BASIC, CLINICAL, AND SURGICAL NEPHROLOGY



DEVELOPMENTS IN NEPHROLOGY

Cheigh JS, Stenzel KH, Rubin AL: Manual of clinical nephrology of the Rogosin
Kidney Center. 1981. ISBN 90-247-2397-3.

Nolph KD ed.: Peritoneal dialysis. 1981. ISBN 90-247-2477-5.

Gruskin AB, Norman ME eds: Pediatric nephrology. 1981.
ISBN 90-247-2514-3.

Schiick O ed: Examination of the kidney function. 1981. ISBN 0-89838-565-2.

Strauss J ed: Hypertension, fluid-electrolytes and tubulopathies in pediatric
nephrology. 1982. ISBN 90-247-2633-6.

Strauss J ed: Neonatal kidney and fluid-electrolytes. 1983.
ISBN 0-89838-575-X.

Strauss J ed: Acute renal disorders and renal emergencies. 1984.
ISBN 0-89838-663-2.

Didio LJA, Motta PM eds: Basic, clinical, and surgical nephrology. 1985.
ISBN 0-89838-698-5.

Friedman EA, Peterson CM eds: Diabetic nephropathy: Strategy for therapy.
1985. ISBN 0-89838-735-3.

Dzirik R, Lichardus B, Guder W eds: Kidney metabolism and function. 1985.
ISBN 0-89838-749-3.

DiDio LJA, Motta PM eds: Basic, clinical, and surgical nephrology. 1985.
ISBN 0-89838-698-5.



Basic, Clinical,
and Surgical Nephrology

edited by

L.J.A. DIDIO
Department of Anatomy
Medical College of Ohio
Toledo, Ohio, USA

P.M. MOTTA
Department of Anatomy
Faculty of Medicine
University of Rome
Rome, Italy

1985 MARTINUS NIJHOFF PUBLISHING A4
a member of the KLUWER ACADEMIC PUBLISHERS GROUP '\
BOSTON / DORDRECHT / LANCASTER



Distributors

Jfor the United States and Canada: Kluwer Academic Publishers, 190 Old Derby
Street, Hingham, MA 02043, USA

Jor the UK and Ireland: Kluwer Academic Publishers, MTP Press Limited,
Falcon House, Queen Square, Lancaster LAl 1RN, UK

for all other countries: Kluwer Academic Publishers Group, Distribution Center,
P.O. Box 322, 3300 AH Dordrecht, The Netherlands

Book information

ISBN-13:978-1-4612-9616-4

Library of Congress Cataloging in Publication Data

Main entry under title:
Basic, clinical, and surgical nephrology.

(Developments in nephrology)

Includes bibliographies and index.,

1. Kidneys—Diseases. 2. Nephrology. I. DiDio,
Liberato J. A., 1920- . II. Motta, Pietro M.
III. Series. [DNIM: 1. Kidney--anatomy & histology.
2. Kidney Diseases. Wl DE998EB / WJ 300 B3ll]
RC03.B38 1985 616.6'1 84-25483
ISBN-13:978-1-4612-9616-4 e-ISBN-13:978-1-4613-2575-8
DOI:10.1007/978-1-4613-2575-8

Copyright

© 1985 by Martinus Nijhoff Publishing, Boston.
Softcover reprint of the hardcover 1st edition 1985

All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted in any form or by any means, mechanical,
photocopying, recording, or otherwise, without the prior written permission of
the publishers,

Martinus Nijhoff Publishing, 190 Old Derby Street, Hingham, MA 02043, USA.



To our late beloved Professor Enzo Nesci, former chairman of the
Department of Normal Human Anatomy, University of Palermo,
whose premature death left an unfillable gap in our field of study and
in our friendship.

To the late Harry Goldblatt in commemoration of the fiftieth anni-
versary of the experimental production of renal hypertension (1934—
1984).



Foreword

This unique volume may very well foreshadow the treatment of renal disease in the twenty-first century. The
editors have obviously compiled and reviewed the current clinical problems in which the kidney plays a
major role. They then selected as topics for chapters those in which recent scientific investigations have
added significant new data. The investigators themselves or their peers have been persuaded to produce a
summary of current concepts of renal structure and function for each topic. The result is a volume which will
be as invaluable as a clinical guide on the laboratory bench as it will be a reference for the clinician seeking
guidance to rational therapy at the bedside.

