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CHAPTER

STRUCTURE-FUNCTION
CORRELATIONS ALONG THE
RENAL STRUCTURE

The kidney functions as it does, in large part, because of
its architecture. In no mstance is this more evident than in
the urinary concentrating mechanism, where the complex
nephron and vascular interrelationships permit the coordi-
nated function of different nephron and vascular elements
into countercurrent multiplication and exchange processes.
A recent proliferation of detailed structural, biochemical,
and functional information has led to an appreciation of
other structural-functional relationships that are relevant to
solute and water handling by the kidney. Moreover, it has
become evident that an understanding of the pathologic
developments in kidney diseases is only possible on the
basis of a thorough knowledge of kidney structure.

The purpose of this chapter is to review some of the re-
cent findings, with special emphasis on structural-functional
relationships, to enhance our understanding of overall renal
function; therefore, this chapter i1s divided into two parts.
The first part considers the structural and functional inter-
relationships of each morphologic segment of the urinary
tubule, stressing the unique characteristics of each segment.
The second part discusses structure and function in terms of
more general mechanisms used by several segments of the
renal tubule to accomplish specific functions, such as ion or
water transport.

FORM OF THE HUMAN KIDNEY

Human kidneys are paired, bean-shaped organs situated in
a retroperitoneal position on the posterior aspect of the ab-
dominal cavity, on either side of the vertebral column against
the psoas major muscle. A fibrous capsule located within the
perirenal adipose tissue and surrounded by perirenal fascia
surrounds each kidney. The lateral border of each kidney
1s convex. The kidneys of an adult man weigh approxi-
mately 120 to 170 g each and measure roughly 11 X 6 X
2.5 cm; those of an adult woman weigh slightly less and are
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somewhat smaller. In both men and women, total kidney
mass best correlates with body surface area.

The concave medial margin has a slitlike aperture,
called the renal hilum. Branches of the renal artery, vein,
nerves, lymphatics, and the expanded pelvis of the ureter
pass through the hilum. The hilum communicates with a
flattened space within the kidney called the renal sinus.
Within this space, the renal pelvis branches into major and
minor calyces.

Sections through the kidney reveal the cortex and me-
dulla (Fig. 1.1). The human kidney is a multilobar organ
containing 4 to 18 (average, 8) pyramids of medullary sub-
stance' and is situated so that their bases are adjacent to the
cortex. The darker red cortical substance covers the base of
each medullary pyramid like the cap of an acorn. During fe-
tal life, the kidney surface is demarcated by clefts that gradu-
ally disappear in the normal adult kidney. The apex of each
medullary pyramid (called the papilla) extends into the renal
sinus and is capped by a funnel-shaped, minor calyx. The
minor calyces receive the urine that 1s released from the kid-
ney into the extrarenal collecting system. A lobe of the kid-
ney 1s composed of the conical medullary pyramid and the
surrounding cortical substance. During fetal development,
some lobes may fuse and calyces are remodeled so that the
mature kidney has fewer calyces and papillae than the origi-
nal number of papilla anlagen'; one calyx may drain a fused
papilla developed from up to four anlagen, predominantly at
the kidney poles. Striated elements called medullary rays ex-
tend peripherally at intervals from the bases ofthe medullary
pyramids and penetrate into the cortex. These rays resemble
the medulla in structure and although they extend deeply
into the cortex, they are part of the cortex. The rest of the
cortex 1s called the cortical labyrinth.

The medulla can be subdivided further either grossly or
microscopically (Fig. 1.2). The medulla has an outer zone
that 1s adjacent to the cortex and an mner zone that includes
the papilla. The outer zone is subdivided mto an mner and
outer stripe. This zonation 1s important because it represents
the location and orientation of the various segments of the
renal tubules within the kidney.
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FIGURE1.1 Gross anatomic appearance ofa human kidney.
Aparaffin section through the whole kidney shows elements of
the internal structure: C, cortex; M,medulla; P,papilla projecting
into a minor renal calyx; PE,pelvis; S, sinus; U, ureter.

The relative volumes occupied by the cortex, outer me-
dulla, and inner medulla are 70%, 27%, and 3%, respectively;>
in humans. The relative thicknesses vary considerably among
mammalian species.

RENAL (URINIFEROUS) TUBULES

Human renal morphology resulted from a long evolution-
ary process in which animals adapted to many changing
environmental conditions. The three sequential types of
kidneys that evolved were the pronephros, mesonephros,
and metanephros. The urogenital system of each human em-
bryo repeats this evolutionary process. The pronephros de-
velops first, but degenerates before attaining any functional
capacity.

The mesonephric kidney functions for a short period
in utero, but it also degenerates, with the notable exception
of the part of the mesonephric tubules that form a portion
of the excurrent duct system of the male reproductive tract.
The metanephric kidney forms last and eventually becomes

the functional kidney of the human. The metanephric kid-
ney is well suited to the human condition because of its ef-
ficient filtering device and its complex tubule, which allows
for the production of not only dilute urine but also concen-
trated urine. This process occurs only in mammals and birds.
Although it is well suited for maintaining homeostasis, the
mammalian kidney is an ineflicient organ for the elimination
of salt and water. In humans, 180 L of fluid are filtered into
the tubular lumen every 24 hours, of which approximately
178 L must be returned to the blood.

Each human kidney contains approximately 1 million
functional units, called nephrons (with considerable inter-
individual variation).® Each nephron is made up of a renal
corpuscle (glomerulus) and a complex tubular portion, which
drain into a unifying tubular system called the collecting duct
system. Both kinds of tubules represent the renal (or urinifer-
ous) tubules.

The nephrons are derived from the metanephric blas-
tema, the collecting ducts from the urethral bud. A connect-
ing tubule lies between the nephron and collecting ducts.
At present, there 1s controversy as to whether the connecting
tubule is derived from the metanephric blastema*® or the
ureteric bud.” As is discussed in the next section, the con-
necting tubule has marked morphologic similarities to the
cortical collecting duct (CCD).

The segmentation of the renal tubule then includes the
following regions.®

The Nephron

I. Renal corpuscle (most of which is called glomerulus)
A. Bowmans capsule
B. Glomerular tuft

II. Proximal tubule
A. Convoluted part (pars convoluta) consists of P; and
the first part of P, (PCT)

B. Straight part (pars recta) consists of the last part of
P, and all of P; (PST)

III. Thin limbs of the loop of Henle (intermediate tubule)

A. Thin descending part of short-looped nephrons
(SDTL)

B. Upper thin descending part of long-looped
nephrons (LDTL up)

C. Lower thin descending part of long-looped
nephrons (LDTL Ip)

D. Ascending thin part of long-looped nephrons (ATL)

IV. Distal tubule
A. Straight part (pars recta)

1. Medullary thick ascending limb (MTAL), which
includes regions located within the inner stripe
and outer stripe of the medulla

2. Cortical thick ascending limb (CTAL), which
includes the part ascending through the cortex,
the macula densa (MD), and the post macula
densa segment

B. Convoluted part (pars convoluta) (DCT)
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FIGURE1.2 The relationship ofnephron
segments to zones ofthe kidney.
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The Collecting Duct System

I. Connecting tubule (CNT)
II. Cortical collecting duct (or tubule) (CCD)
III. Outer medullary-collecting duct (or tubule) (OMCD)

IV. Inner medullary-collecting duct (or tubule) including
the papillary collecting ducts (also called the ducts of
Bellini; IMCD)

Nephrons lie in characteristic positions (Fig. 1.2), with
the renal corpuscles and proximal convoluted segments in
the cortex (Figs. 1.3 and 1.4). The straight part of the prox-
imal tubule, the thin limb segments, and the straight part
of the distal tubule form the loop of Henle, which enters a
medullary ray of the cortex and extends into the medulla,
where 1t bends, returning to the cortex by means of the
same medullary ray. The loops of juxtamedullary nephrons
directly connect the outer stripe of the medulla without
ever being contained in a medullary ray. As the straight
part of the distal tubule returns to the cortex, it passes by
the renal corpuscle from which the nephron originated,
forming the macula densa; then, after a short postmacula
densa segment, it continues as the distal convoluted tubule
within the cortex.

The morphology of the nephron varies with the position
of the renal corpuscle in the cortex. Each nephron is classi-
fied as superficial, midcortical, or juxtamedullary, according
to the position of its renal corpuscle within the respective
regions of the cortex (Fig. 1.2) and the pattern of efferent
vessel formation.” ' A given segment tends to occupy a spe-
cific region of the kidney, which gives rise to the gross zona-
tion referred to i the preceding text. In the human kidney,
superficial nephrons empty singly into a terminal collecting
duct, whereas several juxtamedullary nephrons empty into
an arched tubular portion (arcade) that courses peripherally
in the cortex before i1t turns to enter a medullary ray. Most
midcortical nephrons from humans empty individually as
well.”"'* As known from the study of several species (rats and
rabbits), an arcade is established by the connecting tubule
epithelium (data from studies in humans are not available).

Nephrons also are classified as short or long looped ac-
cording to the location of the position where their loops of
Henle turn within the kidney. Short-looped nephrons arise
from renal corpuscles located in superficial and midcortical
regions and have loops of Henle that turn within the outer
medulla. In humans, some superficial nephrons may have
loops within the cortex itself. Short-looped nephrons have



4 SECTION 1 ®= STRUCTURAL AND FUNCTIONAL CORRELATIONS IN THE KIDNEY

FIGURE1.3 Scanning electron micrograph ofthe cortex.Con-
voluted tubules are shown,along with renal corpuscles,some of
which contain a glomerular tuft (GI') and some from which the
tuft is removed (armow). A cortical radial artery (4) and vein (V) are
also apparent.Note the thin wall ofthe vein.(Magnification X 140.)

short, thin limb segments that occur only along the descend-
ing limb. Long-looped nephrons have loops of Henle that turn
within the inner medulla and have thin limb segments in both
descending and ascending limbs. Although most species have
both long- and short-looped nephrons, some species, such as
dogs and cats, have only long ones,"® whereas other species,
such as beavers, have only short ones.'*!* In human kidneys,
the ratio of short- to long-looped nephrons is 6:1 to 7:1.

THE RENAL CORPUSCLE

The renal corpuscle (first segment of the nephron) is the site
at which an ultrafiltrate of the blood is produced (Fig. 1.5).
The filtrate moves from the capillary lumen into Bowman3}
space. This flow is influenced by the following factors: re-
nal blood flow; the oncotic and hydrostatic pressures in
the capillaries and in Bowman3 space; the size, shape, and
charge of plasma molecules; and the various morphologic
components of the wall separating the capillary lumen from
Bowman$} space. The filtrate contains only barely detectable
quantities of plasma proteins.'® The filtration barrier increas-
ingly restricts the passage of larger molecules, with very little
filtration of molecules larger than albumin (70 kDa)."”

FIGURE1.4 Light micrograph ofrenal cortex (rat). Cortical ra-
dial vessels (4, artery; V,vein),glomeruli,and convoluted tubules
make up the cortical labyrinth. The straight tubular portions are

found in the medullary rays ofthe cortex (one medullary ray is
delineated by the hatched line).(Magnification X80.)

The renal corpuscle consists of Bowman3 capsule and
the glomerular tuft. The latter is made up of capillaries, de-
rived from the afferent arteriole, their supporting cells, and an
envelope consisting of the glomerular basement membrane
(GBM) and the visceral (podocyte) layer of Bowman3 capsule
(Fig. 1.5). At the vascular pole, the visceral epithelium becomes
the parietal epithelium, which then transforms into the proxi-
mal tubule epithelium at the urmary pole (Fig. 1.5). The space
between both layers is the urinary space (Bowman$ space).

The human renal corpuscle 1s roughly ovoid and
approximately 150 to 240 um in diameter. The term
glomerulus 1s widely used to refer to the entire renal cor-
puscle. The renal corpuscle without the parietal epithelial
cells 1s referred to as the glomerular tuft. The afferent arte-
riole enters the renal corpuscle at the vascular pole, where
it divides into several primary branches that each ramify to
form a network of anastomosing capillaries, called a lobule.
The lobule has a supporting region called the mesangium
(Figs. 1.6 and 1.7). All lobules together establish the tuft;
the converging mesangial regions are called the glomerular
stalk, by which the tuft 1s connected to the extraglomerular
mesangium (see Juxtaglomerular Apparatus). The capillar-
1es coalesce toward the center of the capillary tuft to form
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FIGURE1.5 Schematic ofa longitudinal section through a glom-
erulus and juxtaglomerular apparatus (JGA). The direction ofblood
flow in the glomerular arterioles is indicated by arrows.The capil-
lary network,together with the mesangium,is enclosed in a com-
mon compartment bounded by the glomerular basement mem-
brane (GBM) (shown in dark gray). The outer aspect ofthe GBM s
covered by the glomerular visceral epithelium (podocytes). Note
that there isno basement membrane at the interface between the
capillary endothelium and the mesangium. At the vascular pole,
the visceral epithelium,together with the GBM, s reflected into
the parietal epithelium of Bowman’ capsule, which,at the urinary
pole,passes over into the epithelium ofthe proximal tubule.The
JGA consists ofthe macula densa ofthe distal tubule,the extraglo-
merular mesangium (which is continuous between both arterioles
and continues via the glomerular stalk into the intraglomerular
mesangium),and the granular cells within the afferent arterioles. All
cells that have been suggested to be of smooth muscle origin are
shown in black.Note the sympathetic nerve terminals at the affer-
ent arteriole. (From Kriz W, Sakai T, Hosser H. Morphological aspects
of glomerular function. n:Davison AM,ed. Nephrology,Vol.1.Pro-
ceedings of XInternational Congress of Nephrology,London, 1987.
London:Bailliere Tindall; 1988:3, with permission.)

the efferent arteriole, which runs through the stalk and exits
from the vascular pole. The efferent arteriole again breaks
up to form a second capillary network, which surrounds the
tubules and i1s called the peritubular capillary network.

The renal corpuscle, therefore, consists of the following
parts: (a) the parietal epithelium, (b) the visceral epithelium

FIGURE1.6 Schematic ofa cross-section ofa glomerular capillary
and its relationships to the mesangium.The capillary is made up of
a fenestrated epithelium.The peripheral part ofthe endothelium
tubule is surrounded by the glomerular basement membrane
(GBM;shown in dark gray),which,at mesangial angles (arrows),de-
viates from a pericapillary course and covers the mesangum.The
outer aspect ofthe GBM s covered by the interdigitating pattern of
podocyte foot processes.In the center,a mesangial cell is shown;its
many processes contain microfilament bundles and extend toward
the GBM,to which they are connected.The mesangial matrix con-
tains an interwoven network of microfibrils. (From Venkatachalam
MA, Kriz W. Anatomy ofthe kidney.In:Heptinstall R ed. Pathology of
the Kidney,4th ed.Boston:Little, Brown; 1991, with permission.)

(podocytes), (¢) the endothelial cells lining the capillaries,
(d) the glomerular basement membrane (GBM), and (e) the
intraglomerular mesangial cells and matrix. In the rat, the
ratio of the number of endothelial cells to mesangial cells to
visceral epithelial cells is 3:2:1.'®

The Visceral Epithelium of Bowman’s Capsule

The wisceral epithelial cells (nowadays generally called podo-
cytes) are octopus-shaped cells that reside in Bowman3s space
and attach to the GBM only by way of their processes (see be-
low). This shape was well described by Zimmermann'® and is
seen to advantage i scanning electron micrographs (SEM) (see
later, Fig. 1.10). The exact details of cell shape differ depending
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FIGURE1.7 Transmission electron micrograph ofa rat glomeru-
lar lobule. Glomerular capillaries and the glomerular mesangium
occupy a common compartment enclosed by the glomerular
basement membrane (GBM). The mesangial cell body (in the
center) gives rise to many processes that fill (together with the
mesangial matrix) radial arms that extend to the peripherally
located capillaries. The outer aspect ofthe GBM s covered by

podocytes.(Magnification X3,500.)

on the species being studied.”*' As a consequence of the high
degree of differentiation, podocytes, like neurons, are incapable
of regenerative cell replication in the adult. Thus, podocytes that
were lost, for any reason, cannot be replaced by new ones.***
On the other hand, in glomerular diseases based on dedifferen-
tiation of podocytes (collapsing glomerulopathy), a vivid prolif-
eration of the dedifferentiated cells accompanies the disease.”
Recent observations in parietal epithelial cells question
this view. First, it has been proposed that a niche of glo-
merular epithelial stem cells resides within the parietal epi-
thelium at the transition to the proximal tubule.”**” It is an
intriguing hypothesis that proliferating stem cells from this
locus may transform into podocytes and may reach the tuft
via the transitions of the epithelia at the glomerular vascular
pole. Migration of parietal cells onto the the vascular pole
and subsequent transition into podocytes have been shown
to occur in the newborn mouse.?® However, evidence that
such a process may be of any relevance in the adult has so
far not been presented.”® Moreover in the adult mouse, it
has been shown that proliferating parietal epithelial cells
may reach the glomerular tuft via tuft—capsule bridges; there
they replace podocytes causing the collapse of the concerned
tuft area obviously by bringing the local cross talk between
podocytes and the endocapillary compartment to an end.”

