin system belongs to the stan-
dard supportive therapy regimen for primary podocytopathies 
with proteinuria and remains unchallenged. Systemic and 
glomerular overactivation of the renin angiotensin system 
(RAS) through its main effector angiotensin II is central 
to the pathogenesis of proteinuric glomerular diseases; 
levels of tissue angiotensin II and the angiotensin subtype 
1 receptor are increased in glomeruli331 and podocytes332 in 
primary podocytopathies. Activation of RAS is detrimental to 
glomerular cells including podocytes as it promotes multiple 
trophic effects, such as apoptosis, ECM protein accumulation, 
reactive oxygen species production, oxidative stress, alteration 
in slit diaphragm proteins partly by epigenetic modulation of 
nephrin promoter methylation,333 increased calcium influx  
through TRPC6 channels,334,335 cell cycle inhibition, 
detachment, and inflammatory cytokine production.332,336 
Blocking the RAS with angiotensin-converting enzyme 
inhibitors, angiotensin 1 receptor (AT1R) antagonists, and 
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glomerular physiology and pathophysiology has enhanced 
our understanding of glomerular cell biology immensely in 
the past decades. However, the intricate interactions of 
glomerular cell types are getting more and more center stage 
attention as clinical and experimental observations demon-
strate that the normal functioning of glomerular filtration 
requires a coordinated interaction of all four cell types and 
that injury of one glomerular cell type usually affects the 
others. Several clinical and experimental challenges and 
opportunities lie ahead. Identification, designing, and deliver-
ing glomerular cell specific therapeutic agents is actively 
being pursued, both to enhance efficacy and to reduce 
systemic side effects. Noninvasive diagnostic testing is being 
keenly studied, such as measuring glomerular cell products 
in the urine, and markers in the serum and urine, which 
will hopefully translate into clinical practice. The past two 
decades have witnessed phenomenal advances in understand-
ing glomerular cell biology in health and disease, which 
hopefully soon translates into better therapeutic options for 
progressive glomerular and renal kidney disease.
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BOARD REVIEW QUESTIONS

1. Which glomerular structure is not involved in regulating 
glomerular filtration?
 a. Glomerular endothelial cells
 b. Parietal epithelial cells
 c. Podocytes
 d. Mesangial cells
 e. Glomerular basement membrane
Answer: b
Rationale: Glomerular filtration is regulated by the 

coordinate interaction of glomerular endothelial cells, 
podocytes, and mesangial cells. Podocytes and glomerular 
endothelial cells comprise the glomerular filtration barrier. 
Together, both cells allow for a size- and charge-selective 
glomerular filtration due to their specialized three-dimensional 
structure, extensive glycocalyx coating, and synthesis of the 
unique glomerular basement membrane. Mesangial cells 
regulate glomerular filtration by means of contraction and 
release of vasoactive substances and maintain the health of 
glomerular endothelial cells. Parietal epithelial cells built 
the Bowman’s capsule to prevent leakage of the primary 
urine to the tubulointerstitium and are not primarily involved 
in glomerular filtration. They can, however, contribute to 
glomerular scarring and are thought to constitute a potential 
reservoir for podocytes in development, maturation, and 
eventually in adulthood.

2. A 26-year-old female patient presents with swollen legs for 
the past week. She has been using ibuprofen 800 mg 3× a 
day for 1 month for a shoulder injury. Her examination is 
significant for a blood pressure of 130/90 mm Hg and 3+ 
lower extremity edema. Urinalysis: exhibits 4+ protein, no 
blood, 24-h urine protein: 10.8 g, no hematuria, Serum 
creatinine 0.9 mg/dL (eGFR >60 mL/min).
What is the most likely glomerular location causing this 

clinical picture?
 a. Mesangial cells (i.e., IgA nephritis)
 b. Glomerular basement membrane (i.e., Alport 

syndrome)
 c. Glomerular endothelial cell (i.e., eclampsia)
 d. Parietal epithelial cell (i.e., rapid progressive 

glomerulonephritis)
 e. Podocyte (i.e., minimal change disease)

Answer: e
Rationale: The predominant symptom of massive protein-

uria without hematuria in the setting of preserved renal 
function is characteristic of primary podocyte injury such as 
in minimal change disease. In this case, minimal change 
disease might be a result of the use of nonsteroidal antiinflam-
matory drugs. Mesangial cell, glomerular basement membrane, 
and glomerular endothelial cell involvement usually presents 
with mild to strong hematuria with characteristic dysmorphic 
erythrocytes. Parietal epithelial cell involvement is reflected 
by the formation of glomerular scars.

3. Which of the following are podocyte antigens in adult 
membranous nephropathy?
 a. suPAR
 b. Neutral endopeptidase (NEP)
 c. Phospholipase A2 receptor (PLA2R1)
 d. Nephrin
 e. Thrombospondin type-1 domain-containing 7A 

(THSD7A)
Answers: c and d
Rationale: NEP, PLA2R, and THSD7A are all podocyte 

antigens associated with membranous nephropathy, however, 
NEP is only found in rare cases of antenatal membranous 
nephropathy caused by alloimmunization due to vertical 
transfer of antibodies from a genetically NEP-deficient mother. 
Autoantibodies to PLA2R1 and THSD7A are typically found 
in adult membranous nephropathy. PLA2R1 is highly specific 
for membranous nephropathy and is found in 70% of patients 
with membranous nephropathy and is associated with disease 
activity. Autoantibodies to THSD7A are found in 5% of 
patients with membranous nephropathy and are strongly 
associated with the tumors.
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Metabolism refers to the entire set of interconnected chemical 
reactions within living organisms that form and maintain 
tissue and govern the storage and release of energy in order 
to sustain life. This chapter is dedicated to one aspect of 
kidney metabolism—namely, the storage, release, and utiliza-
tion of energy by the nephron as it transforms the glomerular 
filtrate into urine.

How much energy is required to make the urine? Of the 
major body organs, the kidney consumes the second highest 
amount of oxygen per gram of tissue (2.7 mmol/kg/min vs. 
4.3 mmol/kg/min for the heart).1 Most of the potential 
energy provided by renal oxidative metabolism is committed 
to epithelial transport, which determines the volume and 
composition of the urine. It has been asserted that, because 
the kidney reabsorbs 99% of the glomerular filtrate, it must 
use a lot of energy. But this logic is incorrect. The minimum 
net energy required for reabsorption does not depend on 
the amount of fluid that is reabsorbed. Forming a volume 
of urine with a solute composition equal to that of the body 
fluid from which it is formed is the thermodynamic equivalent 
of partitioning a bucket into two compartments by the use 
of a divider, which requires no net energy. On the other 
hand, energy is required to form a urine that differs in solute 
composition from that of the body fluids (i.e., plasma). To 
appreciate this, consider that the hypothetical remixing of 
urine with plasma would cause the formation of entropy, 
known as mixing entropy. Thus, energy is required to form 
urine from plasma and attain a state of reduced entropy. 
The minimum amount of energy required for this is equal 
to the temperature multiplied by the decrease in mixing 
entropy associated with the differential solute composition 
of urine versus plasma.

This chapter provides an overview of the interdependence 
of renal solute transport and renal metabolism, including (1) 
the role of the sodium pump, Na+-K+-adenosine triphosphatase 
(ATPase), in epithelial transport; (2) the metabolic substrates 

fueling active transport along the nephron and regional 
metabolic considerations; (3) the role of renal blood flow, 
the glomerular filtration rate (GFR), and tubuloglomerular 
feedback in controlling fluid and electrolyte filtration and 
tissue oxygenation; (4) the amount of oxygen consumed per 
sodium reabsorbed (Qo2/TNa); and (5) the metabolic effi-
ciency of transport during normal perturbations and disease.

THERMODYNAMIC APPROACH TO 
METABOLISM AND TRANSPORT

THERMODYNAMIC ANALYSIS OF  
KIDNEY FUNCTION

Interest in kidney metabolism antedates most knowledge of 
the kidney’s inner workings or of biochemistry. The theoretical 
minimum amount of energy required to make urine was 
determined from the laws of equilibrium thermodynamics 
nearly a century ago. For a human in balance on a typical 
diet, the cost of converting the glomerular filtrate into urine 
by an idealized process that is 100% efficient, infinitely slow, 
completely reversible, involves no back-leak, and generates 
no entropy and heat is about 0.5 cal/min/1.73 m2.2 In reality, 
the kidney consumes more than 50-fold this amount of energy. 
On this basis alone, one might argue that the kidney is horribly 
inefficient, even after one subtracts the cost of the kidney 
maintaining itself. On the other hand, added costs are 
imposed by the requirement to make urine in a finite amount 
of time, the need for flexibility to rapidly alter the volume 
and composition of the urine, the stoichiometric constraints 
of biochemistry, the known limits on the thermodynamic 
efficiency of oxidative phosphorylation, and the intrinsic 
permeabilities of tissues to electrolytes, gases, and urea.

The thermodynamic requirement may be a small fraction 
of the actual expenditure, but before one concludes that 
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that generate the least entropy work over short distances  
and short times.

The laws of equilibrium thermodynamics determine the 
direction of any spontaneous process, but they do not address 
the rate of change. Hence the laws of equilibrium thermo-
dynamics are not adequate for a full description of a living 
system that is displaced from equilibrium and characterized 
by flow of matter and energy within the system itself, as well 
as between the system and its environment. Thermodynamic 
principles are extended to incorporate time as a variable by the 
theory of nonequilibrium thermodynamics. Nonequilibrium 
thermodynamics entails certain assumptions and approxi-
mations that make it more of a tool and less of an edifice 
than classical equilibrium thermodynamics, but the theory 
performs well in many areas of physiology, including transport 
physiology. Basically, the theory asserts that the flow of any 
extensive property (e.g., mass, volume, charge) is the product 
of a driving force and a proportionality constant, which has 
units of conductance. It applies to both macro- and micro-
processes involved in forming the urine. Examples include all 
mechanisms for secondary active transport and the conversion 
of chemical to translational free energy by ATPases.

ENERGY AND THE SODIUM PUMP

Na+-K+-ATPase, also referred to as the sodium pump, is a 
ubiquitous plasma membrane protein that transports intracel-
lular sodium out of the cell and extracellular potassium into 
the cell, thereby generating opposite concentration gradients 
for sodium and potassium ions across the cell membrane. 
This process of separating sodium from potassium across 
the cell membrane is fueled by the hydrolysis of adenosine 
triphosphate (ATP).4,5 Each cycle of the pump consumes 1 
ATP molecule while transporting 3 Na+ and 2 K+ ions across 
the cell membrane. The hydrolysis of ATP and the associated 
transport of ions are mutually dependent4,5 and constitute 
an example of primary active transport. In this process there 
is nearly full conversion from chemical to mechanical energy, 
with minimal dissipation. The translational energy that 
develops after ATP hydrolysis results from electrostatic repul-
sion between the product ions, ADP and Pi, in accordance 
with Coulomb’s law. Although this energy could be dissipated 
through subsequent collisions, such events are unlikely over 
very short time scales and short distances. For a relative kinetic 
energy of the phosphate of 0.6 eV, for example, the phosphate 
ion moves about 0.1 nm in 0.3 ps. If no other collisions occur 
in that short time interval, the phosphate can then transfer 
its entire kinetic energy to the sodium pump in the form of 
a molecular strain. Given the intrinsic free energy of ATP 
hydrolysis, the pump can generate gradients that store up 
to approximately 0.6 eV of electrochemical potential per 3 
Na+ plus 2 K+ ions. For a typical cell in a typical environment, 
about 0.4 eV is required to cycle the pump against the existing 
Na and K gradients, which means that cells tend to operate 
with some reserve to further reduce their sodium or increase 
their potassium concentrations.

STRUCTURE OF THE SODIUM PUMP

The sodium pump is composed of an α catalytic subunit, 
which hydrolyzes ATP and transports Na+ and K+ across the 

the body is unconcerned with thermodynamics, it may be 
noted that the thermodynamic energy required of the kidney 
to maintain salt and nitrogen balance with consumption of 
a typical diet is minimized with the usual water intake of 1 
to 2 L/day. This suggests that the human body evolved to 
minimize the thermodynamic energy requirements of the 
kidney.

Moreover, the thermodynamic cost of excreting urea 
declines as blood urea nitrogen (BUN) concentration 
increases. Thus, as BUN rises in kidney disease, less energy 
is required to maintain the nitrogen balance. In kidney 
disease, the urine composition is also restricted to a narrower 
range. Using a classical thermodynamic approach, Newburgh 
suggested that the composition of the urine and the body 
fluids in kidney disease is determined by the available free 
energy; he noted that the declining flexibility of the diseased 
kidney to vary the urine composition could be predicted 
from the reduced free energy available for transport.3

APPLICATION OF THE LAWS OF 
THERMODYNAMICS TO KIDNEY FUNCTION

The macroscopic laws of equilibrium thermodynamics apply 
to kidney metabolism; any theory of metabolism is necessarily 
incorrect if it violates these laws. The laws of thermodynamics 
essentially describe transitions of a system from one state to 
another. The first law of thermodynamics states that total 
energy is conserved during any process that occurs in a closed 
system. When a system is open to its environment, the 
combined energy of the system + environment remains 
constant. When the total internal energy, temperature, pres-
sure, and volume of a system remain constant, any process 
that yields a change in free energy also yields reciprocal 
changes in entropy. Doing work on the system is equivalent 
to adding free energy to the system, which determines the 
upper limit of how much useful work the system can do 
against its environment.

The first law stipulates that total energy is conserved 
throughout any process but provides no other indication 
of whether a given process will occur spontaneously. The 
glomerular filtrate contains a mixture of salt and urea. The 
tubule partitions this into urine and reabsorbate. The urine 
has a different ratio of urea to salt than the reabsorbate, 
so the entropy has decreased. But the total internal energy 
of the combined urine and reabsorbate is the same as the 
original filtrate. Hence, the first law would be satisfied if the 
urine were to form spontaneously from the filtrate. The fact 
that NaCl and urea never sort themselves spontaneously into 
regions of higher and lower concentration is a consequence 
of the second law of thermodynamics, which states that all 
spontaneous processes generate entropy. Conversely, all 
spontaneous processes dissipate free energy and will cease 
when the supply of free energy is exhausted. It is possible 
to reduce entropy or elevate free energy in a system, but 
only if the system imports energy from its surroundings, 
in which case, there will be an increase in entropy of the 
surroundings that exceeds the decrease in entropy of the 
system. Some processes in the kidney, such as conversion 
of chemical to mechanical energy by the Na+-K+-ATPase, 
are highly efficient and generate almost no entropy. Other 
processes, such as the countercurrent multiplier, are inefficient 
and generate a lot of entropy. As a rule, those processes 
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If the electric field is constant within the cell membrane, 
then the electrical potential difference across the membrane 
is given by the Goldman voltage equation, which is shown 
here for a membrane that is permeable to Na, K, and Cl:
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+ −
+ −
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where PX is the permeability to X, [X]o is the concentration 
of X outside the cell, and [X]i is the concentration inside 
the cell. If the permeability to one ion dominates the others, 
then the membrane voltage approaches the Nernst potential 
for that ion and the free energy is transferred to electrochemi-
cal potential of the other ions. If chloride is not actively 
transported, then the second law of thermodynamics dictates 
that no free energy exists in the chloride gradient. Thus, for 
a membrane that actively transports Na and K and is primarily 
permeable to K, the membrane voltage approaches the Nernst 
potential for K and the free energy provided by active 
transport is all transferred to the transmembrane Na 
difference.

To summarize, because cell membranes are generally more 
permeable to potassium than to sodium, potassium diffusion 
contributes more to the cell voltage than sodium diffusion, 
even though three sodium ions leak into the cell for every 
two potassium ions that leak out. Thus, diffusion of potassium 
out of the cell dominates the cell voltage, making it negative. 
The negative cell voltage, in turn, neutralizes the net driving 
force for further potassium egress and augments the net 
driving force for sodium entry. Because cell membranes are 
poor capacitors, an imperceptible charge imbalance suffices 
to form the entire membrane voltage. This allows the trans-
membrane concentration differences for sodium and potas-
sium to remain nearly equal and opposite despite the much 
greater permeability to potassium. The net outcome of this 
pump-leak process is that electrochemical potential, which 
originates with ATP hydrolysis, becomes concentrated in the 
transmembrane sodium gradient, whereas potassium resides 
near electrochemical equilibrium.

HARNESSING THE SODIUM POTENTIAL  
FOR WORK

The difference in electrochemical potential for sodium across 
the cell membrane is available to drive the unfavorable passage 
of other solutes across the membrane by a variety of exchang-
ers and cotransporters. Examples include the proximal tubule 
Na+/H+ exchanger, sodium-glucose cotransporters (SGLTs), 
the basolateral Na/α-ketoglutarate (α-KG) cotransporter, the 
furosemide-sensitive Na-K-2Cl cotransporter, (NKCC2), and 
the thiazide-sensitive Na-Cl cotransporter (NCC). Generically, 
transport that directly uses free energy from the sodium 
gradient to drive uphill flux of another solute is referred to 
as secondary active transport16 (α-KG cotransport in Fig. 5.2). 
Tertiary active transport refers to the net flux of a solute 
against its electrochemical potential gradient coupled indi-
rectly to the Na+ gradient (three transport processes working 
in parallel). An example of tertiary active transport is the 
uptake of various organic anions from the peritubular blood 
into the proximal tubular cell by the so-called organic anion 
transporters (OATs). Energy from the sodium gradient is 
converted into a gradient for α-KG to diffuse out of the cell 

membrane, a β-subunit that is critical for functional matura-
tion and delivery of Na+-K+-ATPase to the plasma membrane, 
and an FXYD protein that can modulate the kinetics of 
Na+-K+-ATPase in a tissue-specific manner6 (Fig. 5.1). There 
are multiple isoforms of each subunit. The α1β1 heterodimer 
is likely the exclusive Na+-K+-ATPase in renal epithelia,7 
whereas several FXYD protein subunits are expressed dif-
ferentially along the nephron.6–9 Biophysical models describing 
the turnover of the sodium pump through its functional 
cycle are described in a review by Horisberger.4

OTHER ADENOSINE TRIPHOSPHATASES

Besides Na+-K+-ATPase, additional ion-translocating ATPases 
are expressed in renal epithelia along the nephron,10 including 
H+-K+-ATPase,11,12 Ca2+-ATPases,13 and H+-ATPases.14,15 These 
transport ATPases play important roles in maintaining urinary 
acidification and calcium homeostasis as discussed in Chapters 
6, 7, and 9. These ATPases do not contribute significantly 
to the reabsorption of the bulk of the filtrate.

PUMP LEAK PROCESS AND THE  
SODIUM POTENTIAL

For a cell in a steady state, the pumping of ions by the 
Na+-K+-ATPase must be offset by an equal and opposite dif-
fusion of those ions back across the cell membrane. The 
back-leak of ions is an example of electrodiffusion. This 
diffusion of ions generates an electric field to retard diffusion 
of the most mobile charged species, thereby transferring 
free energy from the chemical potential of the mobile species 
to an electrical potential acting on the less mobile species. 
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Fig. 5.1 Na+-K+-ATPase is composed of a catalytic α-subunit (teal), 

an obligatory β-subunit (pink), and tissue-specific FXYD proteins (blue). 

The α-submit has 10 transmembrane segments. It hydrolyzes ATP, 

is phosphorylated in the large cytoplasmic loop, and transports sodium 

and potassium. The β-subunit is a type II glycoprotein that is located 

close to M7/M10 and interacts with the extracellular loop between 

transmembrane segments M7 and M8 and with intracellular regions 

of the α-subunit.3 FXYD proteins are type I membrane proteins that 

interact with M9 with the β-subunit,4 and in the case of FXYD1 with 

the intracellular lipid surface and the cytoplasmic domain of the 

α-subunit [5•]. (From Geering K. Functional roles of Na,K-ATPase subunits. 

Curr Opin Nephrol Hypertens. 2008;17[5]:526–532.)
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basolateral and apical membranes, raising cell chloride in a 
cell with basolateral chloride conductance will raise the lumen 
voltage (make it more positive), thus providing free energy 
that can either be dissipated by the intercellular back-leak 
of chloride, which would increase entropy, or be applied to 
do the useful work of cation reabsorption, which would 
decrease entropy. The kidney uses the latter mechanism of 
energy transfer to augment Na reabsorption in the proximal 
tubule as well as calcium and magnesium reabsorption in 
the TALH.

For cells that express ENaC, opening these channels will 
depolarize the apical membrane, as can be seen from the 
Goldman equation. K ions, which enter the cell via the 
basolateral Na pump, can leave the cell by K conductances 
in either basolateral or apical membranes. Depolarizing the 
apical membrane will increase the fraction of K ions leaving 
by way of the apical membrane conductance. This represents 
the transfer of free energy from the Na+-K+-ATPase and the 
apical Na potential to the useful work of K secretion.

CELL POLARITY AND VECTORIAL 
TRANSPORT

The polar arrangement of transporters in renal cells is 
essential for vectorial transport. Wherever it is expressed 
along the nephron, the sodium pump, which removes sodium 
from the cell, is restricted to the basolateral membrane. 
Meanwhile, the variety of exchangers, cotransporters, and 
sodium channels through which sodium enters the tubular 
cell are restricted to the apical membrane. These include 
the principal Na+/H+ exchanger (NHE3) and SGLTs in the 
proximal tubule, the NKCC2 in the thick ascending limb 
(TAL) of the loop of Henle, the NCC in the distal convoluted 
tubule, and epithelial sodium channels in the connecting 
tubule and collecting duct (see Chapter 5). These apical 
sodium transporters effect secondary active transport coupled 
to the primary active transporter, Na+-K+-ATPase.

Close coordination of sodium uptake across the apical 
membrane with sodium extrusion across the basolateral 
membrane is required to avoid osmotic swelling and shrinking 
of the cell. Assuming ATP is not limiting for basolateral exit, 
the magnitude of transepithelial transport is a function of 
(1) the number of transporters in the plasma membrane, 
which can be varied by changes in synthesis or degradation 
rates and/or trafficking between intracellular and plasma 
membranes, and (2) the activity per transporter, which can 
be varied by covalent modification (e.g., phosphorylation or 
proteolysis) or protein–protein interaction (e.g., Na+-K+-
ATPase kinetics are influenced by FXYD subunit association).6 
The rate of apical sodium entry is also subject to influence 
by the availability of substrates for cotransport. For example, 
the amount of sodium–glucose cotransport depends on the 
availability of glucose in proximal tubular fluid, and the 
sodium entry at a given point along the TAL is subject to 
variations in the local chloride concentration, because NKCC2 
has a relatively low affinity for chloride.

Many factors and hormones known to regulate renal 
sodium reabsorption (including angiotensin II, aldosterone, 
dopamine, parathyroid hormone, and blood pressure) act 
in parallel to affect the activity, distribution, or abundance 
of apical transporters and basolateral sodium pumps.7,18 The 

by Na/α-KG cotransport. OATs use this potential difference 
to exchange α-KG for another organic anion17 (see Fig. 5.2).

For tubular cells that actively reabsorb chloride, free energy 
is transferred from the Na potential to drive apical chloride 
entry and raise cell chloride above equilibrium. In the 
proximal tubule, the energy for apical chloride entry is derived 
circuitously via sodium-hydrogen exchange that is coupled 
to oxalate, formate, or hydroxyl ion transport (see Chapter 
5). In the thick ascending loop of Henle (TALH) and distal 
convoluted tubule (DCT), the energy transfer occurs by direct 
cotransport with Na via NKCC2 or NCC. In each case, raising 
cell chloride above equilibrium provides a driving force for 
chloride to diffuse out of the cell across the basolateral 
membrane, which is permeable to chloride. Raising cell 
chloride also makes the basolateral membrane voltage less 
negative, as is apparent from the Goldman equation. Because 
luminal voltage is the sum of voltage steps across the 
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Fig. 5.2 Different modes of active uphill transport as exemplified by 

organic acid (OA) secretion in proximal tubule epithelial cells. Transport 

across the basolateral membrane involves three steps functioning in 

parallel. Primary active transport (1) of Na and K by Na+-K+-ATPase 

coupled to the hydrolysis of ATP establishes the inwardly directed 

Na gradient. Secondary active transport (2) of α-ketoglutarate (α-KG) 

with Na on an Na/α-KG cotransporter uses the inwardly directed Na 

gradient to drive α-KG into the cell. Tertiary active transport (3) of 

OA with α-KG on an OA/α-KG antiporter uses the outward downhill 

transport of α-KG to drive the inward uphill transport of OA. The α-KG 

is recycled through the Na/α-KG cotransporter, which thus links the 

uphill transport of OA to the generation of the Na gradient by the 

Na+-K+-ATPase. Ultimately OAs are secreted down the OA concentration 

gradient into the tubular lumen. (From Dantzler WH, Wright SH. The 

molecular and cellular physiology of basolateral organic anion transport in 

mammalian renal tubules. Biochim Biophys Acta. 2003;1618[2]:185–193.)



 CHAPTER 5 — METABOLIC BASIS OF SOLUTE TRANSPORT 137

relevant to renal metabolism is warranted. Substrates 
enter the kidney by renal blood flow (RBF) and GFR and 
enter renal epithelial cells by substrate transporters, often 
facilitated by the inward-directed Na+ gradient created by 
the sodium pump (see Fig. 5.2), as discussed thoroughly 
in Chapter 8. Oxygen is likewise delivered by RBF to the 
epithelial cells. Once in the cell, substrates face one of three 
fates: (1) transport across the epithelium back into the  
blood (reabsorption); (2) conversion into another substrate 
(e.g., lactate to pyruvate); or (3) oxidization to CO2 in the 
process of cellular ATP production.24 This section traces the 
roadmap that connects substrates to production of ATP in 
the mitochondrion and to ATP utilization by the sodium 
pump, and the feedback connections between production and  
utilization.

Renal epithelia, except in the descending and thin ascend-
ing limbs of the loop of Henle, are packed with mitochondria 
(see Chapter 2). All the pathways of fuel oxidation take place 
in the mitochondrial matrix, except for glycolysis, which occurs 
in the cytosol. Substrates in the cytosol can freely cross the 
outer mitochondrial membrane through integral membrane 
porins. These substrates, as well as adenosine diphosphate 
(ADP) and phosphate (the building blocks of ATP), cross the 
inner mitochondrial membrane into the mitochondrial matrix 
via specific substrate transporters driven by their respective 
concentration gradients or by the H+ gradient created by 
the electron transport chain (ETC; Fig. 5.3).

As illustrated in Fig. 5.4, amino acids, fatty acids, and 
pyruvate are metabolized to acetyl–coenzyme A and enter 
the citric acid cycle. With each turn of the cycle, three 
molecules of reduced nicotinamide adenine dinucleotide 

molecular basis of this apical–basolateral crosstalk is not clearly 
understood, especially in the light of close cell volume control; 
however, there is evidence for a role of elevated cellular 
calcium level in response to depressed sodium transport.19 
There is also recent evidence for a salt-inducible kinase that 
responds to slight elevations in cell Na and Ca,20 as well as 
evidence for coupling of Na+-K+-ATPase to apical channel 
activity.21

METABOLIC SUBSTRATES FUELING ACTIVE 
TRANSPORT ALONG THE NEPHRON

Mitchell has noted that:

“Biochemists generally accept the idea that metabolism is the cause 
of membrane transport.”

The underlying idea of the hypothesis put forward here is 
that if the processes that we call metabolism and transport 
represent events in a sequence, not only can metabolism be 
the cause of transport, but also transport can be the cause 
of metabolism. Thus, we might be inclined to recognize that 
transport and metabolism, as usually understood by biochem-
ists, may be conceived advantageously as different aspects of 
one and the same process of vectorial metabolism.22

METABOLISM BASICS

Detailed accounts of cellular metabolism are provided in 
many excellent texts23; nonetheless, an abbreviated overview 
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The release of the potential energy stored in the H+ gra-
dient across the inner mitochondrial membrane provides 
the driving force for ATP synthesis from ADP by the ATP 
synthase: H+ is transported into the matrix coupled to the 
production of ATP from ADP and inorganic phosphate 
(Pi) (see Fig. 5.3). These are the fundamental pieces of 
the chemiosmotic mechanism of oxidative phosphorylation 
proposed by Peter Mitchell in 1961.22 The newly synthesized 
ATP is extruded from the matrix into the intermembrane 
space via the ADP–ATP countertransporter known as adenine 
nucleotide translocase and then exits the mitochondria 

(NADH), one molecule of reduced flavin adenine dinucleo-
tide (FADH2), one molecule of guanosine triphosphate (GTP) 
or ATP, and two molecules of CO2 are released in oxidative 
decarboxylation reactions (Table 5.1). Electrons carried by 
NADH and FADH2 are transferred into the mitochondrial 
electron transport chain, a series of integral membrane 
complexes located within the inner mitochondrial membrane, 
where the electrons are sequentially transferred, ultimately 
to oxygen, which is reduced to H2O. NADH and FADH2 
oxidization provoke the transport of H+ from the matrix to 
the inner mitochondrial space.
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Fig. 5.4 Catabolism of proteins, fats, and carbohydrates in three stages of cellular respiration. Stage 1: oxidation of fatty acids, glucose, and 

some amino acids yields acetyl–coenzyme A (CoA). Stage 2: oxidation of acetyl groups in the citric acid cycle includes four steps in which 

electrons are abstracted. Stage 3: electrons carried by reduced nicotinamide adenine dinucleotide (NADH) and reduced flavin adenine dinucleotide 
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of two molecules of NH3, which is the main source of NH3 secreted during acidosis. (Modified from Nelson DL, Cox MM. Lehninger principles of 

biochemistry, 5th ed. New York: WH Freeman; 2008.)
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the redox state of mitochondrial nicotinamide adenine 
dinucleotide (NAD), cellular ATP and ADP concentrations, 
ATP/ADP ratio, and Qo2 in the same samples. If transport 
and respiration are assumed to be coupled, inhibition of 
transport is predicted to provoke a mitochondrial transition 
to a resting state29 accompanied by an increase in NADH/
NAD+ (reduced to oxidized NAD), increase in [ATP], decrease 
in [ADP] and [Pi], increase in ATP/ADP ratio, and decrease 
in Qo2. Stimulation of active transport would provoke the 
opposite pattern: decreased NADH, ATP, and ATP/ADP ratio, 
and increased Qo2. Predictably, incubating the renal cortical 
tubule suspension with the Na+-K+-ATPase inhibitor ouabain 
caused a 50% decline in Qo2, reduction of NAD to NADH, 
and a 30% increase in the ATP/ADP ratio, all evidence for 
coupling of mitochondrial ATP production to ATP consump-
tion via Na+-K+-ATPase. Similarly, in tubules deprived of K+ 
(which is required for Na+-K+-ATPase turnover), adding 
5 mmol/L K+ increased Qo2 by more than 50%, oxidized 
NADH to NAD+, and decreased the cellular ATP/ADP ratio 
by 50%. These results provide evidence for the coupling of 
both Na+-K+-ATPase and ATP production via ATP synthase 
to the cellular ATP/ADP ratio (see Fig. 5.3).