SECTION I ® STRUCTURAL AND FUNCTIONAL CORRELATIONS IN THE KIDNEY

The cell bodies give rise to large primary processes that
may branch another time, finally splitting apart into ter-
minal processes, called foot processes (as seen from SEM
pictures, “finger processes” would be a better word) or ped-

icels (Figs. 1.6, 1.8 to 1.11, and see Fig. 1.13). The foot
processes are anchored within the GBM to a depth of about

FIGURE1.8 Transmission electron micrographs of glomerular
capillaries (C) and associated mesangium.A: Amesangial cell
body (M) gives rise to cell processes that extend to peripherally
located capillaries.Note that there is no basement membrane at
the interface between the capillary endothelium and the mesan-
gium.(Magnification X 13,000.) B: Capillary mesangium interface.
Beneath the endothelium (£),tonguelike mesangial cell processes
run toward both opposing turning points ofthe GBM (arrows).
They contain microfilament bundles that obviously interconnect
the GBM ofboth mesangial angles.(Magnification X24,000.)
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FIGURE 1.9 Transmission electron micrograph showing the podocyte (P),pedicels (PC) near the basement membrane (BM),and the

endothelial cells lining the capillary (C).(Magnification X34,000.)

40 to 60 nm. The foot processes interdigitate in a complicat-
ed manner with those from adjacent cells to form an elabo-
rate layer of small processes along the glomerular basement
membrane. This interdigitation results in the formation of
an extensive series of narrow slits between the foot process-
es, which provide a long extracellular path for filtration of
water and solutes (Fig. 1.10). In transmission electron mi-
crographs, these slits are bridged by a layer of extracellular

FIGURE1.10 Scanning electron
micrograph showing the elaborate

cell shape ofrat podocytes.
(Magnification X5,900.)

material (4 to 6 nm thick) called the filtration-slit membrane
(see Figs. 1.9 and 1.13). Iftannic acid is added to the fixative
solution, a highly ordered isoporous substructure is revealed
in en face views of the filtration-slit membrane.’® Staggered
rodlike units project from the podocyte plasmalemma and
connect to a central linear bar. These rodlike units delin-
eate rectangular pores 4 X 14 nm within the slit membrane
(i.e., which approximate the size of an albumin molecule).
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S, FIGURE1.11 Schematic drawing
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Generally, the slit diaphragm is considered as an ad-
herenslike intercellular junction.’’ Intensive research in
recent years has uncovered several transmembrane pro-
teins that participate in the formation of the slit membrane
(Fig. 1.11)—including P-cadherin,’' nephrin,’* Nephl,>”
and FAT.** Other molecules, such as ZO1,*> Podocin,>®
CD2AP?’ and catenins mediate the connection to the ac-
tin cytoskeleton (see below). Nephrin 1s a member of the
immunoglobin superfamily (IgCAM); its gene, NPHSI, has
been identified as the gene whose mutations cause congeni-
tal nephrotic syndrome of the Finnish type.** In addition to
its role as a structural component, nephrin acts as a signaling
molecule that can activate MAP kinase cascades.’® Nephl
1s considered as a ligand for nephrin. Podocin belongs to
the raft-associated stomatin family, whose gene, NPHS2, is
mutated in a subgroup of patients with autosomal recessive
steroid-resistent nephrotic syndrome.*® These patients show
disease onset in early childhood and rapid progression to
end-stage renal failure. Podocin interacts with nephrin and
CD2AP* FAT is a novel member of the cadherin superfam-
ily with 34 tandem cadherinlike extracellular repeats and
a molecular weight of 516 KDa.*® Because FAT has a huge
extracellular domain, it 1s speculated that it dominates the
molecular structure of the slit membrane®*; the FAT mutant
mouse fails to develop a slit membrane.*' P-cadherin’' is
thought to mediate with its intracellular domain the linkage
to B- and y-catenin, a complex which then connects to the
actin cytoskeleton via «a-catenin and «-actinin. Taken to-
gether, many components of the slit membrane are known,
but an integrative model of its substructure including all
components is thus far lacking.

©
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nations. (From Endlich K Kriz W,
Witzgall R. Update in podocyte

biology. Curr Opin Nephrol
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The cell body of podocytes contains a large nucleus
that tends to be indented in the region of the large Golgi
apparatus. Furthermore, it houses abundant rough-surface
endoplasmic reticulum; individual cisternae, generally ar-
ranged in one complex per cell, are widened and filled with
fine granular material of varying electrondensity—their
relevance 1s unknown. In addition to the synthesis of mem-
brane proteins necessary to supply the huge surface of their
processes, podocytes in the adult synthesize and secrete all
components of the GBM* (see below). On the other hand,
abundant multivesicular bodies (predominantly found in
the large cell processes) demonstrate strong catabolic activ-
ity in podocytes.

Podocytes contain a well-developed cytoskeleton that
accounts for the unique shape of the cells and the main-
tenance of the processes. In the cell body and the primary
processes, microtubules and intermediate filaments, such as
vimentin and desmin, dominate, whereas microfilaments are
densely accumulated in the foot processes. Here, they are
part of a complex contractile apparatus.* The microfilaments
form loop-shaped bundles, with their limbs running along
the longitudinal axis of the foot processes. The bends of these
loops are located centrally at the transition to the primary
processes and are probably connected to the microtubules by
the microtubule-associated protein 7.** Peripherally, the actin
bundles appear to be anchored in the dense cytoplasm asso-
ciated with the cell membrane of the soles of foot processes,
and are dynamically linked to the slit diaphragm complex
(discussed earlier). The importance of the podocyte actin cy-
toskeleton is emphasized by the discovery of inherited forms
of focal segmental glomerulosclerosis (FSGS) caused by
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mutations in actin-binding proteins: «-actinin-4 is a widely
expressed homodimeric protein that bundles and crosslinks
actin, and 1s highly expressed within podocyte foot processes.
It interacts with a variety of other adhesion and signalling
molecules. Several mutations in the ACTN4 gene encoding
this protein cause a late-onset, autosomal dominant form of
kidney failure.*>** More recently, nine independent missense
mutations in INF2, which encodes a member of the formin
family of actin-regulating proteins, were shown to segregate
with FSGS in 11 unrelated families.*’

Specific transmembrane matrix receptors anchor the
podocyte foot processes to the GBM. Two systems are so far
known. The first is a specific integrin heterodimer consisting
of a3, integrins. Within the GBM, these integrins bind to
collagen type IV, fibronectin, and laminin 11.*%* Second,
a dystroglycan complex connects the intracellular molecule
utrophin to laminin 11, agrin, and perlecan in the GBM.>%!
Both integrins and dystroglycans are coupled via adapter
molecules (paxillin, vinculin, a-actinin, etc.) to the podocyte
cytoskeleton, allowing outside-in and inside-out signaling as
well as transmission of mechanical force in both directions.

In addition to the actin cytoskeleton within the foot
processes, a subplasmalemmal actin system is found in
podocytes.*® This actin network is connected to the trans-
membrane sialoprotein podocalyxin, which represents the
major protein of the negatively charged surface coat of podo-
cytes.”>> The cell coat has the characteristics of a glycocalyx
that contains sialic acid. A decrease in the content of sialic
acid 1s associated with a podocyte foot process effacement
and results in protein leakage through the filter, which has
been shown under a great variety of circumstances.”* "

A huge body of data has been accumulated in recent
years concerning the inventory of receptors and signaling
processes starting from them in podocytes. cGMP signaling
(stimulated by atrial natriuretic peptide [ANP], brain natri-
uretic peptide [BNP], and C-type natriuretic peptide [CNP],
as well as by nitric oxide [NO]), cAMP signaling (stimulated
by prostaglandin E,, dopamine, isoproterenol, parathyroid
hormone [PTH]/PTH-related peptide [PTHrP]), and Ca*"
signaling (stimulated by a huge number of ligands, includ-
ing angiotensin II, acetylcholine, prostaglandin F, (PGF,),
arginine vasopressin [AVP], adenosine triophosphate [ATP],
endothelin, histamine, etc.) have been identified.”” An ex-
ample of an ion channel of particular importance in podo-
cytes 1s transient receptor potential canonical 6 (TRPC6), a
nonselective cation channel, which is activated by diacyl-
glycerol in a protein kinase C-dependent manner.®” Muta-
tions in TRPC6 were found to cause autosomal dominant,
late adult-onset proteinuria, with a similar clinical phenotype
as seen in ACTN4-mediated FSGS.?” The major target of this
signaling orchestra is the cytoskeleton, the concrete effects
of which, however, are poorly understood. Other receptors,
such as for C3b,°! Heymann} antigen,®” transforming growth
factor B (TGFP3),%*** fibroblast growth factor 2 (FGF2),°” and
various other cytokines and chemokines have been shown to
be involved in the development of podocyte diseases.”

Endothelium

The endothelium consists of a simple squamous layer of
fenestrated (porous) cells with the cell nuclei generally lo-
cated near the axial region of the capillary loop (Fig. 1.6).
The fenestrated regions (Fig. 1.12), which compose roughly
55% of the surface area,’® have a thin layer of cytoplasm
(about 50 nm thick) penetrated by numerous fenestrae of
round, oval, or irregular shape and varying sizes. The total
area occupied by fenestrae accounts for 13% of'the capillary
surface. The fenestrated regions outline the pericapillary
portions of the glomerular basement membrane, but also
may be found adjacent to the mesangium (Fig. 1.8). The
fenestrae have a diameter of 50 to 100 nm (thus they are
larger than endothelial fenestrae elsewhere in the body) and
are not bridged by diaphragms. Thus, this kind of a porous
endothelium is unique for glomerular capillaries. Fenestrae
with diaphragms are found only in the outflow segment of
the efferent arteriole.®” Nonfenestrated regions are generally
seen over nuclei and mesangial cell regions. Human glo-
merular endothelial cells also are fenestrated.®®®” A cell coat
that is rich with polyanionic glycoproteins, including podo-
calyxin, covers the endothelial surface’®’* and appears to
fill the fenstraelike “sieve plugs.”” In addition, above this
“classic” glycocalix a 200-nm thick endothelial surface lay-
er has been revealed consisting of loosely attached plasma
compounds.’

FIGURE1.12 Scanning electron micrograph ofa sectioned

capillary loop showing the pores (arrows) ofthe endothelium.
(Magnification X50,400.)
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As elsewhere i the body, glomerular endothelial cells
are active participants in processes controlling coagulation,
inflammation, and immune processes. Renal endothelial
cells express surface antigens of the class 2 histocompatibility
complex. Like platelets, glomerular endothelial cells contain
components of the coagulation pathway and are capable of
binding factors IXa and Xa and synthesize, release, and bind
von Willebrand factor (factor VIII).*” Glomerular endothelial
cells synthesize and release endothelin-1 and endothelium-
derived relaxing factor (EDRF).” Glomerular endothelial
cells have receptors for vascular endothelial growth fac-
tor (VEGF) and angiopoetin I that are produced by podo-
cytes.”®”” The signaling axis via VEGF appears to have a
major relevance for the maintenance of the glomerular tuft.
Glomerular endothelial cells, in turn, synthesize and secrete
platelet-derived growth factor 8 (PDGFp) that acts on adja-
cent mesangial cells.”®

Glomerular Basement Membrane

The GBM covers the capillary loops except in the axial re-
gion, where it is reflected over the mesangium to the next
capillary loop, accompanied by the layer of foot processes
(Figs. 1.6 to 1.8). The endothelial cells do not have a sepa-
rate basement membrane; thus, the endothelial cells directly
abut the mesangium toward axial regions. In adult humans,
the basement membrane has a mean diameter of 320 to 340
wm.” It is thinner in young children and most laboratory
animals.®

The basement membrane is composed of three lay-
ers: an outer, less dense subepithelial layer, the lamina rara
externa; a central, electron-dense layer, the lamina densa;
and an inner subendothelial layer, the lamina rara interna,
which 1s continuous with the mesangial matrix (see Figs. 1.9
and 1.13).

During glomerulogenesis, the GBM is generated as two
separate layers produced by glomerular endothelial and epi-
thelial cells. The two sheets are fused together to form the
mature GBM.*'®* In the adult, the GBM is subject to a con-
tinuous turnover,> 5 but few details are known so far about
these processes. Podocytes appear to be the dominant cell
type to synthesize and probably to degrade the GBM. Podo-
cytes are alone capable to synthesize all the components of
the GBM****?; glomerular endothelial cells and also mesan-
gial cells may contribute to the formation of the GBM.”! It
1s less clear how the GBM degrades. In recent years, several
extracellular matrix degrading enzymes have been described
being produced by podocytes and mesangial cells.”*”* The
relevance of these enzymes for the turnover of the GBM re-
mains to be established.

The GBM is generally considered as a hydrated mesh-
work consisting of collagen type I'V, laminin, entactin/nido-
gen, and sulfated proteoglycans including agrin and per-
lecan.**”>° Models of the ultramicroscopic structure of the
basement membrane picture the GBM as a mat of collagen
type IV. Monomers of type IV collagen consist of a 400-um
triple helix that, at its carboxy-terminal end, has a large

noncollagenous globular domain called NC 1. At the amino-
terminus the helix possesses a 60-um triple helical rod, the
7S domain. Interactions between the 7S domain and the NCl1
domain allow collagen type IV monomers to form tetramers
that, by lateral association of triple helical strands, assemble
into a three-dimensional network.'®!" Laminin forms a
second network that is superimposed to the collagenous net-
work. Laminin is a noncollagenous glycoprotein consisting
of three polypeptide chains, two of which are glycosylated
and cross-linked by disulfide bridges.”>*!*!'?* Laminin binds
to specific sites on the polymerized network of type IV col-
lagen as well as the basal endothelial and epithelial integrins
(see the preceding). The a-5-, B-2-, y-1-laminin chains are
assembled to form the GBM-specific heterotrimeric laminin
11.*® This combined network of collagen type IV and lam-
inin provides mechanical stability to the basement mem-
brane and serves as a basic structure on which other matrix
components attach.

The proteoglycans of the basement membrane consist
of core proteins and covalently bound glycosaminoglycans,
which are concentrated in the laminae rarae internae and
externae, where they have been referred to as anionic sites
and can be localized with cationic probes.'®* The major pro-
teoglycans of the GBM are of the heparan sulfate type—the
most prominent is agrin,’® but perlecan also has been shown
to occur in the GBM.** Digestion of these molecules with
heparinase leads to a dramatic increase in the permeability
of the basement membrane to anionic native ferritin used as
a probe.”’

Mesangium

The mesangium consists of mesangial cells that are embed-
ded in a mesangial matrix. The term mesangium was intro-
duced by Zimmermann in 1929'" to describe the cells that
form the stalk of the glomerulus and the axes of its lobules.
Glomerular capillaries pursue a tortuous, highly anastomos-
ing course around the mesangial axes. Together with the
capillaries, the mesangium occupies the space inside the
GBM, frequently termed the “endocapillary region.” Topo-
graphically, the mesangium can be subdivided into a juxta-
capillary region, where it abuts the capillary endothelium,
and more centrally located axial regions, which are bound
by the perimesangial GBM (Figs. 1.5 to 1.7).!” The glo-
merular mesangium is continuous with the extraglomerular
mesangium (Polkissen or lacis cells) along the glomerular
stalk (Fig. 1.5). Both intraglomerular and extraglomerular
mesangial cells have many similarities.

Mesangial cells are quite irregular in shape, with many
cytoplasmic processes extending from the cell body toward
the GBM. They have structural characteristics similar to
those of smooth muscle cells in that they contain many bun-
dles of microfilaments (especially within the cell processes)
and peripheral dense bodies. Actin, myosin, and «-actin
have been shown by immunocytochemistry to be contained
in mesangial cells.'’®!°” The relevance of mesangial cell con-
tractility 1s discussed in the following text.
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The processes of mesangial cells extend toward the
GBM, to which they are attached either directly or by the in-
terposition of extracellular bundles of microfibrils (Figs. 1.6
and 1.9). The GBM has to be considered as the effector struc-
ture of mesangial contractility.'®'®® Connections between
mesangial cells and the GBM are especially prominent in the
juxtacapillary region. At this site, tonguelike mesangial cell
processes (packed with microfilament bundles) run under-
neath the capillary endothelium toward the turning points
(mesangial angles) of the GBM, where they are anchored.
Generally, two of these processes interconnect the GBM
from two opposing mesangial angles (Fig. 1.8). In the axial
mesangial region, contractile filament bundles are predomi-
nantly found within the numerous fingerlike projections of
mesangial cells. These microprojections also run toward the
GBM and are anchored to it. As in the juxtacapillary region,
these microfilament bundles interconnect opposing parts of
the GBM.'?®

The mesangial matrix fills the highly irregular spaces
between mesangial cells and the perimesangial part of the
GBM. In immunocytochemical studies, collagen types IV
and V, heparan sulfate proteoglycan, fibronectin, laminin,
and entactin have been localized within the mesangial ma-
trix.””'%""% Among these components, fibronectin is the
most abundant and has been shown to be associated with
microfibrils.'”""!! Fibrillin 1 and other specific elastic fiber
proteins have been detected in the glomerular mesangium
and have been shown to be produced by mesangial cells.''*!"?

In specimens prepared for transmission electron micros-
copy according to routine methods, the mesangial matrix
appears as basement membranelike material, albeit more fi-
brillar in character than the basement membrane proper.''*
In specimens prepared by a technique that avoids osmium
tetroxide and uses tannic acid for staining, the mesangial ma-
trix is seen to contain a dense network of microfibrils.'*>!!>
Microfibrils are noncollagenous, nonbranching, hollow struc-
tures of indeterminate length that are about 15 um thick.''®
Within the mesangium, microfibrils form a three-dimension-
al network that establishes a solid base of contact between
mesangial cells and the GBM, fettering the GBM to mesangial
cells. Distinct bundles of microfibrils may be regarded as “mi-
crotendons” that allow the transmission of contractile force of
mesangial cells to specific sites of the GBM.'*!!> The func-
tional relevance of this system is discussed later.

The relevance of mesangial cells in phagocytosis 1s well
documented. Mesangial cells are able to ingest particular
tracers as well as macromolecules, such as thorotrast,''’
ferritin,''* and aggregated proteins, as well as immune
complexes.''® An increased uptake of such materials by
mesangial cells has been noted in proteinuric states.''*'"
It appears, however, that mesangial cells proper (ie.,
mesangial cells that have contractile properties) are not pri-
marily phagocytotic. A small subpopulation (3% to 7%) of
cells in this region has been recognized as bone marrow-
derived—they represent macrophages that have taken up
residence in the mesangium.'?

Supportive Functions ofthe Mesangium
and Podocytes

The glomerular tuft 1s constantly exposed to comparably
high mtraglomerular pressures within glomerular capillaries
and mesangium. The high intraglomerular pressures chal-
lenge not only the glomerular capillaries themselves but also
the folding pattern of the glomerular tuft. Increased pres-
sures lead to the loss of the folding pattern and to dilation of
the glomerular capillaries. Therefore, we have to ask: what
are the specific structures and mechanisms that counteract
the expansile forces in the glomerular tuft? To answer this
question we have to distinguish between the structures and
mechanisms maintaining (1) the folding pattern of the glo-
merular tuft and those maintaining (2) the width of glomer-
ular capillaries.

The folding pattern of the glomerular tuft is primarily
sustained by the mesangium.'%>'%12! Mesangial cells are
connected to the GBM by their contractile processes—they
maintain the infoldings of the GBM by centripetal contrac-
tions, thereby allowing for the capillaries to arrange in the
peripheral expansion of the GBM. This supporting role of
mesangial cells is best illustrated under circumstances with
loss of mesangial cells, such as Thy-1 nephritis.'** Under
those circumstances the folding pattern of the GBM is pro-
gressively lost, finally resulting in mesangial aneurysms.
Podocytes clearly contribute to maintenance of the folding
pattern by specific cell processes that interconnect oppos-
ing parts of the GBM from outside within the niches of the
infoldings. This function is also best illustrated under cir-
cumstances with loss of mesangial support: podocytes are
capable of maintaining a high degree of the GBM folding
pattern for 2 to 4 days after which they obviously fail, and
mesangial aneurysms become prominent.'*

The width of glomerular capillaries, in the long run, is
probably controlled by growth processes accounting for dif-
ferently sized capillaries. The width of a given capillary, in an
acute situation being exposed to changes in blood pressure,
appears to be stabilized by the GBM, which is a strong elas-
tic structure'® and, together with the mesangial cell bridges
(see previous text), capable of developing wall tension.'*"'*
In addition, the tensile strength of the GBM is reinforced
by podocytes. Podocytes are a kind of pericyte; their foot
processes represent a unique type of pericyte process which,
like elsewhere in the body, counteract the dilation of the ves-
sel. Podocyte processes are firmly attached to the underlying
GBM (see previous text); their cytoskeletal tonus counteracts
the elastic extension of the GBM. In this function, podocytes
cannot be replaced by any other cell—failure in this function
will lead to capillary dilation.

Glomerular Fltration Barrier

The essential components of the glomerular filtration barrier
are the endothelium (Fig. 1.13), which 1s perforated by large
open pores, the extracellular matrix feltwork of the GBM
membrane, and the slit diaphragms between the podocyte
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FIGURE1.13 Transmission electron micrograph from a rat renal
corpuscle showing the endothelal lining (£),the basement
membrane (BM),and the pedicels (P). The filtration-slit membrane
(arrow) bridges the pedicels.(Magnification X23,600.)

foot processes. When compared with the barrier established
in capillaries elsewhere in the body, a glomerular filtration
barrier is quite different in two respects: its permeability to
water, small solutes, and ions is extremely high, whereas
its permeability to plasma proteins the size of albumin and
larger is very low.

The high hydraulic permeability is rooted in the fact
that filtration occurs along extracellular routes. All compo-
nents of this route—the endothelial pores, the highly hy-
drated GBM, and the slit membrane—can be expected to be
quite permeable to water and small solutes. Drummond and
Deen'* have calculated the hydraulic conductance of the
individual layers. According to this calculation, the hydrau-
lic resistance of the endothelium is negligible. The GBM and
the filtration slits each make up roughly one-half of the total
hydraulic resistance of the filtration barrier.

Any decrease in the length of the filtration slit, and thus
in slit area, as in experimental and clinical glomerulopa-
thies along with footprocess effacement, correlates with the
decrease in the ultrafiltration coefficient K.'?%'?7 A model
simulating those conditions showed, along with a decrease
in slit area, its relevance in determining increases in flow
resistance. The decrease in filtration slit area caused the aver-
age path length for the filtrate, through the basement mem-
brane, to increase, thereby explaining the overall decreased
hydraulic permeability,'**

On the basis of evidence of contractility of mesangial
cells exposed to vasoconstrictor stimuli in culture,'*'°
of dimensional changes observed in intact glomeruli ex
vivo,"?!1°% and of changes in ultrafiltration coefficient K¢
found in vivo in response to vasoactive substances,'®'**
some researchers have concluded that mesangial cells con-
tract in situ and that this contraction alters glomerular filtra-
tion dynamics by decreasing filtration surface area.

Other considerations speak against this possibility. The
geometric arrangement of the mesangial contractile appara-
tus (Fig. 1.6), however, does not seem to be compatible with
the previously mentioned sequence of actions. Shortening
of the mesangial cell processes connecting opposing angles
would only bring the angles closer together, compressing
the mesangial capillary interface, but leaving peripheral
capillary wall area (filtration area) unaltered. In addition,
with regard to the contractility of mesangial cells ex vivo
(in culture as well as preparations of whole glomeruli), it
should be remembered that mesangial contraction in these
cases 1s not opposed by intercapillary hydrostatic pressure
as 1t 1s in situ. These considerations, together with the ab-
sence of measurable changes in glomerular tuft dimensions
in morphometric studies,'*>'*® as well as in response to va-
soactive substances in vivo,'’’ have led to the suggestion'*!
that the mechanical action of the mesangial cell contraction
1s essentially static in nature, developing tension that serves
to counteract expansile forces on the tuft without induc-
ing significant changes in capillary dimension. If mesangial
contractility acutely alters the glomerular ultrafiltration co-
eflicient K, it 1s, therefore, probably not because of an acute
change in filtration surface area.

The low permeability of the glomerular filtration barrier
to plasma proteins is still poorly understood. Several points
seem to be relevant. First, there 1s no vesicular transport of
proteins through this barrier as in most other capillaries else-
where in the body. The barrier function of the glomerular
filter for macromolecules is quite specific and is selective for
size, shape, and charge.'**'4°

In early extensive studies, Farquhar and associ-
ates, °%141142 ag well as Rennke and associates,'*® used
tracers, such as ferritin and dextrans of different sizes
and charge, to elucidate the role of the various layers in
determining the selectivity of this filtration barrier. When
their results are summarized, it appears that the basement
membrane may be the major barrier to anionic substances,
whereas the most restrictive part for uncharged and cationic
substances may be the slit diaphragm. Uncharged macro-
molecules up to an effective radius of 1.8 um pass freely
through the filter. Larger compounds are more and more
restricted (indicated by their fractional clearances, which
progressively decrease) and are totally restricted at effective
radii of more than 4.0 um. The effective radius is an empiric
value, measured in artificial membranes, that takes into ac-
count the shape of micromolecules and also attributes a
radius to nonspherical molecules. Plasma albumin has an
effective radius of 3.6 um; without the repulsion because
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of the negative charge, plasma albumin would pass through
the filter in considerable amounts.'*

Thus, since these early studies, the glomerular barrier
has been generally suggested to contain a size- and a charge-
restrictive element. Despite more than 40 years of intensive
research, the principles of the glomerular barrier function
are still controversial and poorly understood—a situation
that gives room even to hypotheses claiming that the glo-
merular barrier itself does not have any restrictive properties
to macromolecules, such as albumin.!* '’ A more realistic
and elegant recent barrier hypothesis 1s based on the ob-
servation that filtration—the flow of filtrate through the
barrier—creates a potential difference of 0.02 to 0.05 mV
negative in Bowman3 space and that this potential differ-
ence is sufficient to hinder the negatively charged macro-
molecules like albumin from passing the filter.'*®

Summarizing the present status of knowledge, accu-
mulating evidence suggest that the GBM has little relevance
in size restriction, but the slit membrane 1s the decisive
size-restrictive element within the glomerular barrier.'*
The current strong engagement in elucidating the molecu-
lar architecture of the slit membrane promises to enlighten
the porous pattern of the slit membrane and, hopefully,
explain its size-restrictive property. Regarding the charge
selectivity, it appears that the proximal portion of the bar-
rier, above all the endothelium, are most important.’-!>912
Furthermore, prevention of albumin from entering the
filter is also dependant on normal hemodynamic condi-
tions in glomerular capillaries, as first shown by Ryan and
Karnovsky.'>’

PROXIMAL TUBULE

At the urinary pole of the glomerulus, the flat parietal epi-
thelium of Bowman3s capsule transforms abruptly into the
high epithelium of the proximal tubule. In some species
(rabbits),"* a neck segment is found interposed between
the glomerulus and the proximal tubule—short neck seg-
ments also may be seen in humans.* In contrast, in mice,
the proximal tubule epithelium generally begins deep within
the Bowman$5 capsule.

The proximal tubule is composed of segments that have
differing morphology, functional relevance, and vulnerabil-
ity to toxins (Figs. 1.14 to 1.18). The two segments most
frequently identified are the proximal convoluted portion
(pars convoluta) occupying the cortical labyrinth (Figs. 1.14
to 1.17), and the straight portion (pars recta) in the medul-
lary rays of the cortex and the outer stripe of the outer me-
dulla (Fig. 1.18). Further subdivision on structural criteria
results in the three segments of P;, P,, and P; according to
Jacobsen and Jorgensen,'>” and S;, S,, and S; according to
Maunsbach.'>*'>7 S;, or P,, corresponds to the first segment
of the pars convoluta and lies exclusively in the cortical laby-
rinth; S,, or P,, corresponds to the remainder of the convo-
luted segment and the beginning of the pars recta, with the
first part occupying the cortical labyrinth and the remainder

FIGURE1.14 Transmission electron micrograph ofa proximal
tubule (P1 segment) ofthe rat.Note the apical brush border,
the vesicular zone ofthe apical cytoplasm,and the basal zone

ofinterdigitating cell processes filled with mitochondria.
(Magnification X2,300.)

occupying the medullary ray; and Ss;, or P;, corresponds to
the remaining part of the pars recta located primarily in the
outer stripe of the outer zone of the renal medulla. The tran-
sition from P; to P, is gradual, whereas the transition from P,
to P; is generally abrupt, except in rabbits.'®

To confuse matters further, the morphology of the sub-
divisions differs not only from each other but also among
species, including mice,'” rats,'*® rhesus monkeys,'®" rab-
bits,'*® and dogs.'®! For a detailed description of a particular
species, the reader should consult the original studies. Seg-
mentation of human proximal tubules has not been studied
as recently or thoroughly because of a lack of availability of
well-fixed normal human kidney and, therefore, has been
divided only into convoluted and straight regions.'®*

In general, cells of the P, region are tall, have a well-
developed apical microvillus border, an elaborate cell shape
with well-developed lateral interdigitating processes con-
taining abundant, large mitochondria, and a well-developed
endocytic apparatus (Fig. 1.16). P, cells decrease in cell
height from those seen in Py, have a shorter microvillus bor-
der, and are less elaborately shaped cells with smaller mi-
tochondria (Fig. 1.17). The P; cells are more cuboidal in
shape (less elaborate) and their microvillus border 1s gen-
erally less elaborate. The cells of rats are an exception and
have a well-developed brush border of very long microvilli
(Fig. 1.18)."°° This cytologic segmentation of the proximal
tubule is maintained in superficial, midcortical, and juxta-
medullary nephrons.
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FIGURE1.15 Transmission electron micrograph ofa human proximal convoluted tubule showing the brush border (BB) and apical
condensing vacuoles containing small dense bodies (arrows).(Magnification X7,800.)

FIGURE1.16 Transmission electron micrograph ofa P1 segment from a rat kidney. (Magnification X8,000.)
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FIGURE1.17 Transmission electron micrograph ofa P2 segment from a rat kidney. Note the large dense lysosomes (L) and peroxi-
somes (P).(Magnification X10,000.)

FIGURE1.18 Transmission electron micrograph ofa P3 segment from a rat kidney showing the extensive microvillus border (BB) and
more simple cell shape ofthis segment.(Magnification X8,000.)
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Proximal Convoluted Tubule (P; and Part of P,)

The proximal convoluted tubule is the longest and larg-
est segment of the mammalian nephron. The tubule is
lined by cells that have an elaborate cell shape based on
extensive basolateral interdigitations (Figs. 1.19 to 1.21),
a well-developed microvillus border, a prominent intracel-
lular digestive tract (endocytic apparatus and lysosomes
(Fig. 1.15), and numerous large peroxisomes (microbod-
ies). The single ovoid nucleus lies in the middle to basal
region of the cytoplasm.

Cell Shape and Mitochondria

The cells are characterized by an extensive system of lateral
cell processes that interdigitate with lateral processes from
adjacent cells (Figs. 1.19 to 1.21). These lateral processes
can extend the entire height of the epithelium, especially
in the P; segment, but become more elaborate toward the
basal regions of the lateral surface (Fig. 1.16). The com-
plex shape of these cells serves to increase the lateral cell
surface area manyfold, which provides a greater area for
transporters, above all of the Na"-K"-ATPase. These lateral
extensions usually contain one or two layers of mitochon-
dria (Fig. 1.20). The mitochondria are long, narrow rods that
branch and double back on themselves. They are oriented
perpendicular to the basement membrane and lie adjacent to
the cell membrane, to which they presumably supply energy
for transport processes.