ENERGY REQUIREMENTS AND SUBSTRATE USE 
ALONG THE NEPHRON

In all renal epithelial cells from the proximal convoluted 
tubule to the inner medullary collecting duct (IMCD), the 
basolateral sodium pump uses the hydrolysis of ATP to drive 
primary active transport of Na+ out of and K+ into the cell, 
and the gradients created are used to drive coupled transport 
of ions and substrates across both the apical and basolateral 
membranes.

Despite consistent distribution and function, the relative 
abundance of Na,K-ATPase as a function of tubular location 
along the nephron is highly variable. Na,K-ATPase activity, 
ouabain binding, and Na,K-ATPase subunit abundance have 
been studied in dissected tubules and with imaging techniques. 
Na,K-ATPase expression patterns and ouabain binding pat-
terns along the nephron are very similar.10,30 The pronounced 
differences in activity can largely be accounted for by differ-
ences in sodium pump number measured either by ouabain 
binding or by immunoblot of subunits in dissected nephron 
segments (Fig. 5.5).31

The patterns of Na+-K+-ATPase protein expression and 
activity as a function of tubule length are what is to be 
expected from what is understood of the physiology of the 
nephron segments: moderate levels are expressed in the 
proximal tubule where two-thirds of the sodium is reabsorbed 
across a leaky epithelium, and lower levels are expressed in 
the straight than in the convoluted segments, reflecting the 
amount of sodium transported in these two regions. Very 
low levels are detected in the thin limbs of the loop of Henle, 
whereas high levels are expressed in the medullary and cortical 
TAL (“diluting segments”) that must reabsorb a significant 
fraction of NaCl without water against an increasingly steep 
transepithelial gradient. The Na+-K+-ATPase activity and 
expression in the DCT, which is responsible for reabsorbing 
another 5% to 7% of the filtered load against a very steep 
transepithelial gradient, is very high. In the collecting duct, 
which reabsorbs a smaller fraction of Na+ via channels electri-
cally coupled to the secretion of K+ or H+ and has variable 

across the permeable outer membrane. In the cytosol, ATP 
is available to bind to ATPases such as plasma membrane  
Na+-K+-ATPase.

In summary, the flow of electrons through the ETC 
generates a proton gradient across the inner mitochondrial 
membrane that provides the energy to drive ATP synthesis 
from ADP + Pi by ATP synthase and is also sufficient to 
extrude the ATP across the mitochondrial membrane.23 Thus, 
the oxidation of substrates is coupled to ATP synthesis by 
an electrochemical proton gradient. This coupling can be 
influenced by uncoupling protein isoforms (UCPs) located 
in the mitochondrial inner membrane and expressed in a 
tissue-specific manner. Simply stated, UCPs create a proton 
leak that dissipates the proton gradient available to drive 
oxidative phosphorylation (see Fig. 5.3). It has been reported 
that UCP-2 is expressed in the renal proximal tubule and TAL 
(not in glomerulus or the distal nephron) and that its expres-
sion is elevated in kidneys of diabetic rats.25 However, the 
physiologic consequences of the expression and regulation of 
UCP in kidneys has not been explored much experimentally.

WHITTAM MODEL

In the early 1960s, the coupling between active transport, 
respiration, and Na+-K+-ATPase activity was recognized by 
Whittam and Blond,69,70 who tested the idea that inhibition 
of active ion transport at the plasma membrane would cause 
a fall in oxygen consumption (QO2) in the mitochondria. 
Using brain or kidney samples studied in vitro, they demon-
strated that inhibition of Na+-K+-ATPase activity by removal 
of sodium or addition of the sodium pump–specific inhibitor 
ouabain (neither of which directly inhibits mitochondrial 
respiration) markedly reduced QO2, which led the investigators 
to conclude that an extramitochondrial ATPase, sensitive to 
Na+ and ouabain, as well as to K+ and Ca++, is one of the 
pacemakers of respiration of the kidney cortex.26,27

A careful study by Balaban and colleagues two decades 
later28 used a suspension of renal cortical tubules to reexamine 
this Whittam model (see Fig. 5.3) in more detail by measuring 

Table 5.1 Adenosine Triphosphate (ATP)  
Yield From Metabolism of One 
Glucose Molecule

Process Direct Product Final ATP

ATP Yield from Complete Oxidation of Glucose

Glycolysis 2 NADH (cytosol)

2 ATP

5a

2

Pyruvate oxidation 

(two per glucose)

2 NADH (mitochondrial 

matrix)

5

Acetyl–coenzyme A 

oxidation in citric 

acid cycle (two per 

glucose)

6 NADH (mitochondrial 

matrix)

2 FADH2

18

4

Total yield per glucose 30

ATP Yield from Glycolysis of Glucose

Glycolysis 2 ATP, 2 NADH 2

aVia malate–aspartate shuttle.
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H2O permeability, the Na+-K+-ATPase is quite low, albeit 
sufficient to drive sodium reabsorption in this region. The 
distribution of the ATP-producing mitochondria along the 
nephron, reported as percent of cytoplasmic volume,32 paral-
lels the distribution of the ATP-consuming sodium pumps 
but is somewhat less variable, ranging from 10% or less of 
the cell volume in the thin loop of Henle and medullary 
collecting duct to 20% in the cortical collecting duct (CCD) 
and proximal straight tubule to 30% to 40% of cell volume 
in the proximal tubule and TAL32 (Fig. 5.5C).

Determining which substrates support ATP production 
and Na+-K+-ATPase activity along the nephron has been the 
subject of many studies and reviews.24,33,34 To obtain nephron-
specific information, investigators have dissected nephron 
segments and assayed for either metabolic pathway enzyme 
distribution or examined how specific substrates affected 
ATP levels. Although these in vitro approaches lack the in 
vivo realities of blood flow, tubular flow, and autocrine–
paracrine, hormonal, and nervous system inputs that are 
evident in the whole kidney, the studies do provide informa-
tion about the metabolic potential of each segment under 
defined conditions.

Isolated nephron segments had been reported to have 
low levels of cellular ATP, so Uchida and Endou35 reasoned 
that if the segments were incubated with fuels that could 
be used by the segment, their ATP levels should increase 
toward physiologic levels. They examined a range of sub-
strates for their ability to maintain cellular ATP levels in 
microdissected glomeruli and nephron segments (excluding 
thin sections of loop of Henle and papillary duct). The 
substrates studied (all at 2 mmol/L) included L-glutamine, 
d-glucose, β-hydroxybutyrate (HBA), and dl-lactate. Because 
the preincubation did not fully deplete the TAL and distal 
nephron segments of ATP, the ionophore monensin was 
included in the incubation with the substrate to dissipate 
the Na+ gradient and promote ATP consumption.

The change in ATP per millimeter of tubule (or glomerulus) 
as a function of substrate addition, shown in Fig. 5.6, illustrates 
that each segment had a distinct ability to use these substrates. 
Lactate was very effective at maintaining ATP levels in all 
nephron segments tested, notably in the proximal tubule. 
The S1, S2, and S3 segments of the proximal tubule all used 
glutamine effectively as a fuel, which is consistent with the 
role of the proximal tubule in ammoniagenesis. Glutamine 
is the main amino acid oxidized by the proximal tubule, 
where it is deaminated and converted to α-KG, yielding 2 
NH3 molecules that are secreted during acidosis, as illustrated 
in Fig. 5.4 and discussed in Chapter 9. Glutamine is not a 
preferred fuel in the more distal nephron segments. Glucose 
is completely reabsorbed along the proximal tubule yet, 
glucose is not an effective metabolic fuel for the S1 or S2 
regions of the proximal tubule. In contrast, all of the more 
distal segments tested readily used glucose to maintain cellular 
ATP. The ketone HBA was used effectively in all nephron 
segments tested; however, in S1 and S2 of the proximal tubule 
the capacity of HBA to support ATP production was far less 
than that provided by glutamine or lactate.

The distribution along the nephron of numerous enzymes 
involved in metabolic pathways, collated from many studies, 
has been summarized by Guder and Ross.33 Their descrip-
tion of glycolytic (Fig. 5.7A) and gluconeogenic (Fig. 5.7B) 
enzymes along the rat nephron36–38 demonstrates very low 

Fig. 5.5 (A) Relative levels of Na+-K+ATPase activity measured in 

individual segments of the rat nephron. (Data are normalized to that 

of the distal convoluted tubule and expressed per unit length of tubule 

segment.) (B) Detection of Na+-K+-ATPase α1- and β1-subunits along 

the nephron. Tubule segments 40 mm long were resolved by sodium 

dodecyl sulfate–polyacrylamide gel electrophoresis and subjected to 

immunoblotting with subunit-specific antisera. Blots placed below 

corresponding tubule label indicated in (A). (C) Morphologic analysis 

of mitochondrial density relative to a unit of cytoplasm. CCD, Cortical 

collecting duct; CTAL, cortical thick ascending limb of the loop of 

Henle; DCT, distal convoluted tubule; MCD, outer medullary collecting 

duct; MTAL, medullary thick ascending limb of the loop of Henle; 

PCT, proximal convoluted tubule; PR, pars recta (proximal straight 

tubule); TAL, thin ascending limb of the loop of Henle; TDL, thin 

descending limb of the loop of Henle. ([A] redrawn from Katz AI, Doucet 

A, Morel F. Na+-K+-ATPase activity along the rabbit, rat, and mouse 

nephron. Am J Physiol. 1979;237:F114–F120; [B] based on data from 

McDonough AA, Magyar CE, Komatsu Y. Expression of Na[+]-K[+]-ATPase 

alpha- and beta-subunits along rat nephron: isoform specificity and 

response to hypokalemia. Am J Physiol. 1994;267:C901–C908; [C] based 

on data from Pfaller W, Rittinger M. Quantitative morphology of the rat 

kidney. Int J Biochem. 1980;12[1-2]:17–22.)
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glucose in their tubular fluid, have no Na–glucose cotransport-
ers in their apical membranes, and cannot synthesize glucose, 
but these regions use glucose delivered via RBF as a metabolic 
fuel (which could be provided by gluconeogenesis in the 
proximal tubule during fasting). A summary of substrate 
preferences along the nephron is provided in Fig. 5.8.34

RENAL GLUCONEOGENESIS AND  
LACTATE HANDLING

In a review of renal gluconeogenesis, Gerich and colleagues39 
comment that the kidney can be considered two separate 
organs, because the proximal tubule makes and releases 
glucose from noncarbohydrate precursors, whereas glucose 
utilization occurs primarily in the medulla. Because the kidney 
is both a consumer and a producer of glucose, net arterio-
venous glucose differences across the kidney can be unin-
formative, because glucose consumption in the medulla can 
mask glucose release by the cortex.

Gerich and colleagues39 also make the case that the kidney 
is a significant gluconeogenic organ in normal humans based 
on the following: (1) in humans fasted overnight, proximal 
tubule gluconeogenesis can be as much as 40% of whole-body 
gluconeogenesis39; (2) during liver transplantation, endog-
enous glucose release falls to only 50% of control levels by 
1 hour after liver removal40; and (3) pathologically in type 
2 diabetes, renal glucose release is increased by about the 
same fraction as hepatic glucose release.41 Zucker diabetic 
fatty rats also exhibit marked stimulation of gluconeogenesis 
compared with their lean litter mate controls.42

Lactate can reach the nephron by filtration or blood flow 
and can also be produced along the nephron. Within the 
kidney, lactate can be (1) oxidized to produce energy with 
generation of CO2, a process that consumes oxygen but 
generates ATP; or (2) converted to glucose via gluconeo-
genesis in the proximal tubule, a process that consumes 
oxygen and ATP. This is shown in Fig. 5.9. Studies by Cohen43 
in an isolated whole kidney perfused with just lactate as 
substrate demonstrated a change in 14C–lactate utilization 
as a function of its concentration in the perfusate: at low 
concentrations, all the lactate was oxidized (detected as CO2) 
in order to fuel transport and basal metabolism; when lactate 
in perfusate was raised above 2 mmol/L some of the lactate 
was used for synthesis of glucose (gluconeogenesis); and at 
high lactate in perfusate the metabolic and synthetic rates 
approach maximum, and some lactate is conserved (reab-
sorbed). However, it is not the normal circumstance that 
lactate is the sole substrate, and it is now appreciated that 
the metabolism of lactate is affected by the presence of other 
substrates—for example, lactate uptake and oxidation are 
inhibited in the presence of fatty acids.24,44

The kidney’s ability to convert lactate to glucose provides 
evidence that it can participate in cell–cell lactate shuttle, 
also known as the Cori cycle.45 This cycle is important when 
oxidative phosphorylation is inhibited in vigorously exercising 
muscle, which becomes hypoxic. In the muscle, pyruvate is 
reduced to lactate to regenerate NAD+ from NADH, which 
is necessary for ATP production by glycolysis to continue. 
Lactate is released into the blood and can be taken up by 
tissues capable of gluconeogenesis, such as the liver and 
kidney. In the proximal tubule, the lactate that is not oxidized 
can be converted to glucose, and because this substrate is 

glycolytic potential in the proximal tubule and high glycolytic 
potential from medullary ascending limb to medullary col-
lecting tubule. In contrast, gluconeogenic enzymes are found 
almost exclusively in the proximal tubule.

In summary, the proximal tubule reabsorbs glucose and 
can synthesize glucose biosynthetically but does not metabolize 
glucose. There are both practical and theoretical explanations 
for the lack of glucose metabolism in this segment. The 
proximal tubule is specialized to reabsorb the filtered load 
of glucose from the tubular fluid back into the blood. Because 
of the enormous load of glucose moving through these cells, 
a proximal tubule hexokinase would need to have exceedingly 
low affinity for glucose, which would be difficult to regulate. 
In contrast, more distal regions of the nephron such as the 
loop of Henle and distal nephron normally have little or no 
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Fig. 5.6 ATP production in glomeruli and dissected nephron segments 

as a function of substrates. In glomeruli and PCT1, PCT2, and PST 
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samples incubated with and without each substrate for 30 minutes. 
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CAL, Cortical ascending limb; CCT, cortical collecting tubule; DCT, 
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ing limb; MCT, medullary collecting tubule; PCT1, early proximal 

convoluted tubule; PCT2, late proximal convoluted tubule; PST, proximal 

straight tubule. (Data from Uchida S, Endou H. Substrate specificity to 

maintain cellular ATP along the mouse nephron. Am J Physiol. 1988;255: 

F977–F983.)
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Cori cycle is an energy-requiring process that shifts the 
metabolic burden away from the exercising muscle during 
hypoxia. This cell–cell lactate shuttle could also operate within 
the kidney between nephron segments that produce lactate 
anaerobically and the proximal tubule.

Renal medullary lactate concentration was explored in 
a 1965 study in rats by Scaglione and colleagues46 to test 
the idea that the medulla used glycolysis in the low-oxygen 
environment. Medullary lactate concentration is a function 
of delivery via the blood flow, production in the medulla, 
and removal by the blood flow, because there is no gluco-
neogenesis in this region to consume lactate. Because of 
the countercurrent arrangement of the vasa recta, lactate 
would be expected to concentrate in the medulla somewhat. 
The study results indicated that lactate concentration was 
twice as high in the inner medulla as in the cortex and 

not used by the proximal tubule, glucose will be reabsorbed 
back into the blood, where it will be available for metabolism 
by the exercising muscle. Overall, this cycle is metabolically 
costly: glycolysis produces 2 ATP molecules at a cost of 6 
ATP molecules consumed in the gluconeogenesis. Thus, the 
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Fig. 5.7 Distribution of glycolytic and gluconeogenic enzymes along the rat nephron. Nephron segments were dissected from fed (A) and 

starved (B) rats, respectively. The activity of hexokinase, phosphofructokinase, pyruvate kinase, glucose-6-phosphatase, fructose 1,6-bis-

phosphatase, and phosphoenolpyruvate carboxykinase was determined in individual segments. Enzyme activities are expressed as a percentage 

of the maximal value observed, based on the original activity per gram of dry weight. CAL, Cortical ascending limb; CCT, cortical collecting 

tubule; DCT, distal convoluted tubule; GL, glomerulus; MAL, medullary thick ascending limb; MCT, medullary collecting tubule; PCT1, early 

proximal convoluted tubule; PCT2, late proximal convoluted tubule; PST, proximal straight tubule; TL, loop of Henle, thin limbs. (Modified from 

Guder WG, Ross BD. Enzyme distribution along the nephron. Kidney Int. 1984;26[2]:101–111.)
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and slices and found that ouabain inhibition of Na+-K+-ATPase 
increased renal gluconeogenesis by 10% to 40% depending 
on the substrate, and that stimulating Na+-K+-ATPase activity 
with high extracellular K+ inhibited gluconeogenesis. The 
authors concluded that inhibition of the sodium pump 
induced a higher energy state of the cell, which would favor 
energy-requiring synthetic processes.

Nagami and Lee50 used an isolated perfused mouse proxi-
mal tubule preparation to address this issue. When tubules 
were perfused at higher rates, delivering more sodium to the 
proximal tubule, the glucose production rate was decreased 
by 50%, whereas when tubules were incubated with ouabain 
in the bath or perfused with amiloride (to inhibit apical 
transport), the glucose production rate increased above that 
seen in nonperfused tubules. These authors also verified that 
the reduction in glucose production seen at elevated perfusion 
rates does not result from increased glucose utilization and is 
not dependent on the presence of specific substrates. Related 
to the topic of proximal tubule gluconeogenesis, two studies 
suggest that the blood glucose–lowering effects of sodium 
glucose cotransporter isoform 2 (SGLT2) inhibitors are due, 
in part, to reduced proximal gluconeogenesis: inhibiting 
SGLT2-mediated glucose uptake in diabetic mice reduced 
gluconeogenic gene expression, including PEPCK, a principal 
regulator of gluconeogenesis.51,52

Recent studies and mathematical models have evaluated 
the effects of inhibiting proximal tubule transport routes 
on metabolism and transport efficiency (sodium transport/
oxygen consumption, TNa/Qo2, discussed further under the 
section regarding metabolic cost of sodium reabsorption). 
Proximal tubule transport, TNa, is the sum of transcellular 
reabsorption (e.g., via Na+/H+ exchanger isoform 3 [NHE3]) 
and sodium glucose cotransporter isoform 2 (SGLT2), and 
paracellular reabsorption (e.g., via claudin 2 [cldn2]). Math-
ematical models predict that TNa/Qo2 is 80% higher in the S3 
segment of the proximal tubule due to the larger paracellular 
contribution to TNa, which is highly energy efficient. In these 
models, inhibiting NHE3 (the main sodium transporter in 
the proximal tubule), or Na,K-ATPase reduced TNa, Qo2, and 
transport efficiency.53 Inhibiting SGLT2 also lowered TNa but 
increased Qo2 in part by activating NHE3 and SGLT1 and in 
part by blunting the driving force for paracellular transport of 
TNa due to tubular glucose buildup.51,53 Regarding paracellular 
reabsorption, Qo2 is markedly increased in proximal tubule 
claudin-2 null mice as TNa is shifted from the energy efficient 
paracellular route to the Na,K-ATPase driven transcellular 
routes. Consequently, cldn2 mice exhibit medullary hypoxia 
and increased susceptibility to tubular injury.54,55 How (or 
if) the increase in the metabolic cost of transport affects 
metabolic pathways and substrate utilization in the proximal 
tubule remains to be determined.

THICK ASCENDING LIMB

The TAL has a very high rate of Na+ transport against a steep 
concentration gradient, very high levels of Na+-K+-ATPase 
activity and expression, and, perhaps not unexpectedly, 40% 
of its cytosolic volume occupied by mitochondria (see Fig. 
5.5). Although the TALs have a far greater capacity for 
anaerobic metabolism than the proximal tubules, this region 
still requires oxidative metabolism to maintain cellular ATP 
levels and active Na+ reabsorption.35,56

that during osmotic diuresis the medullary lactate doubled, 
whereas cortical lactate remained unchanged. The authors 
postulated that increased medullary lactate was evidence 
for increased glycolysis during osmotic diuresis because the 
diuresis and increased flow through the vasa recta would be 
expected to decrease medullary lactate if synthesis rates were 
unchanged. Sodium delivery to the distal nephron would 
also increase during osmotic diuresis and the accompany-
ing increased Na+ reabsorption could drive the increased  
glycolysis.

Twenty years later, Bagnasco and colleagues47 studied lactate 
production along the nephron in dissected rat nephron 
segments incubated in vitro with glucose with or without an 
inhibitor of oxidative metabolism, antimycin A. The only 
pathway for lactate production in the kidney is from pyruvate 
via lactate dehydrogenase. Proximal tubules produced no 
lactate with or without antimycin A. The distal segments all 
produced lactate, and the production was significantly 
increased (approximately 10-fold in TAL) during antimycin 
A incubation (Fig. 5.10), which led the authors to conclude 
that significant amounts of lactate can be produced by 
anaerobic glycolysis during anoxia in the distal segments. 
The IMCD, a region with low oxygen tension under control 
conditions, had high levels of lactate production even without 
antimycin A, which indicates that it is primed for anaerobic 
glycolysis.

NEPHRON-REGION–SPECIFIC  
METABOLIC CONSIDERATIONS

PROXIMAL TUBULE

Studies carried out in a number of laboratories provide 
evidence that sodium transport and gluconeogenesis compete 
for ATP in the proximal convoluted tubule.48–50 Friedrichs 
and Schoner49 studied both processes in rat renal tubules 
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for a linkage between sodium pump activity and oxidative 
metabolism.

In studies that examined the metabolic determinants of 
K+ transport in isolated IMCD,12 glucose increased both oxygen 
consumption and cell K+ content by more than 10%, whereas 
an inhibitor of glycolysis promoted a release of cell K+. Nor 
could cell K+ content be maintained during inhibition of 
mitochondrial oxidative phosphorylation. Thus, in the IMCD, 
both glycolysis and oxidative phosphorylation are required 
to maintain optimal Na+-K+-ATPase activity to preserve cellular 
K+ gradients. Given the low Po2 and low density of mitochon-
dria in this region, the collecting ducts have a higher reliance 
on anaerobic metabolism, but still take advantage of oxidative 
metabolism to fully support transport.

SEXUAL DIMORPHIC PATTERN OF 
TRANSPORTERS ALONG THE NEPHRON AND 
METABOLIC CONSIDERATIONS

For 30 years, sex differences in renal hemodynamics, including 
lower GFR and higher RVR in females, and similar blood 
pressures between sexes, have been recognized in experimental 
rodents.59 Immunoblots coupled to physiologic assays in rats 
indicate that females, versus males, exhibit a distinct trans-
porter profile of lower proximal transporters’ abundance and 
HCO3

– reabsorption coupled to higher distal NCC and ENaC 
activation60 (Fig. 5.11). This shift in TNa from the energeti-
cally efficient PT to the costlier distal nephron is predicted 
to decrease sodium transport energy efficiency (TNa/Qo2) in 
females. A rationale for this downstream shift in TNa can be 
found in female biology. Pregnancy, and even more so lactation, 
represent major challenges to fluid homeostasis in females. The 
proximal tubule, which is shorter at baseline in females versus 
males,61 lengthens during lactation, driving a proportional 
increase in TNa in a region where transport efficiency is very 
high due to paracellular TNa.

61,62 These significant sex- and 
reproduction-dependent differences in renal transport func-
tion likely necessitate differences in nephron region–specific 
metabolism that warrant serious future consideration.

CORTICAL COLLECTING DUST

CCD metabolism is particularly interesting because it is made 
up of distinctly different cell types: principal cells that reabsorb 
sodium and intercalated cells that can secrete bicarbonate 
(HCO3

–). Hering-Smith and Hamm microperfused rabbit 
CCD and measured Na+ reabsorption (with 22Na+) from 
lumen to bath, and HCO3

– transport by microcalorimetry in 
the presence of substrates and with or without inhibitors. 
Both Na+ reabsorption and HCO3

– secretion were inhibited 
by antimycin A, which provides evidence for dependence 
on oxidative phosphorylation. However, neither was depen-
dent on either glycolysis or the hexose–monophosphate shunt 
pathways. A small component of Na+ transport was supported 
by endogenous substrates. Na+ reabsorption was supported 
best by a mixture of basolateral glucose and acetate, whereas 
HCO3

– secretion was fully supported by either glucose or 
acetate. HCO3

– secretion (but not Na+ transport) was sup-
ported to some extent by luminal glucose. In sum, this study 
indicates that principal cells and intercalated cells have distinct 
metabolic phenotypes.

MEDULLARY COLLECTING DUCT

Medullary collecting ducts contribute to final urinary acidifica-
tion. Comparing the outer medullary collecting duct (OMCD) 
with the CCD, Hering-Smith and Hamm57 found that bicarbon-
ate secretion in the OMCD could be fully supported by 
endogenous substrates. This region has far less sodium 
transport and few mitochondria (see Fig. 5.5). Stokes and 
colleagues58 isolated IMCDs and examined their metabolic 
characteristics. In the absence of exogenous substrate, IMCD 
can maintain cellular ATP and respire normally, which is 
evidence for the presence of significant endogenous substrate. 
In the presence of rotenone, an inhibitor of oxidative 
phosphorylation, glycolysis increased 56%, which provides 
evidence for anaerobic metabolism, as supported by enzymatic 
profiles. Inhibition of sodium pump activity reduced QO2  
by 25% to 35%, which provides evidence for a requirement 
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(see Chapter 10). As an inherent consequence of this coun-
tercurrent mechanism for maintaining a medullary osmotic 
gradient, there arises a negative oxygen gradient from cortex 
to inner medulla, where Po2 falls to 10 mm Hg.73 This results 
from the combination of slow blood flow through the vasa 
recta, O2 consumption by active transport in the outer medul-
lary TAL, and diffusion of O2 from descending to ascending 
vasa recta.73 This leaves the medullary tissue at the brink of 
hypoxia, especially the stripe of outer medulla where the S3 
segment of the proximal tubule and medullary TAL lie, 
making these segments most vulnerable to ischemic injury 
as they reabsorb significant fractions of filtered Na+.

Consideration of O2 transport was incorporated into a 
mathematical model of the rat outer medulla by Chen and 
colleagues.74,75 The model takes into account fine details of 
the medullary anatomy, which includes positioning of the 
long descending vasa recta in the center of vascular bundles 
and the positioning of the TAL and collecting ducts at some 
distance from those vascular bundles. The model predicts 
steeply declining O2 gradients from vascular bundles to the 
corresponding TALs and a compromise between the TAL 
and inner medulla with respect to the provision of oxygen.76

In most organs, tissue oxygen can be stabilized by metabolic 
regulation of blood flow. In such an arrangement, vasoactive 
end products of metabolism due to increased metabolic 
activity and oxygen utilization produce a signal that results 
in more blood flow to that organ. A unique feature of renal 
oxygenation is that the kidney cannot rely on this simple 
mode of metabolic autoregulation because, unlike other 
organs that receive blood solely to supply the metabolic needs 
of the organ, the kidney also receives blood to perform the 
functions of glomerular filtration and tubule transport.

RBF creates its own demand because it determines GFR, 
which in turn determines the rate of sodium reabsorption, 
which is the main determinant of Qo2.