The lateral extensions and their mitochondria cause
the pattern of basal striations that are typical for numerous
transporting cells. The lateral processes of proximal convo-
luted tubule cells in humans are not as elaborate as those
seen in rats (compare Figs. 1.15 and 1.16). In rabbits, the
lateral cell surface is increased 20 times over that of the basal

FIGURE1.19 Scanning electron micrograph ofa rat proximal
tubule epithelial cell showing the apical brush border (BB) and
the lateral processes (LP).(Magnification X 14,700.)

FIGURE1.20 Transmission electron micrograph ofthe basal

cytoplasm from a rat proximal tubular cell.(Magnification
X20,600.)

cell surface.'® The lateral extensions also establish a com-
plex and extensive surface labyrinth of lateral intercellular
spaces (“basal labyrinth™).

Cell Junctions

The proximal convoluted tubular cells have an apical junc-
tional complex that consists of a shallow, beltlike, tight
junction next to the tubular lumen; a deeper, beltlike in-
termediate junction (the zonula adherens); and only small
and mfrequently seen desmosomes. The proximal tubular
tight junctions are shallow and consist of only one or two
lines of fusion of the outer leaflet of the cell membrane
(Fig. 1.22). Freeze-fracture studies of normal proximal tight
junctions, however, reveal focal discontinuities. During vol-
ume expansion, striking increases in the length of disconti-
nuities were found.'®* Transmission micrographs also show
multiple areas of nonfusion of tight junctions associated
with renal venous constriction and increased ureteral pres-
sure.'® These sites of nonfusion may explain the increased
permeability seen in these situations. Proximal tubular cells
are electrically coupled by gap junctions (Fig. 1.22).'%

Microvilli

A layer of slender (approximately 80 to 90 wum), finger-
shaped processes extends into the tubular lumen, forming
the microvillus, or brush border. The length and number of
processes vary with the segment and species. The luminal
surface of the pars convoluta is increased 40 times in rats.'’
The luminal surface is increased 36 times in the pars con-
voluta and 15 times in the pars recta in rabbits.'® Each mi-
crovillus has a core of microfilaments that extend into the
apical cytoplasm connecting them to the cytoskeleton.
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FIGURE1.21 Diagram ofa proximal convoluted tubular cell showing the elaborate shape ofthese cells. Some interdigitating pro-
cesses extend the full height ofthe cells. The apical and basal cytoplasmic regions also have smaller,more elaborate interdigitating
processes. (From Bulger RE. The shape ofrat kidney tubular cells. Am JAnal. 1965;116:237, with permission.)
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FIGURE1.22 Freeze-fracture electron micrograph ofthe apical
part of proximal tubule cells (rabbit) showing the shallow tight
junction (arrows) and a gap junction (arrowhead).(Magnification
X37,000.) (From Kriz W, Kaissling B, Schiller A,et al. Morpholo-
gische merkmale transportie-render epithelien. Klin Wochenschr.
1979;57:967, with permission.)

Cytoplasm

The cells contain a very prominent vacuolar apparatus (see
later text), a Golgi apparatus, free ribosomes, and cisternae of
rough and smooth surface endoplasmic reticulum. The latter
forms specialized cisternae, called the perimembranous cis-
ternal system, near the lateral cell membranes.®® In addition,
the cells contain many peroxisomes that frequently have
eyecatching shapes.'®” Peroxisomes are limited by a single
membrane and contain a dense matrix, frequently exhibit-
ing crystalloild nucleoids (Fig. 1.17); platelike inclusions
at the peroxisomal edge, which are called margmal plates,
are also frequently encountered. Peroxisomes are invariably
wrapped by elements of the smooth-surfaced endoplasmic
reticulum. In the kidney, large peroxisomes are exclusively
found in the proximal tubule, most frequently in the P; seg-
ments'®’—all other nephron portions contain only micrope-
roxisomes. Peroxisomes contain enzymes from a primitive
respiratory chain i which oxidases produce hydrogen per-
oxide, which is, in turn, destroyed by the catalase, hence the
name peroxisome.'®® Peroxisomes participate in the break-
down of very-long-chain fatty acids by lipid B-oxidation;
in addition, they may play a protective role by destroying
hydrogen peroxide produced by free radicals.

Straight Part of the Proximal Tubule
(Last Part of P, and All of P3)

The straight part of the proximal tubule (pars recta) begins
in the medullary ray and penetrates into the outer stripe
of the outer zone of the medulla (Fig. 1.18). The proximal
pars recta converts into the thin limb near the junction of
the inner and outer stripe. In rats, the pars recta includes
the final region of both P, and P;,'® and the transition
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between the two segments occurs at various levels in the
medullary ray. This region is marked by a sudden increase
in microvillar length, a decrease in endocytic apparatus,
and a decrease in interdigitation between adjacent cells.
The microvilli of the pars recta cells decrease in height and
number in rabbits'”® and humans'®* but remain high in
rats (Fig. 1.18).

In general, the P; pars recta cells have been described
as lower in height with a less elaborate shape. In humans,
the pars recta cells have a convex apical surface, and some
lipid droplets are found in the basal cytoplasm. The mito-
chondria are fewer and no longer closely applied to the cell
membrane. The lysosomes are smaller and the Golgi and en-
docytic apparatuses are less well developed. Peroxisomes are
more numerous in the pars recta.®®'%* The tight junctions
of P; can be more complex in shape, consisting of several
junctional strands in rats, dogs, and cats.'”

Structure—Function Correlations

The functional relevance of the proximal tubule is manifold
and quantitatively enormous. It reabsorbs about 70% of
filtered Na™, Cl~, and water; 95% of bicarbonate; 60% of
Ca’"; and sodium phosphate. Reabsorption of the filtered
glucose is complete, whereas reabsorption of amino acids 1s
almost complete. This occurs either by transcellular trans-
port via specific channels and transporters in both mem-
branes (water, sodium, phosphate, glucose, amino acids,
and bicarbonate in a specific enzyme-mediated mode) or
predominantly by paracellular transport through the leaky
tight junctions (Ca**, CI7). Furthermore, filtered macro-
molecules undergo reuptake by a prominently developed
endocytotic apparatus. In addition, the proximal tubule
(predominantly S; segments) secretes organic cations and
anions, which constitute an extraordinarily diverse array of
compounds of physiologic, pharmacologic, and toxicologic
importance. The transepithelial transport involves separate
entry steps at the basolateral membrane and exit steps at
the luminal membrane with specific transporters at both
sites.!”""!"* Other potentially toxic xenobiotic compounds
are metabolized within the well-developed smooth endo-
plasmic reticulum of Sy segments.'”

Unique to the proximal tubule is the reabsorption and
degradation of filtered protein and peptides (Figs. 1.15 and
1.16). As discussed previously, all proteins smaller than al-
bumin leak through the glomerular filter; even albumin,
in small amounts, is always contained in the filtrate. All
these diverse macromolecules are taken up by proximal tu-
bule cells via receptor-mediated endocytosis and degraded
in lysosomes. In proteinuric states, this function is greatly
enhanced. The uptake and digestion include the following
steps. 76177

1. Binding of the filtered protein to two multiligand
receptors, megalin and cubulin, which are densely
accumulated within clathrin-coated pits in the
intermicrovillar areas of the apical membrane.

Megalin 1s a 600-kDa transmembrane protein be-
longing to the LDL-receptor family (see reviews).'’®!"’
The extracellular domain contains four clusters of cys-
teine-rich, complement-type repeats, constituting the
ligand-binding regions. Cubulin 1s a 416-kDa periph-
eral membrane protein identical to the intrinsic factor
vitamin B, receptor, known from the small intestine.
It contains 27 CUB domains, which are responsible for
the ability to interact with a great variety of ligands.

2. Small apical vesicals pinch off from the tubular invagi-
nation at the intermicrovillar areas to ferry the protein
to the next component.

3. Large apical vacuoles located in the apical cytoplasm
are formed by fusion of small vesicles representing the
early endocytotic compartment.

4. Condensing vacuoles form in which the protein is
condensed. These vacuoles move basally in the cell
and acquire hydrolytic enzymes by fusion either with
primary or secondary lysosomes. The proteins seques-
tered within lysosomes appear to be broken down into
amino acids that are reused by the cell.

5. Already sequestered in the early endosomal compart-
ment, the receptors are concentrated in dense, api-
cal tubules by which they are returned to the apical
plasma membrane.

This process of megalin-mediated internalization ap-
pears to be of even much wider relevance. As mentioned
previously, the proximal tubule reabsorbs phosphate, repre-
senting a key element in phosphate homeostasis. Depending
on the amount of sodium phosphate cotransporters pres-
ent in the brush border cell membrane, the reabsorption
varies. Internalization of the phosphate transporter type II
(e.g., PTH induced to downregulate reabsorption) occurs via
megalin-mediated endocytosis.'’®!”” The proximal tubule
has also endocrine relevance. In response to stimulation by
PTH, it produces, by adding a second hydroxyl group, the
active vitamin Ds, calcitriol.

Thin Limbs of the Loop of Henle
(Intermediate Tubule)

Thin limbs can be short, occurring only along the descend-
ing limb, or they can be long, reaching varying distances
into the inner medulla. In the long-looped variety, thin limb
segments compose part of both the descending and ascend-
ing limbs. Four types of thin limb segments are routinely
identified: (1) descending thin limbs of short-looped neph-
rons (SDTL) (Figs. 1.23 to 1.25), (2) upper portions of de-
scending thin limbs of long-looped nephrons (LDTL up),
(3) lower portions of descending thin limbs of long-looped
nephrons (LDTL Ip), and (4) ascending thin limbs of long-
looped nephrons (ATL) (Figs. 1.24 and 1.25). This pattern
has been observed in rats,'**'®! mice,'®* syric hamsters,'®’
the desert rodent Psammomys obesus,'**'% and the rabbit.'
Thin limbs have not been studied as carefully in humans as
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THICK
LIMB

OUTER MEDULLA

DESCENDING LIMB

FIGURE1.23 Diagrammatic representation ofthin limb struc-
ture in short loops of Henle showing the shapes of constituent
cells and the morphology ofthe occluding junctions (inset).
(From Schwartz MM, Venkatachalam MA. Structural differences
in thin limbs of Henle:physiologic implications. Kidney Int.
1974,6:193, with permission.)

in several other animal species.'*'%*!®” An additional sub-
segment of thin limbs has been identified in chinchillas.'®®
Surprisingly, as seen by light microscopy, these simple
looking epithelia are strikingly different from each other—
not only the ascending from the descending limbs but, most
remarkably, the descending limbs of short from those of long
loops. Furthermore, within the descending segments, the
proximal portion, although structurally not different from
the distal portion, express a different pattern of transport-
ers than the distal portion. Even islets or interposed limb
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FIGURE1.24 Diagrammatic representation ofthin E
limb structure in long loops of Henle,showing the -
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shapes of constituent cells and the morphology ofthe
occluding junctions (inset).(From Schwartz MM, Ven-
katachalam MA. Structural differences in thin limbs of
Henle:physiologic implications. Kidney Int. 1974;6:193,
with permission.)

pieces of functionally different cells are encountered within
an otherwise homogenous thin limb segment.'®'* Beyond
all of these heterogeneities, there are prominent differences
among species. This situation may explain the doggedly per-
sistent discussion about the integrated function of thin limbs
in the urine-concentrating process; a generally accepted con-
cept of how the final concentration of the urine in the inner
medulla occurs is lacking.

The type-1 epithelium lining (SDTL) 1s composed of
flat, noninterdigitating cells, joined by tight junctions that
consist of several anastomosing strands. Cell organelles
are exceedingly sparse. Functionally, this segment contains
aquaporin 1 (AQPI) and the urea transporter UT-A2 1n its
membranes.””'** Thus, it is water and urea permeable.
However, these properties are unequally distributed; within
the proximal part, the water permeability 1s high, whereas,
within the distal part, the urea permeability is high.'?!-!%31%>
In species with complex vascular bundles (rat, mouse, etc.),
the SDTLs lie within vascular bundles'®’; in these surround-
ings, the thin limbs are in an 1deal position to recycle urea
from the ascending vasa recta into the short-loop nephrons.

The descending limbs of long loops (LDTL) are generally
much larger in diameter and have a thicker epithelium than
those of short loops (Fig. 1.25). Moreover, these thin limbs
segments are heterogeneous; those of the longest long loops
begin in the inner stripe as a much thicker tubule than those of
shorter long loops. The character of the epithelium gradually
changes as the limbs descend toward and into the immner me-
dulla. The subdivision of the long descending thin limbs into
an upper part (type-2 epithelium) and a lower part (type-3 epi-
thelium) is an approximation and reflects the gradual change

LONG LOOPS

PARS RECTA

THICK
LIMB

ASCENDING LIMB

DESCENDING LIMB
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between the two epithelia. Moreover, this process of epithelial
transformation appears to be related to the length of each loop.
It occurs earlier and more quickly in short long loops and is
delayed in the longest long loops.'>%:1°%:181.182.187.189,196
Furthermore, considerable interspecies differences,
particularly prominent in type 2 epithelia, complicate the
situation. Two patterns of type-2 epithelium may be distin-
guished.'®”!"” In one group of species (mouse, rat, Psamomys,
etc.), > 8HI8 98199 the type-2 epithelium is characterized
by an extremely high degree of cellular interdigitation and
a shallow tight junction consisting of only one junctional
strand pointing to prominent paracellular transports. In
addition, the epithelium has numerous apical microvilli,
considerable numbers of mitochondria, and exhibits a high
expression of Na™-K"-ATPase.*’**"! In a second group of
species (rabbit, minipig, and, possibly, man),****% the type-2

FIGURE1.25 Low power electron
micrograph ofa cross-section through
the mner stripe (rabbit). A vascular
bundle with arterial (4) and venous
(V) vasa recta is surrounded by de-
scending thin limbs (DL;the small
profiles belong to short loops and the
large profiles to long loops),and thick
ascending limbs (4L) and collecting
ducts (CD);note the dense pattern of
capillaries between the tubules. (Mag-
nification X900.)

epithelium is much more simply organized. The prominent
paracellular pathway is lacking; the cells do not interdigitate
and are joined by deep tight junctions. In other respects,
however, the epithelia are similar in the two groups: numer-
ous luminal microvilli, many mitochondria, and a dense
assembly of intramembrane particles in luminal and basolat-
eral membranes are present in both groups. The high density
of intramembrane particles may, at least, be partially due to
the high density of AQPI channels in both membranes—
corresponding to the decrease of particle density along its
descending course. The density of AQP1 channels also de-
creases and finally terminates completely.'”>2°*?% Because
structurally a clear cut border between the upper and the
lower segment of the LDTL cannot be defined, it may be
reasonable to discriminate both segments by the absence of
AQP1 in the lower segments.'*%+19>:204
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Type-3 epithelium (found in LDTL lp) 1s comparably sim-
ple; interspecies differences are no longer prominent. The epi-
thelrum consists of flat, noninterdigitating cells, joined by tight
junctions of intermediate apico-basal depth'®’; it lacks AQPI
and may, accordingly, have a very low water permeability. Re-
garding the permeability to urea and the distribution of the
urea transporter, UT-A, conflicting data are published, especial-
ly when comparing data from different species.'?%!1-204.206-208

The ascending thin limb (ATL) 1s present only in long-
loop nephrons and is uniformly organized among mammals.
Generally the transition from the type-3 epithelium of the
DTL to the type-4 epithelium of the ATL occurs in a short,
but fairly constant, distance before the bend (“prebend seg-
ment”).'*%18>1%% Therefore, functionally, the entire bend should
be regarded as part of the ATL. The type-4 epithelium is char-
acterized by very flat but heavily interdigitating cells joined by
shallow tight junctions, consisting of only one, but prominent,
junctional strand. This leaky organization of the paracellular
pathways correspond with functional studies,”'° which all
demonstrate that the ATLs are highly permeable for 1ons.

The change from the type-3 epithelium to the type-4
epithelium coincides with the full disappearance of the urea
transporter UT-A and the abrupt beginning of the expression
of the chloride channel CIC-K1'*2%*; aquaporins are also
lacking. Thus, the ATL is water and urea impermeable, but
highly permeable for Cl™ and also Na".

In humans,*''*'* dogs,'®! and minipigs,”” a gradual transi-
tion 1s seen from the thin limb to the ascending thick limb; how-
ever, an abrupt transition is seen in most other species.'>®!%-*!