77,78 If the kidneys 
were to modulate RBF as a means of stabilizing renal O2 
content, this would create a vicious cycle of positive feedback 
in which increased O2 delivery would increase O2 consump-
tion, which would call for more O2 delivery. Positive feedback 
is inherently destabilizing, so this arrangement alone could 
not work to stabilize either RBF or renal O2 content. Hence, 
the kidney is compelled to invoke mechanisms that are more 
complex. There are two generic routes for the kidney to 
stabilize its O2 content. One is to dissociate RBF from GFR. 
The other is to alter the metabolic efficiency of Na+ transport 
(Table 5.2). Further details are discussed shortly.

Ultimately, the rate at which the kidney consumes oxygen 
must be linked to GFR. This is true because the main use 

CONTROL OF RENAL OXYGENATION

The kidneys are faced with the challenge of maintaining 
intrarenal oxygen levels so as to avoid both hypoxia, which 
leads to energy failure, and hyperoxia, which promotes oxidant 
damage.63 Determinants of renal oxygenation and tissue 
oxygen tension (Po2) include (1) RBF and oxygen content 
of arterial blood; (2) the oxygen consumed by the cells; and 
(3) arterial-to-venous (AV) oxygen shunting, which entails 
the diffusion of oxygen from preglomerular arteries to 
postglomerular veins without being available to the cell for 
consumption.

RENAL BLOOD FLOW, OXYGEN CONSUMPTION, 
AND AV OXYGEN SHUNTING

The kidney enjoys a high blood flow, nearly 25% of the 
cardiac output, which is needed to sustain GFR. Compared 
with other major body organs, renal Qo2 (product of RBF 
and renal oxygen extraction) per gram of tissue is high, 
second only to the heart (2.7 mmol/kg/min vs. 4.3 mmol/
kg/min for the heart).1 Renal Qo2 is largely driven by the high 
RBF because renal oxygen extraction itself is low. Although 
RBF is high and renal oxygen extraction is low, the renal 
cortex is vulnerable to hypoxia.64 It has been hypothesized 
that renal AV oxygen shunting is an adaptation to prevent 
hyperoxia in the setting of the high renal perfusion needed 
to sustain GFR. However, such shunting can be detrimental 
in conditions of oxygen demand-supply mismatch.63

The phenomenon of O2 shunting from descending to 
ascending vasa recta in the medulla has been accepted,65 
yet little else is known regarding the location of shunting 
in the cortex or its impact on oxygenation. Evidence for AV 
O2 shunting in the kidney cortex was provided when it was 
shown, using oxygen-sensing microelectrodes, that the oxygen 
tension is substantially higher in the renal vein (50 mm Hg) 
than in efferent arterioles (45 mm Hg) or tubules (40 mm 
Hg).67,68 The fraction of oxygen subject to preglomerular 
AV O2 shunting and impact on delivery of O2 to the renal 
cortex was recently examined by independent groups using 
computer model simulations. A 2015 study concluded that 
preglomerular O2 shunting was negligible and unlikely to 
impact renal oxygenation.69 The issue was raised that the 
model may not have sufficiently considered the impact of 
wrapped artery–vein pairs (with short diffusion and no O2 
sink) that would facilitate AV O2 shunting.70 A 2017 study 
examining the preglomerular AV O2 shunting concluded that 
although the AV shunting would have only a small impact 
under baseline conditions, it would exacerbate hypoxia during  
renal ischemia.71

Noting the similarity of tissue Po2 in the kidney and in 
other organs, some have argued that the renal AV O2 shunt 
is an adaptive mechanism for preventing the exposure of 
cortical tubules to toxic levels of oxygen while permitting a 
high RBF, which is needed for clearance.72 As mentioned 
earlier, there is substantial shunting of oxygen from descend-
ing to ascending vasa recta in the renal medulla due to 
countercurrent flow in these vessels. Countercurrent flow in 
“hairpin loops” formed by the vasa recta facilitates the 
recycling of solutes to the inner medulla, where a high 
osmolarity is essential to the formation of concentrated urine 

Table 5.2 Mechanisms for Changing the  
Amount of Oxygen Consumed per 
Work Performed

Dissociate glomerular filtration rate from renal blood flow.

Alter the amount of O2 consumed per Na+ reabsorbed.

Shift transport between tubular segments that make more or 

less use of passive reabsorption.

Alter back-leak permeability of the tubule.

Change the coupling ratio of adenosine triphosphate 

generated to O2 consumed by mitochondria.
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Adenosine also plays an important role in stabilizing 
medullary energy balance through local adjustments in blood 
flow and transport along with other autocrine and paracrine 
factors, including vasodilatory prostaglandins and nitric oxide, 
which increase medullary blood flow while inhibiting sodium 
transport in the TAL.48,86,87 Adenosine, in particular, is a case 
study in local metabolic regulation by negative feedback in 
the medulla. When ATP levels decline, adenosine is released 
from TAL cells into the renal interstitium, where it binds to 
adenosine A1 receptors and inhibits Na+ reabsorption in the 
TAL and IMCD. This has the effect of increasing Po2 by 
reducing Qo2. The same pool of adenosine also activates 
vascular adenosine A2 receptors in the deep cortex and 
medullary vasa recta to increase blood flow.88,89

By these mechanisms, the TAL looks after its own interest. 
But because TAL sodium reabsorption normally exceeds the 
urinary sodium excretion by 40-fold, any significant decline 
in TAL reabsorption must be compensated for by increasing 
active transport somewhere else or by reducing GFR through 
TGF. Activation of A1 receptors in the glomerulus, proximal 
tubule, or TAL contributes to lessening the amount of work 
imposed on the hypoxic outer medulla, whereas activating 
A2 receptors in the vasa recta supports O2 delivery to the 
medulla (summarized in Fig. 5.12).

METABOLIC COST OF SODIUM REABSORPTION

The cost of renal sodium transport can be estimated from 
the sodium pump stoichiometry and the amount of oxygen 
required to produce ATP. Sodium pump stoichiometry dictates 
that hydrolysis of one ATP molecule is coupled to the transport 
of 3 Na+ ions out of the cell and 2 K+ ions into the cell,4 and 
oxidative metabolism generates approximately 6 ATP mol-
ecules per O2 molecule consumed (see Table 5.1 and Fig. 
5.4). In the 1960s, several investigators undertook measuring 
the metabolic cost of tubular reabsorption in various species 
of mammals. There is fair consensus among four oft-cited 
studies published between 1961 and 1966 that the relationship 
between QO2 and TNa is linear and that the kidney reabsorbs 
25 to 29 Na+ ions per molecule of O2 consumed in the 
process.90–93 A representative figure from one of these studies 
is shown in Fig. 5.13.

If one assumes that kidney mitochondria make 6 molecules 
of ATP per molecule of O2, the kidney must then reabsorb 
4 to 5 Na+ per ATP molecule. This exceeds the 3:1 stoi-
chiometry of the Na+-K+-ATPase, which was known at the 
time (reviewed in Burg and Good).94 Because there are 
thermodynamic difficulties with the idea of an undiscovered 
basolateral sodium pump capable of forcing 5 Na+ from a 
tubular cell with energy from a single ATP molecule, it was 
surmised that a considerable fraction of overall sodium 
reabsorption must be passive and paracellular, as is now  
accepted.

It was later suggested, by Cohen43 and others, that these 
calculated ratios of Qo2/TNa actually underestimate the true 
efficiency of sodium reabsorption because a fraction of the 
oxygen consumed during Na+ transport is also spent metaboliz-
ing organic substrates that enter the cell by Na cotransport. 
The most important example of this is lactate, which is 
converted to glucose in the proximal tubule via the Cori 
cycle. The capacity for renal gluconeogenesis from lactate 
is large, and it has been estimated that the kidney can consume 

of oxygen is to support the reabsorption of the filtered sodium, 
which is linked to GFR by glomerulotubular balance (GTB). 
GTB describes the direct effect of the filtered load on tubular 
reabsorption, and it operates in all nephron segments, 
although the mechanism differs between segments. In the 
proximal tubule, shear strain tied to increased tubular flow 
exerts torque on the apical microvilli, which leads to upregula-
tion of apical sodium transporters.79,80 In cases in which filtra-
tion fraction increases, the parallel increase in peritubular 
capillary oncotic pressure will increase the Starling force 
driving fluid reabsorption. In the TAL, flux through NKCC2 
is limited by chloride concentration, which declines more 
slowly along the TAL at high flow rates. But although GTB 
applies to net reabsorption, increased flow rate in the tubule 
also shortens the time that a given sodium ion is exposed 
to the reabsorptive machinery. This leads to the prediction 
that GTB can do no better than maintain constant fractional 
reabsorption.78

TUBULOGLOMERULAR FEEDBACK

Significant fluctuations in RBF, GFR, and filtered Na+ load 
would overwhelm the kidney’s ability to accurately match Na+ 
and volume output to input and compromise homeostasis 
of extracellular fluid volume. This does not normally occur 
because RBF and GFR are tightly controlled by the tubulo-
glomerular feedback (TGF) mechanism (described in detail 
in Chapter 3). In short, if RBF and/or GFR increases and 
GTB maintains a constant fractional reabsorption along the 
proximal tubule, an increasing amount of salt will be deliv-
ered to the macula densa, which sets off the TGF response. 
Specifically, increases in apical NaCl delivery or flow to this 
region provoke the cells of the macula densa to release ATP 
into the interstitium surrounding the afferent arterioles. This 
response is dependent on the basolateral Na+-K+-ATPase to 
maintain the inward-directed Na+ gradient.81 ATP release 
is via maxi-anion channels.82 Some fraction of the released 
ATP is converted to adenosine by local ecto-nucleoside 
triphosphate diphosphohydrolase 1 (ecto-NTPDase1) and 
ecto-5′-nucleotidase.83 This adenosine activates A1 adenosine 
receptors on the afferent arteriole, causing vasoconstriction. 
The arteriolar constriction reduces RBF and GFR in concert 
until Na+ delivery to the macula densa is realigned. Thus, 
an inverse relationship is established between tubular NaCl 
load and the GFR of the same nephron.77

Due to the time it takes for information to pass through 
the TGF system, the system is prone to oscillate with a period 
of around 30 seconds. Rhythmic oscillations of kidney Po2 
occur at the same frequency as TGF-mediated oscillations 
in tubular flow. This illustrates the simultaneous influence 
of TGF over minute-to-minute tubular flow rate and oxygen 
levels in the kidney.84

Adenosine mediates TGF as a vasoconstrictor. Adenosine-
mediated vasoconstriction is unique to the afferent arteriole. 
In all other beds where adenosine is vasoactive, it exerts a 
vasodilatory effect mediated by A2 receptors. In addition to 
adenosine receptors, the afferent arteriole expresses P2X 
purinergic receptors that also mediate a vasoconstrictor 
response, in this case to interstitial ATP. These P2X receptors 
are essential to pressure-mediated RBF autoregulation,85 but 
adenosine A1 receptors are sufficient to explain the TGF 
response.83
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tubule responsible for sodium reabsorption is the tight junc-
tion protein channel claudin-2.95 Free energy for paracellular 
reabsorption is available in the mid-proximal tubule and early 
TAL.94 In the proximal tubule, the driving force for the passive 
transport develops as a result of the preferential absorption 
of bicarbonate over chloride earlier in the tubule.96,97

The decline in tubular bicarbonate concentration is paral-
leled by a rise in chloride concentration as water follows Na+, 
HCO3

–, and organic osmoles across the leaky proximal tubule 
(see Chapter 5). This favorable lumen-to-blood Cl– gradient 
drives passive paracellular chloride reabsorption. The 
transepithelial voltage that arises from electrodiffusion of 
chloride, in turn, drives passive sodium reabsorption. Because 
the NaCl reflection coefficient is less than that for NaHCO3 
in this region,96 coupled sodium chloride reabsorption also 
occurs secondary to solvent drag.98 Although estimates vary, 
this passive reabsorption may increase the number of Na+ 
ions reabsorbed to O2 molecules consumed in the proximal 
tubule from 18 to 48.99 As discussed in a previous section, 

up to 25% as much energy converting lactate to glucose as 
it spends reabsorbing sodium.43

The metabolic cost of active sodium transport is expected 
to vary along the nephron. As reviewed earlier, the overall 
stoichiometry of Na+ reabsorbed to O2 consumed is estimated 
at 25 to 30 (microequivalents Na+/micromoles O2).90,92 This 
ratio translates to 5 Na+ reabsorbed for every ATP molecule 
consumed, which is much higher than the ratio of 3 Na+ to 
every ATP molecule predicted by sodium pump stoichiometry. 
In fact, one might expect a ratio lower than 3 because of 
the basal metabolic functions of the kidney that are inde-
pendent of sodium transport (i.e., insensitive to the Na+-K+-
ATPase inhibitor ouabain) (Fig. 5.14) and because of tubular 
back-leak.

One reason for this higher than expected efficiency of 
sodium reabsorption is that the kidney can leverage excess 
free energy in the gradients created by primary and secondary 
active transport to drive passive paracellular reabsorption 
of sodium chloride. The paracellular route in the proximal 

Tubuloglomerular feedback Along the nephron Proximal tubule

mTALH/IMCD Medulla

Medulla

Cortex

Vasa
recta

GFR

GFR[ADO]

[ADO]

[ADO]

[ADO]

[ADO] [ADO]

MBF

FNa

FNa TNa

TNa

PO2

TNa

TNa

FNa
[Na-CI-K]MD

[Na-CI-K]MD

3 2

4 1
5 6 7

98

Fig. 5.12 Role of extracellular adenosine (ADO) in protecting the renal medulla from hypoxia. The line plots illustrate the relationships between 

the given parameters. Small circles on these lines indicate ambient physiologic conditions. (1) A rise in glomerular filtration rate (GFR) increases 

the Na+ load (FNa) to the tubular system in cortex and medulla. (2) This rise in FNa increases the salt concentration sensed by the macula densa 

([Na-Cl-K]MD). (3) The increase in [Na-Cl-K]MD, in turn, enhances local ADO. (4) ADO lowers GFR and thus FNa, which closes a negative feedback 

loop and thus provides a basis for an oscillating system. (5) FNa determines Na+ transport work (TNa) and O2 consumption in every nephron 

segment, and thus oscillations in FNa may help protect the medulla. (6) A rise in TNa increases ADO along the nephron. (7) In the cortical proximal 

tubule, ADO stimulates TNa and thus lowers the Na+ load to segments residing in the medulla. (8) In contrast, ADO inhibits transport work in 

the medulla, including medullary thick ascending limb (mTAL) and inner medullary collecting duct (IMCD). (9) In addition, ADO enhances medullary 

blood flow (MBF), which increases O2 delivery and further limits O2-consuming transport in the medulla. (Modified from Vallon V, et al. Adenosine 

and kidney function. Physiol Rev. 2006;86:901–940.)
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blunting paracellular reabsorption in the claudin-2–null 
mouse increases the oxygen consumption cost of TNa by 
shifting it from paracellular to transcellular reabsorption, 
supporting the idea that paracellular transport is required 
for energy efficiency of oxygen utilization in the service of 
the large fraction of Na+ reabsorption that occurs in the 
proximal tubule.55

Simultaneously blocking both cytosolic and membrane 
carbonic anhydrase with acetazolamide reduces bicarbon-
ate reabsorption and Qo2 in a 16:1 molar ratio as expected 
for simple coupling to the sodium pump.100 But inhibit-
ing bicarbonate reabsorption with a membrane-specific 
carbonic anhydrase inhibitor, which acidifies the tubular 
lumen, paradoxically increases Qo2 both in vivo and in 
isolated proximal tubules, an effect that is prevented by also 
blocking the apical Na+/H+ exchanger NHE3.101 A simple 
explanation is lacking for why increasing the cell-to-lumen 
proton gradient should increase Qo2 in the proximal tubule, 
but these results establish the phenomenon in vitro and  
in vivo.