THE DISTALTUBULE OVERVIEW

The distal tubule of mammalian kidneys has been defined
in many and conflicting ways. For morphologists, the distal
tubule is divided into several serial segments with differ-
ing locations in the kidney and of varying ultrastructural
patterns®'> (Fig. 1.2). The first morphologic segment of
the distal tubule for long-looped nephrons begins at the
boundary between the inner zone of the medulla and the
inner stripe of the outer zone ofthe medulla. At this bound-
ary, the cells lining the ascending thin limbs of long-looped
nephrons increase in height, forming the MTAL. The MTALs
of short-looped nephrons are encompassed within the in-
ner stripe of the outer zone in which the descending thin
limb of short-looped nephrons converts into a descending
thick limb, which then makes a hairpin turn and ascends
as an MTAL. The MTAL traverses the mner stripe of the
outer zone of the medulla and continues toward the cortex
through the outer stripe of the outer zone of the medulla.
The MTAL then enters the cortex, ascending within the
medullary ray as the CTAL. These two segments, the MTAL
and CTAL, are also called the straight part of the distal tu-
bule. The CTAL then leaves the medullary ray and enters
the pars convoluta of the cortex, running between the affer-
ent and efferent arteriole of the renal corpuscle from which
that tubule was derived. A plaque of taller, but narrower,

cells 1s found in the wall of the CTAL in this region; this
plaque of cells forms the macula densa (JGA). In humans,
the cells of the MTAL are not as elaborately shaped as those
described in the majority of laboratory animals that have
been studied.*'?

After a short post macula densa region of the CTAL,
the distal tubule becomes more convoluted and it is now
lined by epithelial cells that increase in height from the
CTAL, which forms the distal convoluted tubule (DCT)
(see Fig. 1.27).2'%%!° In rabbits, the DCT contains one type
of cell known as the distal convoluted tubular cell."® In
this species, the DCT 1s abruptly replaced by the con-
necting tubule (CNT). In other species, such as rats and
mice,”'” humans,*'® or minipigs,”*® the transition is more
gradual with intermixing of cells so that in the late DCT of
these species connecting tubule cells and intercalated (IC)
cells begin to dominate, although DCT cells and principal
cells of the collecting duct also can be identified. This seg-
ment is then defined as the CNT. The CNT of superficial
nephrons begin as unbranched segments, each emptying
into a collecting duct (some investigators call the first part
of the collecting duct the initial collecting duct). In mid-
cortical and juxtamedullary nephrons, the change from
the DCT to the CNT occurs a few cells before the fusion
of the two tubules.'”® These CNT segments join to form
branching connecting tubule segments called arcades,
which arch upward in the cortex and then empty into
a CCD.” The number of each type of CNT architecture
varies with the species.

Medullary Thick Ascending Limb

The MTAL i1s lined by cells of one type that has extensive
basal interdigitating processes filling the basal three-fourths
of the cytoplasm (Fig. 1.26). The larger cell processes con-
tain large mitochondria that are elongated on an axis per-
pendicular to the tubular basement membrane. In addition
to their normal contents, the mitochondria contain promi-
nent intramitochondrial granules and occasional filamentous
bodies.?!"” The epithelium lining the MTAL is approximately
7 um in height.?!3-2°

The apical surface of the MTAL cells does not have an
elaborate shape in rabbits'>®; it is more elaborate in rats.*?!
Tisher and associates,?'*?!%*2% ysing scanning electron mi-
croscopy, have described two surface configurations of the
MTAL cells, with variations in apical cell outlines and in the
number of apical microplications. Some cells have smooth
apical surfaces with a few microprojections, whereas others
have a rough surface with numerous microprojections. The
MTAL cells have both extensive invaginations of the baso-
lateral plasma membrane, as well as a large lateral interdigi-
tating process of adjacent cells.**° Because a main function
of the TAL 1s the reabsorption of sodium and chloride from
the tubular lumen to the interstitium, these basolateral pro-
cesses have Na"-K"-ATPase activity”** In addition, they
have an apical bumetanide-sensitive sodium-potassium-2
chloride cotransporter called NKCC2 located in the apical
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membrane (see the discussion of the membrane amplifi-
cation principle later in this chapter). The MTAL demon-
strates a low permeability for water so the active transport
of the sodium 10ons out of the basolateral membranes of the
cells in exchange for potassium ions participates in forming
the hypertonicity of the medullary interstitium. The api-
cal cytoplasm contains a variable number of vesicles and
a prominent Golgi apparatus. Cisternae of rough-surfaced
endoplasmic reticulum can be seen throughout the cyto-
plasm. The tight junction i1s of low to intermediate apical—
basal depth, consisting of several parallel strands.”** These
tight junctions appear to be related to the relative imper-
meability to water (see discussion later in this chapter of
tight junction structure and their role in transepithelial
solute and water transport). As the MTAL traverses the
outer stripe in rats, it decreases in cell height, but retains
its prominent lateral interdigitations. In rabbits, the apical
surface becomes more elaborate in this region.'>®

The administration of vasopressin (antidiuretic hor-
mone) to rats that have hereditary diabetes insipidus causes
hypertrophy of the MTAL in Brattleboro rats.”** This effect
can also be shown by water restriction in normal rats**> and
after high protein intake.**%**’

Cortical Thick Ascending Limb

The cells of the CTAL are lower i height than those of the
MTAL in the rat, measuring about 5 um in height**' and
2 um in the rabbit.” The cells still have prominent basolat-
eral interdigitating cell projections, which increase the baso-
lateral cell membrane approximately tenfold over the apical

FIGURE1.26 Transmission
electron micrograph ofthe pars
recta of the distal tubule from a
rat showing the interdigitating

cellular processes. (Magnification
X15,000.)

or basal cell surface.”*® These interdigitating processes are
more prominent in a circumferential direction.*** Mitochon-
dria are still prominent in the basolateral cell processes, but
somewhat smaller than those of the MTAL. The apical cell
border becomes more tortuous in this segment, having more
prominent invaginations of the entire lateral cell margins,
including the apical region of the cell,'”® and has more mi-
crovilli along its surface.”’®> Tamm—Horsfall glycoprotein has

been identified covering the plasma membrane in the TAL
of rat 229:230

The MTAL and CTAL differ from each other physiologi-
cally, especially in hormone responsiveness.”*'***> The MTAL
has a high density of Na“-K"-ATPase.”>* Hebert et al.*** have
shown in mice that antidiuretic hormone (ADH) increases
the transepithelial voltage and net chloride reabsorption in
the medullary, but not the cortical, region of the ascending
thick segment. The ascending thick region functions in flow-
dependent absorption of NaCl mediated by the furosemide
(bumetanide)-sensitive cotransport NKCC2.2**** Nielsen
et al.”*® and Obermuller et al.,*” using immunohistochemistry,
have demonstrated bumetanide-sensitive Na-K-2Cl labeling in
the apical plasma membrane and the subapical ntracellular
vesicles of MTAL and CTAL in the rat and rabbit. The apical
plasma membrane of the macula densa region also had distinct
labeling consistent with a role in tubuloglomerular feedback.

The TAL in the mner stripe has a greater reabsorptive
capacity for NaCl than the cortical segment,**® but the corti-
cal segment can maintain a higher concentration gradient*”
(see the discussion of Na'-K'-ATPase and the basolateral
membrane area later in this chapter). The sodium chloride
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reabsorbed by the TAL contributes to the hypertonicity of the
medullary interstitium. As the CTAL ascends toward the renal
corpuscle from which it was derived, there is an increase in
apical plasma membrane surface area, both by an increase in
apical microvilli and by an increase in lateral cell margins.**’
The macula densa region 1s formed by a plaque of cells
in the wall of the CTAL (see Fig. 1.35), where the ascend-
ing thick tubule runs between the afferent and efferent arteri-
oles of the renal corpuscle from which the tubule 1s derived.
A group of extraglomerular mesangial cells (lacis cells, Polkis-
sen cells) fills the cone-shaped area formed by those three
structures.”*” These four elements—the afferent and efferent
arterioles, the extraglomerular mesangium, and the macula
densa—constitute the juxtaglomerular apparatus, which will
be discussed separately in more detail later in this chapter.

Distal Convoluted Tubule

The DCT (distal pars convoluta) is shorter than the proxi-
mal convolution, being about 1.2 mm in length in the rat.?!’
Therefore, fewer profiles are seen in sections of the renal cor-
tex. The DCT begins with a rather marked increase in the
height of the lining cells from those of the TAL, although the
cells are similar to those lining the TAL. In the rabbit, DCT
cells are three to four times taller in the DCT than the cells
lining the CTAL.*'* The DCT tubule has a variable diameter
and contains one type of cell with more nuclear profiles than
are seen in the proximal convoluted tubule (Fig. 1.27). The
DCT extends from the CTAL to the CNT. The cells lining the
DCT have short, bulbous luminal microvilli, but no regu-
lar brush border. The microvilli are more numerous than
seen on the TAL cells, the CNT cells, or the principal cells of

FIGURE1.27 Transmission
electron micrograph from a rat
distal convoluted tubule showing
the numerous mitochondria

within interdigitating processes.
(Magnification X2,850.)

the CCD.**! In humans, small lipid droplets are seen in the
cytoplasm.?'? The endocytic apparatus is not well developed,
but some vacuoles and numerous small vesicles are seen in
the apical region. Dorup®*' describes four types of vesicles
in these cells: intermediate vesicles (80 to 200 wm), which
are generally uncoated; small vesicles with a mean diame-
ter of 50 wm that are continuous with these intermediate
vesicles; large vesicles (200 wm); and tubular profiles (these
being less frequent i DCT cells). Some rough-surfaced en-
doplasmic reticulum and lysosomes are also present in this
segment. The cell nuclei occupy an apical position, because
the basal two thirds of the cytoplasm is filled with extensive
lateral interdigitating processes surrounded by basolateral
cell membranes. These basolateral processes are filled with
large elongated mitochondria that have their longitudinal
axis perpendicular to the basement membrane. The presence
of the large mitochondria lying adjacent to the basolateral
cell membranes 1s consistent with the need for ATP for the
continued active reabsorption of solute that occurs in this tu-
bule (see Fig. 1.27). The volume of mitochondria in the DCT
cells 1s larger than in the CNT cells or cortical collecting duct
(CCT) cells.**' An increased delivery of sodium to the DCT
brings about an increase in the volume of the cell, in the mi-
tochondrial volume, and in the proliferation of the basolat-
eral membranes in the cells of the DCT, as well as in the CNT
cells and the principal cells of the collecting ducts.*****
The apical membrane of the DCT cells has numerous
small microprojections. The tight junctions between the
cells of the distal tubule are elaborate and are composed of
multiple lines of membrane fusion,** a characteristic that

correlates with the ability of the cells to maintain a large
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electrochemical gradient. The DCT reabsorbs NaCl against a
steep chemical gradient and, as expected for such a sodium-
absorbing epithelium, contains abundant Na -K"-ATPase
on its basal lateral cell membrane.**>*****’ DCT prolifera-
tion and basolateral membrane amplification occur when
active sodium reabsorption increases.***** Kaissling et al.>°
increased the NaCl load to this segment by administering
furosemide and demonstrated a marked adaptive increase in
the basolateral membrane in the DCT.

In rabbits, an abrupt transition is seen from the dis-
tal tubule to the connecting piece of the nephrons.'”® The
situation is less clear in other species, in which the transi-
tion does not appear to be either as abrupt or as completely
studied. Recent studies by Biner et al.*>! used immunohis-
tochemistry to localize the various transport systems along
the human cortical distal nephron. The DCT demonstrates
luminal thiazide-sensitive sodium-chloride cotransporter
(NCC). The NCC overlaps with epithelial sodium chloride
channels (ENaC) for a short region at the end of the DCT. IC
cells were interspersed among the DCT cells near the end of
the DCT. (For more detailed information, see recent reviews
from the groups of Kaissling”'*>* and Bachmann.*>?)

The Connecting Tubule

The CNT forms the next region of the distal nephron and
lies between the DCT and the collecting duct system. At the
present time, the CNT may be best classified as part of the
DCT because it appears to be derived from the metanephric
blastema.* Peter’ believed that the arcades arise from the
ureteric bud, whereas Oliver,” Potter,”* and, more recently,
Neiss,* all believe that the metanephric blastema is the cor-
rect source. However, Howie et al.,>>> using immunohisto-
logic methods with substances related to the ABO blood
groups, various cytokines, and Tamm-—Horsfall protein,
found that the ureteric bud and the connecting piece ex-
press the same antigens. The morphology of the CNT cells
appears to have features of both the DCT cells, such as some
degree of lateral interdigitations that contain mitochondria,
but also has features of the CCD cells, such as the presence
of more true basal infoldings (Fig. 1.28). Because of the in-
termixing of DCT cells, CNT cells, IC cells, and principal
cells of the CCD in some species, such as rats and mice,
there 1s a gradual transition from the DCT to the CNT in
these species.?'**!” Neiss* demonstrated that IC cells (also
called dark cells) in the CNT arose from the metanephric
blastema, whereas the IC cells found in the collecting duct
arose from the ureteric bud. Kim et al.,*° using specific an-
tibodies to carbonic anhydrase II, H"-ATPase, and band-
3 protein, demonstrated that IC appeared simultaneously
in both the CNT and the medullary collecting duct. These
IC cells differentiated from separate foci: one in the neph-
ron (developing from the metanephric blastema) and one
in the collecting duct (developing from the ureteric bud).
When first identified, cells with distinct apical staining for
H"-ATPase (presumed to be type A intercalated cells), as
well as cells with distinct basolateral H'-ATPase labeling

FIGURE1.28 Light micrograph ofthe renal cortex (rabbit)
showing a connecting tubule composed of connecting tubule
cells (/) and intercalated cells (2). (Magnification X900.) (From
Kaissling B, Zurich, with permission.)

(presumed to be type B intercalated cells), were observed
seemingly being developed from two embryologically dis-
tinct parts of the kidney. Some of these IC cells in certain
locations subsequently disappeared.*>®

The CNT of superficial nephrons are short and drain
individually into the collecting duct (some classify the point
of junction as the initial collecting duct). CNTs of juxtamed-
ullary and some midcortical nephrons generally form arched
collecting ducts in many species. The arched duct starts
deep within the cortex with the conversion and confluence
of several DCT into the arcade and then ascends, while col-
lecting parts of other nephrons, before the duct turns and
enters a medullary ray. This arched duct results from an ear-
ly embryonic type of nephron induction.*” The number of
nephrons that empty directly into the CCD, compared with
the number that enter first into an arched tubule, varies with
the species.” Both types occur in humans.

Two types of cells generally line the CN'T, although in-
termixing of these two cell types with cells of other cell
types, such as the DCT cells and the principal cells of the
CD, are seen in some species. The two main types of cells
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seen are CNT and IC cells (Fig. 1.28). The CNT cells appear
to be characterized mainly by extensive true infoldings of
the basal cell membrane, which can extend quite deeply
into the cytoplasm. However, basolateral interdigitations
have also been described, but are less pronounced than
seen in DCT cells.**' In rabbits, the plicated membranes
can reach the apical cytoplasm.'® Stanton et al.*** demon-
strated a striking increase in basolateral membranes in the
rat CNT and the initial CCD of potassium-adapted animals,
indicating that potassium is secreted by the CNT cells, as
well as the principal cells of the (initial) collecting duct. In
this study, no changes were seen in the IC cells. This sug-
gests that potassium is secreted by the CNT cell and the
principal cell of the initial collecting duct.?***>’

The basolateral membranes of CNT cells are partially
separated by mitochondria, which are smaller, more ran-
domly distributed, and less numerous than those found in
the DCT. The volume density of mitochondria in rat CNT
cells was significantly lower than in the DCT cells.**' This
arrangement differs from principal cells of the collecting
duct, in which the mitochondria are found mainly above
the basal infoldings, not among the basolateral membranes.
Microvilli on the apical surface tend to be slender and in-
frequent. Apical vesicles were about as frequent as seen in
the DCT cells.**! Mitochondria, the nucleus, and other cell
organelles fill the apical cytoplasm. The CNT cells appear
to exist in most species, including rats, mice,”'**!” and
humans.*'?