The early portion of the TAL is also capable of paracellular 
Na+ reabsorption. In this region, Na+ can be transported 
transcellularly by the apical Na-K-2Cl cotransporter or apical 
Na+/H+ exchanger, secondary to a high density of Na+-K+-
ATPase extruding Na+ across the basolateral membranes. In 
addition, Na+ can be reabsorbed paracellularly as long as 
there is a lumen-positive transepithelial voltage sufficient to 
overcome the force for back diffusion associated with an 
unfavorable concentration difference. A lumen-positive voltage 
develops in the TAL because the apical membrane has a 
high concentration of K+ channels, whereas the basolateral 
membrane has both K+ and Cl– channels. As predicted by 
the Goldman-Hodgkin-Katz voltage equation, the chloride 
conductance causes the basolateral membrane potential to 
be less negative than the apical membrane potential, which 
results in a positive transepithelial gradient.102,103

Further along the nephron in the distal tubule and col-
lecting duct, the tubular fluid sodium concentration is too 
low to allow paracellular reabsorption of sodium. In those 
segments, a lower limit on the cost of Na+ reabsorption is 
set by the 3 Na+/1 ATP ratio of the sodium pump. Although 
active transport of sodium is a pacemaker for renal respiration, 
there are ways to reset the relationship of Qo2 to sodium 
pump activity. Examples of this were provided by Silva and 
Epstein, who measured both O2 consumption and Na+-K+-
ATPase activity in rat kidney slices in which an increase in 
the latter had been induced by prior treatment of the animals 
with triiodothyronine (T3), methylprednisolone, potassium 
loading, or subtotal nephrectomy. Although each of these 
maneuvers increased ex vivo sodium pump activity, only T3 
and methylprednisolone increased Qo2.

104

It has also been shown that the thermogenic effect of 
catecholamines, normally associated with brown fat and 
striated muscle, also occurs in the kidney, which responds 
to dopamine infusion with a near doubling of overall meta-
bolic rate, but minimal change in sodium reabsorption.105 
Dopamine inhibits Na+ reabsorption in the proximal 
tubule,106,107 thereby shifting the reabsorptive burden to less 
efficient downstream segments. However, heat accumulates 
in both cortex and medulla during dopamine infusion, which 
suggests that the mechanism may be a direct effect of catechol-
amines on renal metabolism. In addition, an increase in RBF 
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Fig. 5.13 Oxygen consumption as a function of net sodium reabsorp-

tion in whole dog kidney. Filled circles, control; open circles, hypoxia; 

squares, hydrochlorothiazide. The slope of the line fitted to the data 

points represents QO2/TNa and is approximately 1/28. (Modified from 

Thurau K. Renal Na-reabsorption and O2-uptake in dogs during hypoxia 

and hydrochlorothiazide infusion. Proc Soc Exp Biol Med. 1961;106:714–

717; and Mandel LJ, Balaban RS. Stoichiometry and coupling of active 

transport to oxidative metabolism in epithelial tissues. Am J Physiol. 
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Components of renal epithelial oxygen consumption

(QO2) Ouabain sensitive
• Primary active transport
   - Na+-K+-ATPase
• Coupled transport
   - Secondary Na-coupled transport
   - Tertiary coupled transport

Ouabain insensitive (basal)
• Primary and secondary active transport not coupled to

Na+-K+-ATPase
• Cell repair, growth
• Synthetic functions
  - Lipid synthesis
  - Gluconeogenesis
• Substrate interconversions

Fig. 5.14 A large fraction of renal epithelial oxygen consumption 

(QO2) in renal cells is sensitive to the Na+-K+-ATPase–specific inhibitor 

ouabain, and this QO2 drives primary active transport and transport 

coupled to sodium pump activity. The fraction of renal oxygen consump-

tion that does not change in the presence of ouabain is, by definition, 

independent of Na+-K+-ATPase activity in the cell and is roughly 

equivalent to the basal QO2, which fuels transport not coupled to 

sodium gradients, cell repair and growth, biosynthesis, and substrate 

interconversions. 



 CHAPTER 5 — METABOLIC BASIS OF SOLUTE TRANSPORT 149

PHYSIOLOGIC REGULATION: FILTRATION 
FRACTION AND QO2/TNA

As reviewed earlier, there are two generic routes for the 
kidney to achieve a stable content of O2: dissociation of RBF 
from GFR, and alteration of Qo2/TNa (see Table 5.2). Both 
routes are subject to regulation. Dissociating RBF from GFR 
equates to changing the glomerular filtration fraction. This 
can work to stabilize kidney O2 because lowering the filtration 
fraction increases the ratio of supply to demand for O2. For 
nephrons in filtration equilibrium, this requires independent 
control of the afferent and efferent arterioles, which can be 
achieved by modulating relative activities of purinergic, 
angiotensin, nitric oxide, and other signaling systems in the 
glomerulus. A full discussion of glomerular hemodynamics 
is available in Chapter 3, but a few features are noted here.

To begin, filtration fraction can be lowered by constricting 
the afferent arteriole (which reduces net O2 delivery) or 
dilating the efferent arteriole (which increases net O2 deliv-
ery). Constricting the afferent arteriole confers initial energy 
savings by reducing GFR faster than RBF, but there is 
diminishing return as O2 delivery declines toward the basal 
requirement. Dilating the efferent arteriole reduces GFR 
only when glomerular capillary pressure is low to begin with, 
such as during hypotension or with high afferent resistance.112 
When angiotensin II acts on the afferent and efferent 
arterioles to stabilize GFR in the face of low blood pressure 
or high upstream resistance by preferentially constricting 
efferent arterioles, the kidney is accepting a decrease in the 
ratio of O2 supply to O2 demand. Conversely, adenosine 
signaling in the glomerulus decreases filtration fraction and 
so manages to stabilize nephron function without compromis-
ing the O2 supply–demand balance. Adenosine in the 
nanomolar range constricts the afferent arteriole via high-
affinity A1 adenosine receptors. Higher adenosine concentra-
tion dilates the efferent arteriole via low-affinity A2 adenosine 
receptors. Interstitial adenosine concentration rises as more 
NaCl is delivered into the nephron. The prototype for this 
is the TGF signaling through the macula densa, although 
other sources are not precluded (see Fig. 5.12). When the 
kidney is operating in the domain of modest distal delivery, 
increasing the TGF signal constricts the afferent arteriole. 
When the kidney is operating in the domain of high distal 
delivery, further increase causes the efferent arteriole to 
dilate,113 which can be viewed as a shift in priority toward 
maintaining the O2 supply as the supply diminishes.

The second generic means for stabilizing kidney O2 is to 
alter Qo2/TNa. As mentioned earlier, studies in the 1960s 
established the linear relationship between Qo2 and TNa. 
Each adopted a similar standard, which was to express 
suprabasal renal Qo2 as a function of TNa. Suprabasal O2 
consumption was obtained by subtracting from total O2 
consumption the amount required for basal metabolism. 
The latter was determined by various methods. One method 
was to plot Qo2 against TNa and then extrapolate to the 
y-intercept to obtain basal Qo2. Another approach was to 
reduce renal perfusion pressure to the point that glomerular 
filtration ceased, then ascribe the residual measured Qo2 to 
basal metabolism. These approaches for obtaining basal O2 
consumption have their unique limitations, and both require 
the dubious assumption that basal metabolism is static under 
most conditions and is unaffected by TNa per se. Nonetheless, 

by dopamine could be responsible for the increased renal 
oxygen consumption, which is the product of RBF and renal 
oxygen extraction.

Weinstein and Szyjewicz108,109 also examined Qo2/TNa using 
10% body weight short-term saline expansion as another way 
to inhibit proximal Na+ reabsorption in rats. This maneuver 
reduced fractional Na+ reabsorption by 30% in the proximal 
tubule, leading to a GTB-mediated increase in net reabsorp-
tion downstream of the proximal tubule. Yet overall Qo2 
did not increase but actually fell. It was conjectured that 
energy for this increase in downstream reabsorption was 
derived anaerobically, but the full details of this remain to be 
clarified. It appears that the energy cost of transport in the 
proximal versus distal nephron during inhibition of proximal 
tubule transport depends on the nature of the stimulus 
provoking the change in transport as well as the metabolic  
environment.

Energetic efficiency of Na+ reabsorption is highly variable 
along the nephron, in large part due to the presence of 
paracellular pathways for reabsorption in “leaky” epithelia 
such as the proximal tubule that can take advantage of 
favorable concentration and electrochemical gradients to 
reabsorb Na+ without requiring ATP hydrolysis. Thus, if 
proximal reabsorption is lower (as in females) or reduced, 
the shift of TNa to more distal sites should provoke an increase 
in Qo2 driven by higher active uphill transcellular Na+ 
reabsorption. The example of the cldn-2 null mouse is 
provided earlier as an example.55 Layton et al. now provide 
computational models that assess how shifting TNa from one 
region to another or inhibiting TNa in a region-specific manner 
alters overall Qo2.

110,111 In this model, increasing single-
nephron GFR did not alter the efficiency of reabsorbing Na+ 
in the proximal tubule (TNa/Qo2) while it increased TNa/
Qo2 downstream secondary to higher paracellular TNa due 
to higher luminal [Na+]. This finding suggests that the 
proximal S3 segment and medullary thick ascending limb 
(which are vulnerable to hypoxia) are buffered from higher 
Qo2 in response to increased flow and substrate delivery.110 
When the model was applied to an examination of the effects 
of inhibiting individual transporters, the impact of inhibiting 
the proximal tubule NHE3 was most pronounced, not 
unexpected given the fact that the NHE3 reabsorbs 36% of 
filtered Na+ at baseline. Overall, inhibiting NHE3 by 80% 
reduced GFR by 30% (mediated by TGF) and reduced whole 
kidney TNa/Qo2 by 20%, explained by far less proximal 
paracellular TNa and the shift of TNa to less efficient distal 
regions. Interestingly, the model predicts that NHE3 and 
NKCC2 inhibition increase CNT and CD ENaC-mediated 
TNa/Qo2 secondary to increased luminal Na+. Inhibition  
of NKCC2, NCC, or ENaC, although changing urine volume, 
Na+ and K+ excretion as predicted, did not change whole 
kidney TNa/Qo2.

111

RENAL OXYGENATION AND 
METABOLISM DURING NORMAL 
PERTURBATIONS AND DISEASE

The kidneys have developed multiple mechanisms to minimize 
changes in oxygen delivery and to cope with a reduction in 
Po2. Some of these are specific to the kidney, whereas others 
are generic to many tissues as discussed next.
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the cortical TAL to the CD, in regions with higher Qo2/TNa, 
and inhibition or no stimulation of sodium transporters in 
the proximal nephron, where Qo2/TNa is lower.130,131 Studies 
in spontaneous hypertensive rats have suggested opposing 
effects of angiotensin II and nitric oxide on the Qo2/TNa ratio 
in the kidney.132 Rats with angiotensin-induced hypertension 
demonstrated an increased Qo2/TNa that was reversed by a 
mimetic of superoxide dismutase, which is consistent with 
the theory that many angiotensin II effects are mediated by 
upregulating the activity of reduced nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase.129 In addition, 
there is evidence that angiotensin II contributes to mitochon-
drial dysfunction and oxygen consumption in aging rats.133

There is also evidence for a self-contained, intrarenal 
renin-angiotensin system that operates independently of the 
systemic renin–angiotensin system (RAS).134–137 It is possible 
to dissociate tubular and whole-kidney angiotensin II in the 
regulation of proximal reabsorption and salt homeostasis.137 
For example, a low-salt diet activates the systemic RAS and 
increases renal sodium reabsorption without any measurable 
increase in intrarenal synthesis of angiotensin II,138 whereas 
a high-salt diet has a predictable inhibitory effect on plasma 
and whole-kidney angiotensin II but, surprisingly, leads to 
increased angiotensin II content of proximal tubular fluid. 
This finding explains why the tonic influence of endogenous 
angiotensin II over proximal reabsorption fails to decline 
with consumption of a high-salt diet. Thus, whereas the 
systemic RAS is oriented toward salt homeostasis, it appears 
that the tubular angiotensin II system is oriented toward a 
stable salt delivery beyond the proximal tubule.137

The role of angiotensin II in kidney metabolism is impli-
cated in the ablation/infarction remnant kidney model of 
chronic kidney disease (CKD). Oxygen consumption factored 
for nephron number or TNa has been shown to be elevated 
in this model139–141 and lowered by various treatments including 
angiotensin blockade.139 A connection has also been estab-
lished recently between local accumulation of the Krebs cycle 
intermediate succinate and activation of the RAS.142 Succinate 
can accumulate extracellularly when oxygen supply does not 
match demand. In the extracellular fluid, it can bind to its 
G protein–coupled receptor, GPR91. Po2 in the juxtaglo-
merular region is reduced in the hyperglycemia of diabetes, 
and succinate levels are very high in urine and renal tissue 
of diabetic animals. Inhibition of the Krebs cycle’s succinate 
dehydrogenase complex causes robust renin release. This 
effect is amplified in high-glucose conditions or with added 
succinate. In summary, GPR91-mediated signaling in the 
juxtaglomerular apparatus could modulate glomerular filtra-
tion rate and RAS activity in response to changes in metabolism 
(especially after a meal when glucose level is elevated). 
Pathologically, GPR91-mediated signaling could link metabolic 
diseases (such as diabetes) with RAS activation, systemic 
hypertension, and organ injury.

HYPOXIA AND ISCHEMIA

Intrarenal hypoxia has been proposed as a final common 
pathway to progression of CKD.143 In late stages of CKD, 
rarefaction of capillaries and other structural changes have 
been implicated in the decrease in oxygen supply leading to 
hypoxia. However, intrarenal hypoxia has been demonstrated 
in the early stages before any structural changes.144 High 

these studies attempted to measure and incorporate the 
contribution of basal Qo2 to the total Qo2. In the recent 
literature, the ratio of total Qo2 to TNa has been represented 
as an index of metabolic efficiency of transport, ignoring 
the contribution of basal Qo2 to the total Qo2. This can lead 
to inaccuracies as estimates of basal metabolism have varied 
widely in the published literature, indicating its susceptibility 
to different experimental conditions.114 For example, the 
proximal tubule can devote considerable energy to gluco-
neogenesis, especially in the postabsorptive or fasting states, 
and in diabetes.41,115,116 In light of the fact that oxygen can 
be diverted to do other work, an increase in Qo2/TNa is not 
necessarily due to “decreased transport efficiency.”

The specific factors contributing to this Qo2/TNa stoichiom-
etry as well as to the basal metabolic rate in the kidney have 
been the subject of numerous reviews.117,118 It is theoretically 
possible to alter Qo2/TNa in a number of ways (see Table 5.2):

1. Transport could be shifted from the proximal tubule, 
where efficient use of energy from the Na+-K+-ATPase drives 
passive transport, to other segments where all Na+ reab-
sorbed passes through the Na+-K+-ATPase.

2. Tubular back-leak permeability could change, which would 
affect the number of times that a given Na+ ion must be 
reabsorbed to escape excretion into the urine.

3. The ratio of ATP produced per O2 consumed could be 
altered by the regulated activity of UCPs (see Fig. 5.3).25

4. ATP could be diverted to gluconeogenesis, such as during 
fasting.

The same neurohumoral factors that exert well-known 
effects on glomerular hemodynamics and O2 supply, including 
nitric oxide, angiotensin II, adenosine, and catecholamines, 
also appear to participate in the regulation of kidney metabo-
lism and Qo2 by the tubule. It has been shown119,120 that the 
administration of nonselective nitric oxide synthase (NOS) 
inhibitors increases Qo2/TNa. Other experiments suggested 
that NOS-1 is the specific isoform that regulates this action 
in vivo.119 The changes in Qo2 with NOS inhibition may occur 
due to (1) a shift in the site of sodium reabsorption to a less 
efficient nephron segment; (2) decreased efficiency of 
transport in the proximal tubule (i.e., decrease in the passive 
component of reabsorption); or (3) less efficient use of O2 
by mitochondria. For example, nitric oxide given directly to 
a proximal tubular cell is both a proximal diuretic121 and a 
competitive inhibitor of O2 flux through the ETC in 
mitochondria.122

Most effects of nitric oxide are mediated by cyclic guanosine 
monophosphate, but the mitochondrial effect is presumed 
to occur through the competitive inhibition of cytochrome 
c oxidase.122–124 Studies in normal rats,125 in rats with experi-
mental diabetes,126 and in rats with untreated hypertension127,128 
have found an antagonistic relationship between nitric oxide 
and angiotensin II in terms of both glomerular hemodynamics 
and tubular reabsorption. Specifically, systemic NOS blockade 
causes renal vasoconstriction and activation of TGF, which 
can be prevented by angiotensin II blockers.

A similar antagonistic relationship appears to exist in 
control of kidney metabolism as well. Angiotensin II was 
recently shown to be capable of increasing Qo2 despite 
lowering TNa.

129 Rats and mice with angiotensin-induced 
hypertension exhibit stimulation of sodium transporters from 
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limited. However, in a set of elegant studies in postcardiac 
surgery patients with or without AKI, increased renal O2 
extraction and Qo2/TNa was demonstrated in the AKI group.162 
Improvement in renal oxygenation with loop diuretics due 
to reduction in tubular transport related Qo2 was also 
demonstrated.163

HYPOXIA-INDUCIBLE FACTOR

One of the major transcription factors mediating the cellular 
adaptation to hypoxia is the oxygen-sensitive, hypoxia-
inducible factor (HIF).164 A great body of work by Semenza 
have described the role of HIF as a primary oxygen sensor 
and regulator of cellular oxygen homeostasis.164–167 It accu-
mulates in hypoxic cells, where it acts to regulate gene 
expression. HIF consists of a labile α subunit (HIF1α, HIF2α, 
HIF3α) and a constitutive β subunit. These subunits het-
erodimerize to form a transcriptional complex that translocates 
to the nucleus and binds to hypoxia response elements of 
various hypoxia responsive genes.168,169 HIF1α and HIF2α 
have been well studied, have similar structures, and have 
significant overlap in their actions on target genes; however, 
some target genes appear to be exclusively under the regula-
tion of one or the other. Their renal tissue expression patterns 
also differ, with predominant expression of HIF1α in the 
tubular epithelial cells and HIF2α in the interstitial fibroblasts 
and peritubular endothelial cells in the hypoxic kidney.170,171 
There is limited information regarding the function and 
actions of HIF-3α.

During adaptation to hypoxia, HIF1α and 2α regulate the 
expression of many genes that regulate oxygen delivery and 
consumption. Changes that culminate in a rise in erythro-
poiesis, vasodilation, and tissue vascularization all increase 
oxygen delivery.172,173 Another set of responses conserve energy 
by decreasing substrate movement into the tricarboxylic acid 
cycle, increasing cellular glucose uptake and glycolytic enzymes 
to increase anaerobic ATP production and shifting the cell 
towards glycolytic metabolism.167 HIF-1α also has significant 
effects on mitochondrial metabolism; specifically, it diminishes 
NADH supply to the ETC, induces a subunit switch in complex 
IV of ETC to optimize its efficiency in hypoxia, and represses 
mitochondrial biogenesis and respiration.174,175 Finally, HIF-1α 
also induces mitochondrial autophagy as an adaptive metabolic 
response to prevent increased levels of reactive oxygen species 
(ROS) generation and cell death in hypoxia.176

Recently, HIF-1 α has also been recognized as a regulator of 
salt transport. High-salt intake increased HIF-1 α expression in 
the renal medulla.177 Inhibition of HIF-1α in the renal medulla 
decreased medullary blood flow, and blunted urine flow and 
urinary Na excretion. In the presence of HIF-1α inhibitor, 
rats on a high-salt intake developed positive cumulative salt 
balance and higher blood pressure. Thus, medullary HIF-1α 
inhibition on a high-salt intake leads to resetting of pressure 
natriuresis, Na retention, and salt-sensitive hypertension.178 
HIF-1α expression has been reported in the medulla in a 
normal rat,179 where selective inhibition of medullary HIF-1 
induced significant tubulointerstitial damage. Interestingly, 
HIF-1 expression appeared to correlate with salt transport—an 
increase noted after an increase in medullary workload and a 
decrease in expression noted after inhibiting Na transport in 
the TAL by furosemide administration, which also increased 
medullary Po2.

179

Qo2/TNa has been postulated to be the etiology of tubular 
hypoxia in the early stages of CKD.139 In early experimental 
diabetes, decreased tissue oxygen tension (Po2) has also been 
demonstrated prior to any structural changes associated with 
diabetic nephropathy.145 Various forms of kidney injury, acute 
and chronic, have demonstrated tissue hypoxia in early and 
late stages as discussed later in the chapter.

Blood oxygen level–dependent magnetic resonance imaging 
(BOLD MRI) has been used to measure blood flow, oxygen 
tension, and regional tissue oxygenation in kidney cortex 
and medulla in humans with hypertension. The following 
were compared: kidneys with atherosclerotic renal artery 
stenosis, the kidneys contralateral with the stenotic kidneys, 
and kidneys in individuals with essential hypertension with 
no accompanying stenosis.146,147 In the stenotic kidneys, as 
expected, tissue volume was decreased and blood flow was 
compromised; however, there was no significant decrease in 
Po2 in the cortex or deep medulla compared with the contra-
lateral kidney in the same person or compared with kidneys 
in individuals with essential hypertension. This led the authors 
to postulate that there was reduced oxygen consumption in 
the stenotic kidneys. Consistent with this interpretation, 
furosemide-suppressible Qo2 in the medulla was significantly 
less in the stenotic kidney than in the contralateral kidney 
or kidneys in individuals with essential hypertension.147 The 
association between tissue hypoxia and renal damage has 
also been assessed in patients with renal artery stenosis.148

In diabetic and nondiabetic CKD patients, intrarenal 
hypoxia correlates with renal pathology.149,150 Alterations in 
renal oxygenation in acute transplant rejection have also 
been described.151 Recently, the effect of sodium intake on 
renal tissue oxygenation was investigated.152 In brief, 1 week 
of low-Na+ intake increased renal medullary oxygenation in 
both normotensive and hypertensive subjects, whereas a 
high-Na+ diet reduced medullary oxygenation. Another recent  
study in patients with CKD and hypertension compared with 
healthy controls revealed tight regulation of renal oxygen-
ation at rest but altered response to furosemide in both 
CKD and hypertension groups, suggesting early metabolic 
changes in hypertension.153,154 In many of these studies, 
furosemide was administered to inhibit tubular reabsorp-
tion, which improved medullary oxygenation, demonstrating 
the significant role of Na reabsorption-driven Qo2, even in 
established disease with structural alterations, which impact  
oxygen delivery.

Assessment of tissue hypoxia in acute kidney injury has 
largely been described in animal studies. Studies in an 
ischemia–reperfusion model in rats and pigs demonstrated 
reduced oxygenation and persistent tissue hypoxia in the 
early stages after reperfusion,155,156 which was more prominent 
in the outer medullary regions. These studies were limited 
to early stages after reperfusion (3–4 hours post ischemia). 
Assessment of tissue oxygenation in later stages could provide 
important information regarding the role of hypoxia in repair 
or recovery from AKI and/or transition to CKD. In animal 
studies of sepsis associated AKI, variability in tissue oxygen-
ation has been reported depending on the animal model, 
species, or time point after injury.157–161 However, increased 
renal oxygen extraction despite reduction in GFR and filtered 
load has been described,160,161 indicating inefficiency of oxygen 
utilization and/or changes in basal metabolism of tubular 
cells. Clinical studies assessing renal oxygenation in AKI are 



152 SECTION I — NORMAL STRUCTURE AND FUNCTION

nutrient or glucose deprivation, exercise, hypoxia, or ischemia, 
is detected as a rising concentration of AMP and an increase 
in the AMP/ATP ratio. AMPK is activated by phosphorylation 
of the α catalytic subunit on threonine-172 (Thr172) by 
upstream kinases.186 The binding of AMP to the γ-regulatory 
subunit of AMPK increases its activity in three ways: (1) 
conformational change in AMPK, which allows enhanced 
phosphorylation of the α catalytic subunit on Thr172 by 
upstream kinases, thus, activating AMPK; (2) inhibition of 
dephosphorylation of the catalytic subunit; and (3) direct 
allosteric activation. These three effects, working in concert, 
render the system exquisitely sensitive to changes in AMP, 
and all are antagonized by ATP; thus the importance of the 
AMP/ATP ratio. AMPK acts as a metabolic checkpoint to 
facilitate metabolic adaptation to cellular energetic stress by 
triggering ATP producing pathways such as fatty acid oxida-
tion, glucose uptake, and glycolysis, while inhibiting ATP 
consuming pathways such as fatty acid synthesis, protein 
synthesis, and potentially active transport187 (see Fig. 5.15). 
AMPK also promotes cellular autophagy, an energy conserving 
survival mechanism in low energy states by inhibiting 
mTOR.188,189

There is abundant AMPK expression in the kidney, but 
the understanding of its impact on energy metabolism and 
transport in the kidney is just emerging. The role of AMPK 

HIF activity is regulated by proteasomal degradation during 
normoxia by von Hippel-Lindau-E3 ubiquitin ligase complex 
after being hydroxylated by prolyl 4 hydroxylase domains 
(PHD). Of the three main identified PHDs (1, 2, and 3), 
PHD2 is the main enzyme that targets HIF for degradation 
under normoxia.170 All three PHDs are expressed in the kidney 
and are found predominantly in the distal convoluted tubule, 
collecting duct, and podocytes, and levels are depressed 
during ischemia and reperfusion.169,170 HIF activity is also 
regulated by factor inhibiting HIF (FIH), which inhibits its 
transcriptional activity by hydroxylating an asparagine residue 
within the transactivation domain and prevents the binding 
of coactivators to the HIF transcriptional complex.166

A tremendous amount of progress has been made in 
understanding how HIF helps to maintain O2 homeostasis, 
and the study of this factor in the kidney under normal 
physiologic and pathophysiologic conditions. Particularly, 
the role of HIF stabilization and activation in the kidney to 
stimulate erythropoietin production has been targeted 
therapeutically. Structural analogs of 2-oxyglutarate, which 
are the substrates used by PHDs for HIF hydroxylation, have 
been developed to reversibly inhibit PHD activity. These 
analogs are in phase 2 and 3 clinical trials for treatment of 
anemia by endogenous erythropoietin production in CKD.180 
Recently, the efficacy of Vadadustat, an oral PHD inhibitor, 
was evaluated in a 20-week, double-blind, randomized, placebo-
controlled, phase IIb study in patients with stage 3–5 CKD.181 
Hemoglobin levels were increased and maintained in the 
treatment arm without major adverse effects. Moreover, 
increased iron mobilization was also reported in patients 
treated with Vadadustat. Another oral PHD inhibitor, Roxa-
dustat, was evaluated in an open-label, phase IIb study in 
patients with CKD using different starting doses and frequen-
cies of administration for 16 or 24 weeks.182 The various 
dosing regimens were well tolerated and effective in achieving 
target hemoglobin levels, without the need for additional 
iron supplementation. The same agent has also shown 
effectiveness in patients on incident hemodialysis or peritoneal 
dialysis.183 A third agent, GSK1278863, was evaluated in both 
CKD patients not on dialysis and ESRD patients on dialysis 
in a 4-week, phase IIa study.184 It was safe and well tolerated 
in both populations and produced dose-dependent increases 
in hemoglobin concentrations in the CKD patients, whereas 
only the higher dose was effective in maintaining hemoglobin 
concentrations in the ESRD patients on dialysis. The ease 
of administration, lower peak plasma erythropoietin levels, 
and beneficial effects on iron homeostasis make these oral 
HIF stabilizers attractive alternatives for anemia management 
in CKD. However, longer-duration trials to study efficacy and 
safety of these agents in CKD and ESRD patients are needed.