Biner et al.”>! demonstrated an ENaC along the entire
CNT in humans. The major part of the CNT also coexpresses
aquaporin 2 with the ENaC. IC cells were identified inter-
spersed among the CNT cells in the human. Lofling and
Kaissling”® reviewed the transport pathways along several
mammalian distal nephrons and showed that ENaC was
present along the CNT from the rabbit, rat, mouse, and hu-
man. Frindt et al.,”” using patch clamp techniques in rat
kidney tubule segments, demonstrated that the CNT could
reabsorb sodium at a rate 10 times higher than that of the
CCT. Using immunogold labeling and electron microscopy,
aquaporin 2 (apical), 3, and 4 (basolateral) were all shown
to be colocalized in CNT cells of rat.**

The CNT cell displays an amplification of basal cell
membrane in rats*** and rabbits** in situations in which
there is a low Na" and high K" intake. This effect is axial
along the tubule, being greatest at the early segment of the
CNT and decreasing along its length.”*” The axial change
in structure is paralleled by similar changes in Na"-K'-
ATPase.”*!

The second cell type 1s the IC cells (or dark cells). Three
types of IC cells have been described: type A involved with
the secretion of protons into the lumen; type B involved
with the secretion of bicarbonate into the tubular lumen;
and non-A—non-B, which may be able to secrete both pro-
tons and bicarbonate into the tubular lumen. IC cells will
be discussed under the collecting ducts, because these cells
comprise such an important number of the cells lining the

tubule in that region. Electrophysiologic studies in rabbits
suggest that approximately 98% of the IC cells in the con-
necting tubule are the HCO; -secreting B type.*®?

THE COLLECTING DUCTS

The collecting ducts extend from the CNT through the med-
ullary rays as CCDs. They then cross the outer and inner
stripe of the outer medulla as well as the inner medulla, to
empty their contents at the tip of the renal papillaec. They
include the CCDs (including the initial collecting ducts), the
outer medullary collecting ducts (OMCDs), and the inner
medullary collecting ducts (IMCDs).

The collecting ducts are the final regulators of fluid and
electrolyte balance, playing roles in the handlingofNa™, Cl ™,
K", and acid and base. Although there has been great em-
phasis on the role of the collecting ducts as the main control-
lers of urinary sodium and potassium excretion, Meneton et
al.?%? stress the pivotal role played by both the late part of the
DCT and the CNT, especially in situations that prevail in our
current environment, in which the dietary sodium intake is
high and the potassium intake i1s low. They propose that a
large proportion of the aldosterone-regulated sodium reab-
sorption and potassium secretion occurs before the tubular
fluid reaches the collecting duct. The difference between the
function of the late DCT and the CNT compared to the col-
lecting duct seems to be more quantitative than qualitative,
with a large proportion of the aldosterone-regulated sodium
reabsorption and potassium secretion being done in the late
DCT and CNT. The collecting duct would function mainly
when the requirement for sodium and water conservation is
maximal and the upstream segments are overloaded by diet
or some genetic defect.

The collecting ducts are lined by two types of cells: col-
lecting duct principal (light) cells and intercalated (dark)
cells (Figs. 1.29 and 1.30). About 30% of CCD cells are IC
cells in rat.*** Kaissling and Kriz'>® estimate that rabbits have
33% IC cells in the CCD and 50% in the outer medullary
collecting duct. About one-third of the cells lining the outer
medullary collecting duct in the rat are IC cells.*®> The num-
ber of IC cells decreases as the collecting duct descends into
the medulla and are absent below the first portion of the
IMCD. The principal cells of the collecting duct gradually
change in morphology as they descend toward the papilla.
They increase in cell height and have more complex tight
junctions, whereas the amount of basal infoldings and the
number of mitochondria decrease. Fusions of the collect-
ing ducts occur in the inner renal medulla to form the large
papillary collecting ducts (ducts of Bellini). These large col-
lecting ducts exit at the papillary tip in an area known as the
area cribrosa.

The principal cells of the collecting duct in the cor-
tex are cuboidal in humans®'® and low cuboidal in rats
(see Fig. 1.29). They form the most numerous cell types.
They have a simple cell shape, with fairly straight lateral
cell borders that have small interlocking projections. Their
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FIGURE1.29 Transmission electron micrograph ofthe epithelium
ofa cortical collecting duct (rat) showing a collecting duct cell
(principal cell) (above) and an ntercalated cell (A-type) (below).
Note the basal infoldings in the collecting duct cell and the apical
vesicles in the intercalated cell.(Magnification X5,000.)

pale-staining cytoplasm contains a few small, oval, ran-
domly oriented mitochondria and other organelles, and the
nucleus is situated in the middle to upper one-half of the
cell in the cortex. The luminal surface i1s generally smooth
with a few short microvilli and a single cilium. The basal
surface is characterized by true basal infoldings, with few lat-
eral interdigitations. The amplification factor of basolateral
membranes was significantly lower than in the CNT cells.**!
Because these infoldings are short and closely spaced,

they do not have mitochondria lying between them. The
mitochondria are located mainly above the infoldings and
in the apical cytoplasm, which contained few intermediate
and small vesicles, tubular profiles, and large vesicles.**' The
tight junctions are deep,”*>***® and the apical surface has a
prominent glycocalyx.*®’

Conditions that increase potassium secretion, such as
potassium adaptation or high endogenous or exogenous
mineralocorticoid levels, bring about dramatic increases in
these basal cell membrane infoldings.>**-*0%20%:2%° For exam-
ple, striking increases in the basolateral membranes of the
principal cells of the initial segment of the collecting duct
have been demonstrated in potassium-adapted animals.*** In
addition, the principal cells in rats showed a 35% decrease in
the basolateral membranes in adrenalectomized animals that
was restored to control levels by the administration of physi-
ologic amounts of aldosterone, but not of glucocorticoids.?”
In addition, increasing the dose of aldosterone over control
levels caused an increase in the basolateral membranes by
111% compared with controls. They did not note changes
in the luminal membranes of the principal cells.”’® These
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FIGURE1.30 Scanning electron micrograph ofa cortical col-
lecting duct (rat) showing the apical aspect of collecting duct
cells (with an apical cilium) and intercalated cells (with apical
microfolds).(Magnification X2,400.)
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studies provide evidence that principal cells in the collecting
duct are involved with potassium secretion.

The collecting duct responds to ADH by an increase in
water permeability. The principal cells are vasopressin sensi-
tive and show dramatic increases in water permeability of
the apical membrane. Sun et al.”’! have demonstrated direct
evidence that AQP2 on principal cells is located in clathrin-
coated pits that recycle between the plasma membrane and
intracellular vesicles in response to the availability of ADH.
The mechanisms underlying these changes are discussed in
detail later in this chapter.

Biner et al.,”! using immunohistochemical localization
techniques on human kidney, demonstrated the presence of
an amiloride-sensitive ENaC and AQP2 activity on collect-
ing duct principal cells. Loffing et al.*’* using immunohisto-
chemistry in rabbit kidney cortex, demonstrated that ENaC
1s found m the CNT cells and the CCD cells. The ENaC
shifted from the apical membrane in the upstream CNT cells
to a cytoplasmic location downstream in the CNT and CCD
cells. In the rabbit, the AQP2 was seen only on the CCD
cells. The apical membranes of the collecting duct princi-
pal cells of humans contain ENaC and AQP2, whereas the
basal membranes contain Na"-K"-ATPase and aquaporins
3 (AQP3) and 4 (AQP4); hence, the CCD plays a critical role
in the concentration of urine. The CCD also responds to the
mineralocorticoid aldosterone.*”?

The collecting duct cells undergo gradual, although
considerable, changes from the cortex downstream to the
upper one-third of the inner medulla.'>®*'® The cells of the
outer medulla include principal cells similar to those seen in
the cortex; however, the cells become taller with decreasing
concentrations of several cellular organelles and basal infold-
ings. IC cells similar to type A are found in the outer medul-
la. From the deeper cortical levels downward into the inner
medullary region, the basal labyrinth of the principal cells
continues to decrease gradually, with a steeper reduction
within the outer stripe.'”®*!>*!® The number of mitochon-
dria also continues to decrease, whereas lysosomal elements
and apical-coated vesicles seem to increase. The density of
the cytoskeletal network lying under the apical cell mem-
brane becomes more prominent and the tight junctional belt
becomes deeper.'”®

From the second one-third of the inner medulla, col-
lecting duct cell size increases steeply. These tall IMCD cells
are distinct from collecting duct cells upstream according to
several criteria®'****~"* (Fig. 1.31). Their luminal membrane
1s covered by numerous stubby microvilli and lacks the cen-
tral cilium. The lateral mtercellular spaces are more exten-
sively developed and are prominent by their dense assembly
of microvilli and microfolds projecting from the lateral cell
membranes. A prominent feature of principal cells of the last
one-third of IMCDs 1is the expression of the ADH-sensitive

FIGURE1.31 Transmission electron micrograph ofthe inner medullary collecting duct epithelium (rat) showing the high inner
medullary collecting duct cells with many stubby microvilli of the luminal membrane and prominent lateral intercellular spaces filled

with lateral microfolds. (Magnification X 15,500.)
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FIGURE1.32 Summary diagram,showing cells from the various regions ofthe urinary tubule.

urea transporter UT-A1.'”**7> In most other respects, IMCD
cells resemble the other collecting duct cells. The morphol-
ogy of the various regions of the renal tubule 1s summarized
in Figure 1.32.

Intercalated Cells

IC cells have long been identified in CCDs in a variety of spe-
g yorIsp
cies such as rats 213:217:264276-279 o 264280 [umans, 21825
and rabbits!>%248256:2817283 (Riog 1 29 and 1.33). It has be-
come obvious that IC cells are not only found in the CCD
but, depending on the species, 1n the latter region ofthe DCT
p g p g
in humans®'®**'<"® and rat,?'"**1:0>27% in the connecting

tubule in rabbits'*®**® and humans,*" in the CCD (as listed
previously), in the outer medullary collecting ducts in rats,*®
and 1 the upper part of the inner medullary cells in rats and
rabbits.'*® IC cells constitute about 37% to 40% of the cells
in CCD in rats and rabbits.?>*%%-2%3 Kaissling and Kriz'*® es-
timate that rabbits have 33% IC cells in the CCD and 50%
in the outer medullary collecting duct, whereas Hansen et
al.?®> estimate that 36% to 40% of IC cells are present in the
outer medullary collecting ducts in rat. IC cells show a slow
decrease in the upper part of the IMCD in rats.?*?

IC cells (Fig. 1.33) are sometimes called dark cells
because their cytoplasm stains more densely. They exhibit
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FIGURE1.33 Transmission electron micro-
graphs ofintercalated cells (rat). A: Type A
exhibiting apical microfolds and flat vesicles
in the apical cytoplasm.(Magnification
X6,800.) B: Type Bshowing a rather smooth
apical surface,many small round vesicles,and
mitochondria located predominantly in the
lateral and basal parts ofthe cell. (Magnifica-
tion X6,300.)

significant structural heterogeneity even within a single
segment of the collecting duct. IC cells can also be distin-
guished from principal cells by differences in cell shape,
cytochemical staining, and uptake of the pH-sensitive
fluoroprobe, 2',7'-bis(carboxyethyl)—5,6-carboxyfluores-
cein (BCECF). IC cells have a more circular, rather than
hexagonal, profile that bulges into the tubule lumen when
observed in isolated perfused tubules by means of inter-
ference-contrast optics. In rabbits, IC cells can be identi-
fied by positive staining with peanut lectin®®****> and by
luminal uptake of acetoxymethyl BCECE**> The apical
surface of the IC cell is frequently adorned by luminal ex-
tensions, which include microvilli and microridges (called
microplicae). Basal membrane infoldings resemble those of
the collecting duct cell.
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Three types of IC cells have been defined morphologically
and by immunohistochemical staining, including type A, type
B, and non-A-non-B****** However, there is a striking differ-
ence in the number and distribution of the various types of IC
cells from animal to animal and among the nephron segments of
a particular species.”®* Carbonic anhydrase Il inmunoreactivity
was seen 1n all IC cells, but type A stained more intensely than
type B. The immunostaining in type A cells was pronounced
in the apical cytoplasm and apical microprojections. In type B
cells, the staining was more diffuse throughout the cytoplasm.
In the non-A-non-B cells, the staining was also diffuse.”*

Type A IC cells tend to have a more circular apical cell
profile,”’® a centrally placed nucleus, prominent apical micro-
villi and microplicae extending from the apical plasma mem-
brane, and prominent apical cytoplasmic tubulovesicular
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profiles (see Fig. 1.33A). Mitochondria are numerous and
can be located above the nucleus, as well as between the
nucleus and the basal membrane infoldings. Using freeze-
fracture techniques, there are rod-shaped particles and studs
present on the cytoplasmic face of the apical plasmalemma
and on the tubulovesicular profiles in the IC cells of the
CCD and the outer medullary collecting ducts.?8%287-88
H " -ATPase is expressed on the apical plasma membrane and
in the cytoplasmic tubulovesicular and vesicular profiles of
type AIC cells. (See review of renal vacuolar H"-ATPase.*®)

Verlander et al.”’® showed that IC cells in animals
with respiratory acidosis show a striking increase in apical
microprojections and tubulovesicular profiles as well as an
increase in surface density of the apical plasma membrane.
However, no changes were seen with the number of IC cells.
When there was a stimulation of bicarbonate secretion in
rats, Verlander and associates’®® documented a withdrawal
of the marker for H"-ATPase from the apical plasma mem-
brane with its storage in apical cytoplasmic vesicles in IC
cells in both the CCD and the OMCD. H"-ATPase activity
appeared to be inserted into the basal plasma membrane of
type BIC cells.?*®

Luminal and/or tubulovesicular membranes exhibit two
specific types of particles. Large club-shaped particles called
“studs” have been observed on the cytoplasmic surface of
the tubulovesicular structures on the cytoplasmic side of
the apical plasma membrane; the rapid-freeze, deep-etch
technique shows 10-um spherical structures composed of
multiple subunits and arranged in paracrystalline hexagonal
arrays.””” Brown et al.”’! have presented evidence that the
studlike material coating the vesicles contains cytoplasmic
domains of the proton-pumping H " -ATPase. On the basis of
both morphologic characteristics and immunocytochemistry,
the structures appear to be (or related to) the vacuolar-type
H'-ATPase.”””*’! In addition, freeze-fracture studies have
shown the presence of rod-shaped particles in vesicles and
cell surface membranes,””* which may form a component
of this H -ATPase. Changes in membrane structure have
been shown to be related to proton secretion.*****! When
H" secretion is stimulated, cytoplasmic vesicles bearing rod-
shaped intramembranous particles (IMPs) fuse with the api-
cal plasma membrane, inserting IMPs into the membrane.

This supports the idea that type A IC cells demon-
strate net excretion of protons into the tubular lumen that
is accomplished by the vacuolar H"-ATPase located in the
apical plasma membrane and apical tubulovesicular pro-
files.204-277.280,288.293.29% By this process, it has been suggested
that the hydrogen 1ons are produced by cytosolic carbonic
anhydrase in CNT cells and CCD cells of the mouse and
rat?04280-280.294.295 4 d human.?'*°*#°7 The bicarbonate that
1s generated i1s released by a band 3-like CI /HCO; ex-
changer AEI, located in the basolateral plasma membrane,
into the interstitium at the base of the cell.

Medullary IC cells from rats fed a diet with a high K"
content had a small luminal membrane area and a cell apex
with numerous vesicles. The ingestion of a low K diet led

to an increased luminal membrane area with few apical ves-
icles.?®® It has, therefore, been postulated that IC cells func-
tion in potassium reabsorption.

A similar mcrease in the apical plasma membrane with
a decrease in tubulovesicular profiles was seen in IC cells
of the outer medulla in chronic metabolic acidosis™® and
acute respiratory acidosis in rats.*”” In respiratory acidosis, a
marked increase in apical microprojections was seen as was
an mcrease n the surface density of the apical membrane of
type A cells. No changes were seen with type B cells in rat
CCD.?”® Madsen and Tisher?"? postulated that hydrogen ion
pumps located in the apical vesicles had been inserted into
the apical cell membrane by vesicle fusion with the apical
membrane.

Type B IC cells are present in the CCD and the CT of
rats, 276278286300 1ice 264280 4 rabbits, 230256281301 The type
B cell (Fig. 1.33B) has an angular outline*’® and a relatively
smooth apical plasma membrane with short sparse microvilli
(without rod-shaped studs in the apical membrane).”® The
apical membrane generally lacks studs, but the basolateral
membrane exhibits studs.?’® The nucleus lies in an eccentric
position and the numerous small mitochondria are densely
packed and are concentrated at the basal part of the cyto-
plasm. The cytoplasm and the organelles stain more dense-
ly in light and electron microscopy. Cytoplasmic vesicles
(mostly noncoated) are seen throughout the cell cytoplasm.
In the type B cells, the H"-ATPase is expressed in the ba-
solateral plasma membrane and in the cytoplasmic vesicles
throughout the cells.?’7#80-291.300.302305 Jgin o freeze-fracture
techniques, rod-shaped rectangular particles are found on
the basal membranes in these cells and not on the apical
plasma membrane.*’”** The basal hydrogen ion secretion is
thought to mediate HCO; ™ secretion into the luminal fluid
by an apical C1 /HCO;~ exchanger different from AE1.%¢-2%

One candidate for this anion exchanger is pendrin, a
Na*-independent C1 /HCO;~ exchanger. Quentin et al.’"
have shown that the CI /HCO; exchanger pendrin in rat
kidney is specifically regulated in response to chloride bal-
ance independent of sodium and acid/base balance. Using a
mouse model, Wall et al.**” demonstrated that pendrin pro-
tein was localized in the apical cytoplasmic vesicles in both
type B and non-A—non-B IC cells from a subset of cells in
the DCT, the type Bcells in the CNT, and the CCD. Pendrin
mRNA was expressed mainly in the cortex. Pendrin immu-
noreactivity was highest in the apical cytoplasmic vesicles,
although there was little immunogold staining along the api-
cal plasma membrane of type B IC cells, but non-A—non-
B IC cells had intense pendrin immunoreactivity along the
apical plasma membrane. Kim et al.,**® using immunoelec-
tron microscopy, demonstrated pendrin in both the apical
plasma membrane and intracellular vesicles throughout the
cell. Kim et al.**° found the carbonic anhydrase activity more
diffuse i the cytoplasm of type B than type A cells.

The third type of IC cell is non-A—non-B cells that have
been identified in the CT and the CCD of rats*®**76-286.309
and mice.?**"***" Non-A—non-B cells have vacuolar
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type H -ATPase in both apical plasma membranes and api-
cal vesicles, but do not have the basolateral band 3-like 1m-
munoreactivity of AE1.”** In rabbits and mice, most non-
A—non-B cells in the collecting duct have an electroneutral
Na-independent C1 /HCO;  exchanger in the apical mem-
brane.*** Pendrin immunoreactivity is intense along the api-
cal membrane, as well as being present in apical vesicles in
some cells in the DCT, in the CNT, and CT.*°” Because both
pendrin immunoreactivity and pendrin-mediated HCO; ™
secretion are present in the apical plasma membrane and
apical intracellular vesicles in type B and non-A—non-B IC
cells, Kim et al.’’® suggest that HCO;~ secretion could be
regulated by trafficking of pendrin between the two mem-
braneous compartments. In addition, since non-A-non B
cells seem capable of both apical HCO;~ and H™ secretion,
the simultaneous secretion of both HCO; ™ in exchange for
Cl” and proton secretion mediated by electrogenic H-
ATPase, would cause chloride reabsorption with no change
in acid/base status.’’®

THE JUXTAGLOMERULAR APPARATUS

At the vascular pole of the renal corpuscle, the macula densa
region of the CTAL comes into close proximity to the efferent
and afferent arterioles and a group of cells called the extra-
glomerular mesangium.’'**!" The juxtaglomerular appara-
tus consists of four parts (Figs. 1.5 and 1.34): (1) a plaque

of cells in the wall of the CTAL of the distal nephron in the
region of the vascular pole of a renal corpuscle, called the
“macula densa”; (2) the termination of the afferent arteri-
ole as it enters this renal corpuscle; (3) the initiation of the
efferent arteriole as it exits from the same renal corpuscle;
and (4) a cone-shaped region of extraglomerular mesangial
cells (also called the lacis, Polkissen, or Goomaghtigh cells)
lying in the space between the macula densa and the two
arterioles. This area receives a rich supply of sympathetic
nerve endings.

In the human kidney, 40% of the basal lamina region of
the macula densa lies adjacent to the base of the cone-shaped
extraglomerular mesangium, 10% of the macula densa basal
lamina is in contact with the afferent arteriole, and 5% is in
contact with the efferent arteriole.’”®

The MD consists of the cells in the wall of the CTAL
of the distal tubule, which lies adjacent to the glomerular
vascular pole. The MD appears as a dense spot upon hema-
toxylin and eosin staining because the cells are narrow and
the nuclei are close together. MD cells (Fig. 1.35) are not
interdigitated with each other by large lateral cell processes,
as in other regions of the distal tubule. In contrast, the lateral
intercellular spaces between MD cells extend very straight
in an apical-basal direction—their width appears to vary
according to function.’'* The mitochondria are shorter and
more randomly arranged. The Golgi apparatus lies on the
basal side of the nucleus. The basal aspect of the MD touches

FIGURE1.34 Light micrograph ofa renal corpuscle with both urinary and vascular poles in the section.The juxtaglomerular appa-

ratus contains the macula densa (MD),the two arterioles (4),and the extraglomerular mesangium (between the As). The urinary pole
(UP) 1s also apparent.(Magnification X 13,000.) (From Dobyan D, with permission.)
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FIGURE1.35 Transmission electron micrograph ofthe juxtaglo-
merular apparatus (rat). The transition ofthe thick ascending limb
(TAL) into the macula densa (MD) is seen;the basal aspect ofthe
macula densa abuts the extraglomerular mesangmum (EGM) and
also a granular cell (GC). G, glomerulus. (Magnification X 1,900.)

the extraglomerular mesangium. Additional, but variable,
contacts are found with the efferent as well as the afferent
arterioles.'” The most conspicuous difference of MD cells to
any other cells of the nephron is the occurrence of nitric ox-
ide synthase I (see Fig. 1.37C).*"**!* A prominent feature of
the MD is also the expression of cyclooxygenase-2.!°

Modified smooth muscle cells in the wall of the afferent
arterioles, called granular cells (formerly also called juxtaglo-
merular cells), contain specific membrane-bound granules
(Fig. 1.36). In situ hybridization®'® and immunocytochemistry
317 have shown that these cells synthesize renin (Fig. 1.37A),
which is then stored in granular form (Figs. 1.36Band 1.37B).
The granules stain with the Bowie method and have a positive
periodic acid-Schiff reaction. Like other smooth muscle cells,
the juxtaglomerular cells also contain intracellular filaments
and dense bodies, but they have more cisternae of rough-
surfaced endoplasmic reticulum, a large Golgi apparatus, and
mature and immature secretory granules in their cytoplasm,
consistent with the ability of these cells to synthesize small
peptides. The immature granules appear to have a paracrys-
talline structure.’®>'® The secretory product is released by
exocytosis into the extracellular space within or surrounding
the wall of the arteriole.’'*%° Processes of the juxtaglomerular
cells contact the surrounding cells as well as the endothelial
cells by means of gap junctions.*?!

The extraglomerular mesangium’'’® (Goormaghtigh
cells, polar cushion, Polkissen cells, and lacis cells) fills
the area between the afferent and efferent arterioles and
the MD (see Figs. 1.5 and 1.35). It is composed of non-
granulated cells that are continuous with granular cells
and smooth muscle cells of the arteriolar walls and with
the intraglomerular mesangial cells.’'’ The extraglomeru-
lar mesangial cells are “flatly pressed” cylinders with both
ends splitting into a group of parallel processes. These ex-
traglomerular mesangial cells are surrounded by abundant
extracellular matrix. Numerous gap junctions occur be-
tween the processes of the same cell, with adjacent smooth
muscle cells, with granular cells, and at the renal hilus with
intraglomerular mesangial cells.**%-322°%

The initmate and systematic juxtaposition of tubular
and vascular cells within the JGA has given rise to early

FIGURE1.36 Transmission electron micrograph (rat).

A: An afferent arteriole containing in its wall a granular

cell (GO).(Magnification X2,100.) B: Part ofa granular cell
containing in its cytoplasm specific membrane-bound granules.
(Magnification X 14,500.)
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FIGURE 1.37 Rat kidney containing granular cells in afferent
arterioles (arrows) of two glomeruli. The two pictures show
that renin i1s synthesized (A) and stored (B) in the same cells
(same section). A: In situ hybridization using a 330-bp rat renin
riboprobe (cRNA) labeled with digoxygenin (detection system:
alkaline phosphatase). B: Inmunocytochemistry using a rab-
bit polyclonal antirat renin antibody (detection system:Texas
red coupled second antibody). (From Bachmann S,Heidelberg,
with permission.) C: NADPH diaphorese reaction showing
positivity of exclusively macula densa cells reflecting activity
of nitric oxide synthase.(From Bosse H-M, Heidelberg, with
permission.)

speculations about a functional connection in which a signal
related to the composition of the tubular fluid at the MD
affects glomerular vascular tone and the glomerular filtra-
tion rate.*** It has now become clear that the JGA serves
two different functions: it regulates the flow resistance of af-
ferent arterioles i the so-called tubuloglomerular feedback
mechanism and it participates in the control of renin synthe-
sis and release from granular cells in the afferent arteriole.’*
Researchers originally assumed that the two responses might
be related to each other in that renin released from the
granular cells not only has systematic relevance, but locally
triggers the formation of angiotensin II and thus is respon-
sible for the afferent vasoconstriction as well; however, it
now appears that the final activation of smooth muscle and
granular effector cells occurs through largely independent
pathways. Renin release from granular cells is the major
source of systemic angiotensin II and thus plays an essential
role in controlling extracellular volume and blood pressure,
whereas the vasoconstriction of the afferent arteriole locally
serves to modulate the filtration of this nephron.

For both mechanisms, it is well established that changes
in the chloride concentration of the tubular fluid at the MD
cause graded releases of mediators that reach their target by
diffusion, thus acting in a paracrine fashion.’*® Note that
the extraglomerular mesangium that mediates the contact
between the MD and the effector cells 1s not vascularized,
so that the buildup of any paracrine agent would not be
perturbed by blood flow.

With respect to renin release, the most likely para-
crine mediators of this process are prostaglandin E, and
nitric oxide.?'***7°?® With respect to the vasoconstrictor
response purinergic mediators,, either ATP or adenosine,
as first suggested by Oswald and colleagues in 1980,°*
appear to play the major role.’*>****->*! For an up-to-date
discussion of the function of the JGA, see the reviews by
Schnermann and Levine,** Persson and colleagues,’** and
Komlosi et al.>*’

RENAL BLLOOD VESSELS

The renal arteries arise from the lateral region of the abdomi-
nal aorta at the level of the first and second lumbar verte-
brae. Each artery divides into an anterior and posterior divi-
sion before traversing the renal hilus. These divisions usually
form a total of five segmental branches. The anterior division
gives rise to the upper, middle, and lower segmental arter-
ies, whereas the posterior division becomes the posterior
segmental artery. The apical segmental artery can arise from
either division. The segmental arteries give rise to interlobar
arteries within the renal sinus. The interlobar arteries enter
the renal columns adjacent to the renal pyramids.

The intrarenal microvaculature has been extensively
studied by several groups'®!'!!°%33%: 3 basic pattern is es-
tablished throughout the mammalian kidneys that may be
described as follows. At the corticomedullary junction, the

interlobar artery branches into several arcuate arteries that
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FIGURE1.38 Abasic pattern ofrenal microvasculature. C, cortex;
OS,outer stripe; IS, inner stripe; M, inner medulla. The left panel
shows the arterial vessels and capillaries. An arcuate artery (arrow)
gives rise to cortical radial arteries from which the glomerular
afferent arterioles originate. Efferent arterioles of juxtamedullary
glomeruli descend into the medulla and divide into the descend-
ing vasa recta, which,together with ascending vasa recta, form
the vascular bundles. At intervals,descending vasa recta leave the
bundles to feed the adjacent capillaries. The right panel shows the
venous vessels. The cortical radial veins start within the superficial
cortex;in the human kidney,some ofthem start as stellate veins
on the surface ofthe kidney (shown on the right side). They all
drain into arcuate veins.The venous drainage ofthe medulla is
carried out by venous vasa recta;those from the inner medulla

all traverse the inner stripe within the vascular bundles, whereas
most ofthe venous vasa recta from the inner stripe ascend
outside the bundles. After traversing the outer stripe as wide
tortuous channels,the ascending vasa recta drain into arcuate or
cortical radial veins. (From Rollhduser H, Kriz W.Das Gefass-system
der Rattenniere.Z Zellforsch.1964;64:381,with permission.)

arch across the base of the renal pyramid (Fig. 1.38). The
arcuate arteries give rise to interlobular arteries (cortical ra-
dial arteries) that course peripherally, between the medullary
rays and, thus, within the cortical labyrinth. The interlobular
arteries also branch, and the branches give rise to afferent
arterioles that supply the renal corpuscles.

Glomerular capillaries are derived from the afferent ar-
teriole, which—strictly at the entrance level—divides into
several (two to five) primary capillary branches.?*> >’

Each of these branches gives rise to an anastomosing
capillary network that runs toward the urinary pole and then
turns back toward the vascular pole. Thereby, the glomerular
tuft is subdivided into several lobules, each of which con-
tains an afferent and efferent capillary portion. The lobules
are not strictly separated from each other—some anastomo-
ses between lobules occur. The capillaries converge to form
the more centrally located efferent arteriole, which is already
established inside the glomerular tuft. Thus, the efferent ar-
teriole has a significant intraglomerular segment that runs
through the glomerular stalk (Fig. 1.5).*” At this site a me-
sangial layer surrounds the vessel. After leaving the glomeru-
lus, the efferent arteriole is reestablished as a proper arteriole.

The efferent arterioles of superficial (or subcapsular)
glomeruli perfuse convoluted tubules through long path-
ways extending to the kidney surface or through interme-
diate branches near the renal corpuscle. In the midcortex,
the efferents either branch near the glomerulus and perfuse
convoluted tubules in that region or extend directly to the
long meshed network of the medullary ray. Efferent arteri-
oles from juxtamedullary nephrons extend downward to
form the descending vasa recta (Fig. 1.38), and occasional
branches to regions between the bundles. The early divisions
give rise to capillaries located in the outer stripe of the outer
medulla. The descending vasa recta then descend within
the vascular bundles to the inner stripe and inner medulla
(Fig. 1.39).'° The medulla is drained by venous (ascending)

FIGURE1.39 Light micrograph ofa vasa recta bundle,showing
descending (D) and ascending (4) vessels. (Magnification X950.)
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vasa recta, which lie adjacent to descending vasa recta, form-
ing the vascular bundles that function as a countercurrent
exchanger. Venous vasa recta that drain the inner medulla
remain in the vascular bundles through the inner and outer
stripe region. The venous vessels that drain the region of
the upper and middle inner stripe ascend within the inter-
bundle region to the outer stripe, there joining the vessels
leaving the bundles to form together the major part of the
blood supply to this region by a network of venous vessels.
The density of capillaries that are derived directly from effer-
ent arterioles is debated.’*® Finally, the ascending vasa recta
empty into arcuate or interlobular veins (Fig. 1.38).

The cortical venous system is subject to some varia-
tion. In the human, the venous drainage starts on the re-
nal surface beneath the capsule with small venules (stellate
veins) that converge to form the interlobular veins (cortical
radial veins); in most other species, the interlobular veins
begin deeply beneath the cortical surface and stellate veins
are lacking. Interlobular veins receive tributaries from the
cortical peritubular capillary network (Fig. 1.38) and finally
empty into arcuate veins that accompany the arcuate arteries.
The arcuate veins receive blood from the venous vasa recta,
as described in the preceding section. Interlobar veins form
by confluence of arcuate veins and the latter finally form
the renal vein. In contrast to the arcuate arteries, which are
terminal arteries, the arcuate veins form true anastomosing
arches at the corticomedullary border.

The morphology of the descending and ascending parts
ofthe vasa recta differs markedly (Fig. 1.39).'%7-33%340 The de-
scending vasa recta are lined by a continuous nonfenestrated
endothelium, with cells oriented longitudinally along the
cell axis, forming 10 to 20 cell profiles in a single cross-
section.'®”** The endothelium contains the urea transporter
UT-BL.""? Pericytes are seen encircling the descending vasa
recta, but they become less frequent as the vessels descend
into the inner medulla, where these vessels finally convert
into capillaries. As long as the descending vasa recta have
pericytes nerve terminals are seen in their neighborhood.

The capillaries and the ascending vasa recta are lined
by a thin fenestrated epithelium. The fenestrae are similar
to those seen i peritubular capillaries, as well as in most
regions of the body, being 40 to 70 wm in diameter'®” and
bridged by a thin diaphragm. Uniquely, fenestrated endothe-
lium can line quite large vessels in the kidney.