ADENOSINE MONOPHOSPHATE–ACTIVATED 
PROTEIN KINASE

The energy status of the cell can be detected by the ultrasensi-
tive 5′-adenosine monophosphate (AMP)–activated protein 
kinase (AMPK), which is a ubiquitously expressed, highly 
conserved, key energy sensor and regulator of cellular meta-
bolic activity.185 AMPK consists of a heterotrimer of a catalytic 
subunit (α1 or α2), together with a beta (β1 or β2) and a 
gamma (γ1, γ 2, or γ 3) regulatory subunit. 185 Cellular energy 
stress, which can be due to a variety of conditions, such as 
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homeostasis in diabetes and obesity-associated kidney disease. 
In a recent paper, significant changes in renal metabolism 
with the deletion of a major upstream AMPK activator, liver 
kinase B1 (LKB1), in kidney distal tubules were observed.203 
Expression of AMPK and other key regulators of metabolism 
were significantly diminished and accompanied by tubular 
epithelial injury and interstitial fibrosis. In cultured epithelial 
cells, loss of LKB1 was associated with diminished fatty acid 
oxidation and glycolysis, leading to energy depletion and 
apoptotic cell death. In human kidney samples, lower levels 
of phosphorylated LKB1 and AMPK α2 subunit were seen 
in CKD patients. Thus, the important role of AMPK in regulat-
ing kidney metabolism is being increasingly recognized.

Acute renal ischemia provokes a rapid and powerful activa-
tion of AMPK, but its functional role in the response to 
ischemia remains unclear. There is conflicting evidence in 
the literature regarding the effects of AMPK activation in 
renal ischemia–reperfusion injury.204–207 Similarly, while several 
studies show a beneficial effect of AMPK activation in myo-
cardial ischemia–reperfusion, there are some conflicting 
studies demonstrating deleterious effects of AMPK activation 
in ischemic injury in the heart and brain (as reviewed185). 
Hence, the effects of AMPK activation are likely to be time, 
tissue, and cell-dependent. Whether AMPK abundance or 
its phosphorylation is higher in the hypoxia-prone medulla 
than in the cortex has not yet been investigated, nor have 
studies been conducted examining the effect of AMPK activa-
tion on renal gluconeogenesis or glycolysis.193–195

TUBULAR METABOLISM

Until recently there were limited studies exploring cellular 
metabolism in pathophysiologic conditions. Several recent 
publications have highlighted metabolic alterations in various 
forms of CKD. Moreover, alterations in glucose and fatty 
acid metabolism as early events in the course of diabetic and 
other forms of CKD place metabolic reprogramming central 
to the pathophysiology of CKD.

In mouse models of autosomal dominant polycystic kidney 
disease (ADPKD) and in kidney tissue from patients with 
ADPKD, defective glucose metabolism—specifically, increased 
aerobic glycolysis—was observed.208 Moreover, treatment with 
2-deoxyglucose, an inhibitor of glycolysis, lowered kidney 
weight, volume, cystic index, and proliferation rates in mouse 
models of ADPKD.209 This phenotypic feature of enhanced 
aerobic glycolysis, also known as Warburg effect, is typically 
seen in proliferating cancer cells. In these mice models of 
PKD1 gene inactivation, there was inhibition of liver kinase 
B1(LKB1)-AMPK axis along with activation of mTOR complex 
I pathway, leading to increased glycolysis.208

Besides altered glucose metabolism, changes in fatty acid 
metabolism in the kidney have been described in CKD. In a 
recent paper, Kang et al. described reduced levels of enzymes 
and regulators involved in fatty acid oxidation in mouse models 
of fibrosis.210 In transcriptional analyses of microdissected 
human kidney samples from patients with diabetic or hyper-
tensive CKD changes in fatty acid metabolism, β-oxidation, 
amino acid catabolism, and carbohydrate metabolism were 
observed. Genes related to fatty acid metabolism and their 
key transcriptional regulator complex, PPARA–PPARGC1A, 
were markedly lower in CKD samples compared with samples 
obtained from people with normal kidney function. This was 

in ion transport in the kidney has been recently reviewed.190,191 
Overall, AMPK becomes activated when ATP is limiting, that 
is, when the AMP/ATP ratio increases, and once activated 
it decreases ATP consumption and increases ATP synthesis. 
In the kidney, sodium transport is the major energy-consuming 
process and there is increasing evidence regarding the role 
of AMPK in sodium transport in the kidney and other epi-
thelial cells. AMPK has been shown to inhibit the activity of 
various transport proteins in the lung, gut, and kidney, 
including epithelial Na channel (ENaC) in the kidney col-
lecting duct, Na-K-2Cl cotransporter (NKCC2) in the thick 
ascending limb, and Na+-K+-ATPase in the alveolar epithelial 
cells, particularly during hypoxia (as reviewed191,192). Hallows 
and colleagues have determined that AMPK activation 
depresses transport mediated by the cystic fibrosis transmem-
brane conductance regulator, the epithelial sodium channel, 
the vacuolar H+-ATPase, and NKCC (see Fig. 5.15). A key 
question is whether renal AMPK activation suppresses Na+-
K+-ATPase activity along the nephron. AMPK activation has 
been reported to inhibit lung cell Na+-K+-ATPase transport 
activity mediated by endocytosis,193 but AMPK activation had 
no apparent effect on skeletal muscle Na+-K+-ATPase activity 
or distribution,194 which leaves the question open for the 
kidney, where one report demonstrates that inhibition of 
AMPK induces the endocytosis of Na+-K+-ATPase in Madin-
Darby canine kidney cells.195

AMPK expression in the kidney is seen mainly in the cortical 
thick ascending limb and macula densa cells, and in some 
distal convoluted tubules and collecting ducts.196 Recently, 
AMPK expression in the proximal tubule has also been 
reported.197 Differing results in pAMPK expression in response 
to high salt intake has been observed with increased pAMPK 
in one study196 and reduced expression in another.198 In vivo, 
pharmacologic activation of AMPK in rats fed a high salt 
diet was shown to enhance TGF response and reduce sodium 
reabsorption in the proximal and distal tubule but had no 
effects on these parameters in rats fed a normal salt diet. 198 
Whether these effects are driven by a change in cellular 
metabolism that results in an increase in AMP/ATP levels is 
not clear. Consumption of a high salt diet does decrease the 
fraction of the filtered load of Na+ that is absorbed. Given 
the effect of AMPK activation in inhibiting transporters, the 
findings suggest that AMPK participates in salt and water 
homeostasis. The AMPK pathway may provide another 
important layer of regulation between ATP production by 
mitochondria and ATP consumption by transporters. In the 
Whittam model illustrated in Fig. 5.3, increased active 
transport provokes a decrease in the ATP/ADP ratio, which 
drives increased ATP production by the mitochondria. When 
ATP production by the mitochondria becomes limiting, 
however, AMPK is likely to be activated, which would drive 
a reduction in ATP consumption by active membrane trans-
porters. Thus, AMPK may regulate the coupling of ion 
transport and energy metabolism in the kidney.

Regulation of glucose and lipid metabolism by AMPK in 
pathophysiologic conditions such as diabetic nephropathy 
and CKD has been elucidated in recent publications. In 
animal models of CKD, diabetes, and obesity, reduced AMPK 
activity has been described.199–202 Endogenous AMPK activation 
by targeting adiponectin (adipose tissue–derived cytokine) 
as well as pharmacologic AMPK activation (metformin, 
AICAR) has been shown to improve glucose and lipid 
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mitochondrial genome is distinct from the nuclear genome, 
and it encodes 13 of the 88 protein subunits of ETC complexes 
I through V as well as 22 mitochondrial-specific transfer RNAs 
(tRNAs) and two RNA components of the translational 
apparatus. The nuclear genome encodes the remaining 
respiratory chain subunits as well as most of the mitochondrial 
DNA replication and expression components.

Disorders affecting mitochondrial oxidative phosphoryla-
tion can arise from mutations in either mitochondrial genes 
or nuclear genes encoding respiratory chain components or 
ancillary factors involved in maintenance of ETC function 
or the overall number of mitochondria.212 The incidence of 
genetic mitochondrial disorders is estimated at about 1 in 
5000 births, with the most common affecting the sequence 
of a mitochondrial tRNA for leucine. Such mutations affect 
mitochondrial function in all tissues. Symptoms are evident 
before 2 months of age, and the number of organ systems 
affected increases with age.

Impairment of mitochondrial oxidative phosphorylation 
results in increased levels of reducing equivalents (NADH, 
FADH), which, in the mitochondria, transform acetoacetate 
to 3-hydroxybutyrate and, in the cytosol, transform pyruvate 
to lactate. Thus, elevated levels of lactic acid, ketone bodies, 
and impaired redox status are suggestive of a mitochondrial 
defect disorder.213 If the genetic cause of the impairment 
can be pinpointed, then an appropriate therapy, if available, 
can be implemented to treat these life-threatening disorders; 
for example, coenzyme Q10 enzyme defects can be treated 
with coenzyme Q10 supplementation.212

Myopathies and cardiomyopathies are the most common 
manifestations of mitochondrial disease, and central nervous 
system symptoms, including encephalopathies, are very 
common. Renal system impairment can be present but is 
not seen without other system deficiencies and is usually 
reported in children. Although glomerular disease and 
tubulointerstitial nephropathy have both been reported, the 
most frequently observed is impairment of proximal tubule 
reabsorption, known as de Toni–Debré–Fanconi syndrome, 
in which there are urinary losses of bicarbonate, amino acids, 
glucose, phosphate, uric acid, potassium, and water. All of 
these symptoms can be explained by a lack of ATP to fuel 
Na+-K+-ATPase sufficiently to drive transepithelial transport. 
The symptoms can range from mild to more severe and 
present in the neonatal period in most patients. Biopsy 
specimens show tubular dilations, casts, dedifferentiation, 
and cellular vacuolization. At the cellular level there are 
enlarged mitochondria. Supplements of sodium bicarbonate, 
potassium, vitamin D, phosphorus, and water are called for 
if these symptoms are evident.212,213

Significant changes in mitochondrial function in diabetic 
kidneys have been described and recently reviewed in 
detail.214,215 Early changes in mitochondrial energetics, 
increased mitochondrial fragmentation, and reduced levels 
of PGC1a have been described in diabetic kidneys. In diabetic 
nephropathy, increased metabolism has been shown to be 
associated with mitochondrial dysfunction.211 Assessment of 
oxidative phosphorylation in mitochondria isolated from 
renal cortexes of 24-week-old control and diabetic mice 
showed increased proton leak and diminished mitochondrial 
ATP production. Additionally, total mitochondrial capacity 
was decreased in diabetic mitochondria, and the expression 
of mitochondrial uncoupling protein 2 was increased fourfold. 

associated with higher lipid accumulation in renal tubular 
epithelial cells. Key regulators of glucose utilization were 
also lower in CKD samples. Using elegant experiments with 
genetic and pharmacologic approaches, the reduction in 
fatty acid oxidation was shown to be directly implicated in 
the pathogenesis of renal fibrosis in CKD. Although lipid 
accumulation in tubular cells in CKD patients has been 
reported before, these findings showed convincingly that it 
is the reduction in fatty acid oxidation rather than just the 
accumulation of lipid in tubular cells that plays a role in the 
development of renal fibrosis.

Metabolic reprogramming has also been recently reported 
in diabetic CKD.211 As discussed earlier, proximal tubules are 
largely dependent on mitochondrial oxidative metabolism 
for energy with limited glycolytic capacity. Under physiologic 
conditions, proximal tubules mainly use fatty acids, lactate, 
and glutamine as substrates for energy generation. In diabetes, 
there are increases in plasma concentration of glucose and 
fatty acids. These changes are also found intracellularly in 
various tissues including the kidneys, particularly proximal 
tubules. In an elegant study, Sas et al. provided a compre-
hensive assessment of substrate metabolism in diabetes using 
a systems-based approach that included transcriptomics, 
metabolomics, and metabolic flux analyses to determine 
alterations in glucose and fatty acid metabolism.211 In the 
kidney cortex in a type 2 diabetic mouse model (db/db 
mice), transcriptomic and metabolomic profiling dem-
onstrated an increase in glycolysis, fatty acid β-oxidation, 
and tricarboxylic acid (TCA) cycle flux. Increased renal 
metabolism was associated with increased protein acetylation, 
which is a nutrient sensing posttranslational modification. 
There was also evidence for mitochondrial dysfunction as 
discussed later. Remarkably, transcriptomic analysis of kidney 
biopsy samples in patients with type 2 diabetes identified 
significant enrichment of many pathways involved in fatty acid, 
glucose, and amino acid metabolism and network analysis 
showed results similar to those obtained in db/db mice. In 
another cohort of type 1 diabetic patients enrolled in the 
Finnish Diabetic Nephropathy (FinnDiane) Study, increased 
glycolytic (hexose-6-phosphates, 2,3-phosphoglycerate) and 
TCA cycle metabolites (succinate, fumarate, malate) were 
detected in the urine compared with healthy control subjects. 
Urine samples from a subset of patients from the Family 
Investigation of Nephropathy and Diabetes (FIND) study, 
showed increased glycolytic intermediates at baseline in 
diabetic subjects compared with control subjects. TCA cycle 
intermediates in the urine were also elevated in diabetic 
subjects and predicted diabetic kidney disease progression, 
demonstrating their potential as prognostic biomarkers of 
diabetic kidney disease progression. These and previously 
discussed studies highlight the adaptive and maladaptive 
metabolic reprogramming and its role in the pathophysiology 
of diabetic and nondiabetic CKD.

MITOCHONDRIAL DISORDERS

Given the central role of mitochondria in producing ATP 
via oxidative phosphorylation, it is not surprising that genetic 
mutations affecting mitochondrial function have renal 
manifestations. Moreover, several lines of investigation support 
the significant role of early mitochondrial dysfunction in the 
pathophysiology of acute and chronic kidney diseases. The 
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SUMMARY

Most of the energy consumed by the kidney is traceable to 
the energy requirements for sodium reabsorption. Although 
all sodium reabsorption is linked to Na+-K+-ATPase, efficiency 
is achieved by leveraging Na+-K+-ATPase into transepithelial 
chloride or voltage gradients that allow some sodium to be 
reabsorbed without passing through the Na+-K+-ATPase itself. 
ATP production in the proximal tubule is solely by aerobic 
metabolism, whereas the medullary segments have additional 
capacity to produce energy by glycolysis. Transport activity 
regulates metabolism, metabolism may be rate limiting for 
transport, and the efficiency of transport can be made to 
vary at multiple levels from back-leak permeability to the 
efficiency of mitochondrial respiration. With regard to 
metabolic autoregulation, the kidney faces a particular chal-
lenge because the usual mechanism for delivering more 
oxygen to the kidney also increases the demand for that 
oxygen. Several intermediaries have been identified as parts 
of the complex network of interactions between transport 
and metabolism that allow the kidney to meet this challenge 
while balancing the risk of hypoxia against the risk of oxygen 
toxicity. A partial list of these includes adenosine, nitric oxide, 
prostaglandins, angiotensin II, dopamine, succinate, uncou-
pling proteins, HIF, and AMPK. A multiscale systems model 
that incorporates these elements along with renal anatomy 
to recapitulate renal metabolism is expected in the future.
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