Lymphatic vessels are seen only in the cortex accompa-
nying the arteries within the periarterial tissue sheaths (see
below). The medulla has no lymphatic drainage.**!

INTERSTITIUM

The interstittum of the kidney comprises the extravascular
intertubular spaces of the renal parenchyma, with their at-
tendant cellular elements and extracellular substances.*****
It is bounded on all sides by tubular and vascular basement
membranes. The lymphatics are considered as part of the
interstitium.

In functional studies, the interstitial volume of the kid-
ney has been estimated to amount to 13% of'the total kidney
volume, whereas stereologically derived values for the cell-
free interstitial space of the cortex and outer medulla of the
rat range between 3% and 5%.°**>*® Thus, the functional
interstitium includes more than just the peritubular spaces;
the prominent periarterial connective tissue sheaths (see the
following) may, in fact, account for one-half of the entire
interstitial volume.*’

The interstitium 1s differently developed within the
various regions regions of the kidney>****’ In the cortex,
the peritubular interstitium is distinguished from the peri-
arterial connective tissue (Fig. 1.40). The peritubular inter-
stitium consist of the narrow spaces between tubules and

FIGURE1.40 Low power electron micrograph ofa cross-
section through the renal cortex (rat). A cortical radial artery

(A) and vein (V),an afferent arteriole (44),and several tubular
profiles are seen.The arteries are surrounded by the loose con-
nective tissue sheath that contains the intrarenal lymphatics
(Ly);the interstitial spaces of this sheath are continuous with the
peritubular interstitium, which includes wide (stars) and narrow
(arrows) portions. (Magnification X1,000.)
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around glomeruli. Sometimes, the peritubular capillaries
are considered as part of the peritubular interstitium. Cap-
illaries may abut directly to the the outer surface of tubules
accounting for 54% to 67%*° of the capillary surface,
whereas only 26% ofthe tubular surface 1s directly adjacent
to peritubular capillaries.’* Thus, most of the exchanges
among tubules and vessels have to pass through the inter-
stitial compartment.

The periarterial connective tissue forms a fluid-rich loose
connective tissue sheath that surrounds the intrarenal arter-
ies and contains the lymphatic vessels of the kidney (Figs.
1.40 and 1.41).°*'°%"-%Y The periarterial lymphatic sheath
extends along the intrarenal arteries as far as the afferent ar-
teriole, where it becomes quite attenuated. It is particularly
well developed around the arcuate and cortical radial arter-
ies. It contains the renal nerves.

The lymphatic capillaries begin within these sheaths;
lymphatics do not, in general, penetrate the renal paren-
chyma proper and are not found in the medulla.’*'*>! The
lymphatic vessels converge along with the intrarenal arteries
to emerge at the renal hilus. The peritubular interstittum of
the cortex freely communicates with the periarterial tissue
sheaths. Within the sheaths, fluid and solutes gradually may
enter the lymphatic vessels as they converge toward the hilus
(Fig. 1.41). In addition to lymphatic drainage, the periarte-
rial connective tissue sheaths probably participate in the dis-
tribution of vasoactive substances alongside of the intrarenal
arterioles and arteries.”>" It also serves for the intrarenal dis-
tribution of inflammatory cells.

In the medulla, the interstitium 1s differently developed
within the three medullary regions®**: outer and inner stripes
and inner medulla. The relative interstitial volume exhibits a
pronounced axial gradient from cortex to the inner medulla.
The outer stripe has a very narrow, sparse interstitium, oc-
cupying 3% to 5% of outer stripe volume.>**>* Also the vasa
recta within the bundles of the inner stripe are very narrowly
packed. The mterstitial volume of the interbundle regions
of the inner stripe 1s somewhat greater (10% in rats). The
most elaborate and distinctive type of regional interstitium
1s that of the inner medulla. Here, the interstitium consti-
tutes a much larger part of the total tissue volume (30% to
40%),’*>*>* and shows a particular arrangement of its fibro-
blasts (see later).

The Cells of the Interstitium

The renal interstitium contains two types of cells: fibro-
blasts and dendritic cells. The fibroblasts are quite differently
developed in the cortex and medulla.’***>33°¢ Let us first
consider the cortex. Within the peritubular interstitium
roughly 50% of the cells normally present are fibroblasts
and the other 50% dendritic cells, which cannot be sepa-
rated from each other by simple light microscopy. The fi-
broblasts in this region are extensively branched, with long,
often sheetlike processes (Fig. 1.42).>*+°7->>% They contain
abundant rough endoplasmic reticulum. Mitochondria,
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FIGURE1.41 Schematics showing (A) the distribution and
(B) the relationships of periarterial connective tissue sheath.
The periarterial sheath is schematically indicated as a wide
“stocking”drawn over the intrarenal arteries. In reality, there is
no limiting membrane between the sheath and the surround-
ing interstittum.The lymphatics (stippled area) originate and
travel within the periarterial sheath.The medullary rays are
indicated by a broken line. The traverse section in (B) shows
possible relationships between the sheath and the surround-
ing structures (double-headed arrows): (1) with the peritubular
interstitium, (2) with the accompanying vein (¥),and (3) with
lymphatics (Iy). The single-headed arrows indicate the flow of
the respective fluid. V,nerve. (From Kriz W. A periarterial path-
way for intrarenal distribution of renin. Kidney Int.987;31:551,
with permission.)
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FIGURE1.42 Transmission electron micrograph ofinterstitial
cells in the cortical peritubular interstitium. Two types are seen:
fibroblasts (/) with many processes and a dendritic cell (2). C,
capillary. (Magnification X5,800.)

Golgi complexes, lysosomes, and microfilament bundles
are regularly encountered. Fibroblasts perform a scaffold-
ing function interconnecting the nephrons and the peri-
tubular capillaries. They perform this function by focal
contacts of their cytoplasmic processes with neighboring
fibroblasts as well as with capillaries and tubules.’*-3>%3>7
In addition, they produce the fibrous matrix, which serves
together with these cells as a common scaffold throughout
the renal parenchyma. These fibroblasts can be unequivo-
cally detected by electron microscopy and fluorescence mi-
croscopy by their strong expression of ecto-5'-nucleotidase
(CD73),33:336.357.359.360 55 well as of the PDGF receptor beta
(PDGFRp).%%!

Fibroblasts of the renal cortex with their enzyme ecto-
5'-nucleotidase’®**® can generate adenosine within the cor-
tical interstitium. In addition, a subfraction of cortical inter-
stitial cells synthesize erythropoietin.*®*%

In the inner medulla, the fibroblasts represent a particular
variety. They contain numerous homogeneous osmiophilic
lipid droplets. Hence, they are generally called lipid-laden
interstitial cells (Fig. 1.43).7>>3°°°°7 These star-shaped cells
interconnect loops of Henle and vasa recta, spanning these
axial structures like the rungs of a ladder.’****® They in-
crease in number toward the tip of the papilla and have
an abundant rough endoplasmic reticulum, with cisternae
that are often dilated and filled with flocculent material.
A cytoskeleton is especially well developed in their most
peripheral cell processes. These cells possess receptors for
angiotensin Il and bradykinin.?***° They are responsible for

FIGURE1.43 Transmission electron micrograph ofa longi-
tudinal section ofthe inner medulla (rat) showing lipid-laden
interstitial cells arranged like the rungs ofa ladder between
parallel running tubes or vessels. Note the numerous lipid drop-
lets (arrowheads) and the prominent endoplasmic reticulum

(arrows).(Magnification X3,300.)
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the production of extracellular fibers and ground substance,
including the abundant glycosaminoglycans and hyaluronic
acid of the inner medulla.’””

The lipid-laden interstitial cells participate in produc-
ing the medullary prostaglandins. The lipid droplets of
these cells contain polyunsaturated fatty acids that appear
to be precursors of prostaglandins and other lipid-derived
hormones.’**~*” The cells produce vasodepressing lipids, in
particular, prostaglandin E,.*"!~"2

The second abundant cell type in the renal interstitium
1s the dendritic cell (Fig. 1.42). They originate from the bone
marrow and, as in other organs, are subject to a vivid turn-
over.’” In the kidney, dendritic cells are found in the intersti-
tium throughout the cortex and the outer medulla.>**3>¢3>7
They enter the interstittum from the blood, reside for some
days in interstitial spaces, and leave the interstitium with the
lymph flow.

The extracellular components of the interstitium form a
matrix that may be thought of as a hydrated gel of ground
substance within a fibrillar reticulum.’** Several fibers
make up the interstitial reticulum. Collagen fibers (types
I, III, and VI) are present in the matrix, both in isolation
and in bundles. Type I collagen forms typical cross-banded
fibers, generally more than 30 um in diameter. Type III
fibers (10 to 40 um in diameter) and type VI fibers (6 to
10 um in diameter) are often seen associated with type
I fibers. In addition, unbanded microfibrils with a diam-
eter of 15 to 30 wm and an electron-lucent core have been
described.’***>*

Myofibroblasts are absent from healthy kidneys. They
differ from fibroblasts by their high production of extra-
cellular matrix, expression of vimentin, and a-smooth
muscle actin («SMA).’***" The accumulation of myofi-
broblasts in a diseased kidney is generally suggested to oc-
cur by transformation of fibroblasts into myofibroblasts in
response to stimuli from locally produced cytokines.?’#>7>
An alternative hypothesis postulates that myofibroblasts
may develop by “epithelialmesenchymal transition” (EMT)
from tubular cells’’®; however, the evidence for this origin
is not conclusive.’”’

Macrophages (histiocytes) are also rarely found in the
healthy kidney, except for the periarterial tissue sheaths>>°
(Fig. 1.42). These round cells demonstrate primary and
secondary lysosomes and characteristic surface folds. Along
with interstitial affections, the number of macrophages may
dramatically rise.

STRUCTURE-FUNCTION
RELATIONSHIPS WITHIN THE
RENAL MEDULLA

During phylogeny, the renal medulla has developed in re-
sponse to the necessity to conserve water by excreting a
concentrated urine.’’® Loops of Henle, collecting ducts,
and a specific blood supply through vascular bundles have

developed into a complex structural system that accounts
for this function. Whereas the mechanisms to produce
a concentrated urine up to a concentration of about 600
mOsmol/L in the outer medulla are fairly well known, the
mechanisms underlying the final urine concentration in the
mner medulla are still poorly understood.

Within the outer medulla the reabsorption of NaCl from
the MTAL represents the driving force to produce a corti-
comedullary osmotic gradient that provokes the osmotic
water withdrawal from the collecting duct passing through
this region. ADH initiates the insertion of AQP2 chan-
nels mto the apical plasma membrane of collecting duct
principal cells. Together with the constitutive AQP3 and
AQP4 channels in the basolateral membrane of these cells,
this allows osmotic water withdrawal into the hypertonic
interstitium of the outer medulla.'”* The reabsorbed water
1s brought back into the systemic circulation by venous
vasa recta.’

The final step of the urine concentrating process in the
inner medulla 1s basically identical insofar as water 1s reab-
sorbed by osmosis through ADH-stimulated water-permeable
collecting ducts into a hypertonic interstitium. However, the
mechanisms for creating the osmotic gradient in the inner
medulla up to 1200 mOsmol/L in humans and much higher
in many rodent species are much more complex than in the
outer medulla and are insufhiciently understood. A driving
force like the sodium pump in MTALSs in the outer medulla is
lacking. This has led to several “passive” models,””*** which
take into account the specific transport properties of thin
limbs, collecting ducts, and vasa recta to elucidate, by math-
ematical modeling, how part of the osmotic energy produced
by the function of MTALSs in the outer medulla may be trans-
ferred nto the mner medulla, leading there to an osmotic
gradient toward the tip of the papilla. Areview of these mod-
els 1s far beyond the scope of this chapter. From a structural
point of view, two features appear most relevant.

1. The shape of the inner medulla. The inner medulla
has a particular shape, tapering from a broad basis to a
tiny papilla. The mass of the inner medulla is, there-
fore, unevenly distributed along the longitudal axis.

A reconstruction study in the rat***'%? has shown that
the inner medulla 1s shaped like a mushroom, consist-
ing of a broad head and a thin stalk. Calculations in
the model have shown that the first one-half of the in-
ner medulla comprises roughly 80% of the total inner
medullary volume and, consequently, only 20% are left
for the second, papillary, half. Thus, the decrease of the
mass i the inner medulla along the longitudal axis 1s
almost exponential. This shape perfectly reflects what
happens with the structures within the inner medulla:
loops of Henle, collecting ducts, and vasa recta all
decrease rapidly in number from the base to the tip of
the papilla.”®'*** It has been calculated that of an esti-
mated 10,000 long loops entering the inner medulla at
its base, only about 1,500 reach the papillary one-half
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of the inner medulla.” Thus, the majority of thin limbs
(the “short” long thin limbs) turn back shortly after
entering the inner medulla; a smaller, but still substan-
tial, number of thin limbs reach the middle part of the
inner medulla; and only a small population of “long”

long loops really reach the papilla.

This has led to the proposal’®® and, later, math-

ematical models****** that this arrangement might
account for a cascadelike transport of solutes toward
the tip of the papilla. The large fraction of “short” long
loops, by some way or another, manages the transport
of solutes into the first one-third of the inner medulla,
the mmtermediate fraction of long loops brings a propor-
tion of these solutes further down into the middle
part, and finally the small fraction of “long” long loops
completes the transport of a still much smaller solute
fraction down into the papilla.

2. Structural arrangements in the renal medulla that
allow the recycling of urea into the inner medulla
via short loops of Henle. The descending thin limbs
of short loops in the outer medulla are arranged in a
pattern that allows the shifting of urea from the venous
blood coming up with the venous vasa recta from the
inner medulla into tubular fluid of descending thin
limbs of short loops. This possibility is perfectly de-
veloped in the complex vascular bundles in the outer
medulla of rodents with high urine-concentrating
abilities.!>?187:197:198 Within these vascular bundles,
the SDTLs are arranged in a countercurrent fashion
with ascending vasa recta coming up from the inner
medulla. Thus urea, by countercurrent exchange, may
directly enter the descending thin limbs through the
urea transporter UT-A2'%°7 (the fenestrated endo-
thelium of venous vasa recta may readily be expected
to be highly permeable for urea). In a renal medulla
with “stmple” vascular bundles (as they are found in
most species), countercurrent exchange of urea first
occurs from ascending to descending vasa recta (which
contain the urea transporter UT-BI), which, afterward,
will deliver their blood to the capillary plexus of the
interbundle region surrounding the thin limbs of short
loops on their descending direction. Thus, even if

probably less effectively, urea from the inner medulla
has access to the SDTLs,!93:197:385,386

Starting with the MTAL, thus abruptly at the end of the
ATL, the uriniferous tubule 1s impermeable to urea until the
terminal collecting duct in the inner medulla, which, start-
ing abruptly, expresses the ADH-dependent urea transporter
UT-Al.'"**"> Because of water reabsorption upstream from
this segment, urea becomes concentrated within the tubular
urine to levels always higher than the adjacent interstitium.
In the terminal CD segment, a major part of this urea diffuses
into the papillary interstitium and where i1t mixes with other
solutes (NaCl), contributing to the osmotic driving force
that reclaims water from the collecting duct. The locus of

urea delivery in the papilla (1.e., at the “ultimate bend” of the
complex countercurrent exchange system of the inner me-
dulla) 1s optimal because (1) by countercurrent exchange in
vasa recta and thin limbs, urea 1s largely trapped and distrib-
uted n a longitudinal gradient within the inner medulla and
(2) the fraction of urea that escapes the inner medulla is sub-
ject to recycling via short loops back into the inner medulla.
Thus, this latter fraction of urea is available another time
within the papillary interstitium ready to withdraw and/or to
balance water reabsorption from the collecting duct. Recy-
cling 1s not simply trapping because this fraction of urea on
its nephron way back into the immner medulla is concentrated
a second time, essentially by the work of the sodium pump
in the MTALs. In essence, urea recycling by short loops (not
by long loops) represents an effective transport of osmotic
energy from the outer into the inner medulla.

Whether these mechanisms are sufficient to build an
osmotic gradient up to several osmoles in desert rodents,
or whether there are additional sources complementing the
solute gradients (e.g., continuous production of osmotic ac-
tive substances), is presently unknown. Even if this question
does not belong to the most urgent problems in medicine, it
represents a highly challenging biologic enigma.
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