The strength of the volume lies in the incorporation of those data on renal cellular structure and function
which hold the key to the etiology of the majority of renal diseases we now call ‘end-stage’. Fully, two-thirds
of the volume is devoted to current concepts of renal function and related subcellular structure of various
renal tissues. The illustrations, correlations, and explanations are superbly presented in much detail and with
an obvious effort to fill out the current knowledge of each subject. We may anticipate this book will remain a
valuable reference for many years to come.

. In the past quarter century, we have dramatically prolonged life in patients with end-stage renal disease by
substitution or support of renal function. Before the next century, we may begin the process of definition,
arrest or reversal of renal attrition, are ultimately prevention of many or all of these diseases. If so, much of
the currently available fundamental data and the basic patterns of approach to the problem may already be
assembled in ‘Basic, Clinical, and Surgical Nephrology’.

May 7, 1985

Prof. Dr. William H. Boyce
Department of Surgery (Urology)
The Bowman Gray School of Medicine
of Wake Forest University
Winston-Salem, North Carolina, USA



Preface

In view of the numerous and diverse scientific and medical developments related to the kidney that have
occurred within the last few decades, the editors have been prompted to present in condensed and
comprehensive form a monograph centering on certain basic, clinical, and surgical aspects of this organ. The
focus of each chapter represents what has been considered meaningful by the contributors selected to write
this book as well as what is considered of interest to clinicians and scientists.

The book covers the major areas of nephrology, the concept of which is here understood in its broadest
sense. The text includes basic knowledge and its application to both clinical and surgical aspects of the
kidney. The selection of the topics represents the areas in which, in the view of the editors, new scientific,
clinical, and therapeutic trends are developing.

The aim of this volume is to offer both a balanced combination of general and specialized knowledge on
the structural, functional, pathological, clinical, and surgical aspects of the kidney for the use of nephrolo-
gists, physicians, residents, and medical students.

Anatomical aspects of the kidney have been limited to the recent recognition, description, and surgical
application of segmentation as a background for partial nephrectomy. Special findings in the left renal vein
were detailed as well as some of its embryological aspects. Renal embryogenesis, and light and electron
microscopy of the kidney, including its vasculature, preceded scientific data on tubular transport. Another
chapter has been devoted to immunological aspects owing to their importance in renal transplantation.
Glomerular and vascular diseases of the kidney have been followed by electron microscopic aspects of renal
biopsies. Dialysis, radiological, clinical, and surgical aspects of nephrology complete the contents of this
monograph, which also represents an attempt to make such knowledge readily accessible to the generally
interested reader.

The emphasis on cell biology of the kidney has been intentional because it is felt that even general
practitioners today should be aware of the intricacies of cell biology to understand and utilize their recently
developed technology, such as in transplants. On the other hand, basic scientists have to be completely
familiar with clinical problems for their investigations, from the planning of each research project to the
interpretation of findings. This book should serve as a source also for this kind of information to assist both
investigators and practitioners dealing with the kidney.

The authors rely on the reader’s indulgence with regard to omissions or errors, hoping to be notified of any
such occurrences for deletion or correction in future editions.

The editors wish to express their gratitude to the authors who so kindly contributed to this book. We wish
to acknowledge as well the effort and dedication of Mr. J. Smith and his colleagues of the Martinus Nijhoff
Publishing staff in the preparation of this book.

September 13, 1984

Liberato J.A. DiDio
Pietro M. Motta
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CHAPTER 1

Segments of the kidney: the anatomical basis for nephrosegmentectomy

LIBERATO J.A. DIDIO

Introduction

The principles of construction of the human body,
common to mammals and vertebrates, include gen-
eral bilateral symmetry (or zygomorphism), meta-
merism, pachymerism (or tubulation), and stratifica-
tion [1]. In addition to these, it is recognized that the
body is made up of (a) cells or biological units; (b)
supracellular functional units, such as nephrons and
osteons; (c) tissues; (d) organs; and (e) systems or
apparatuses.

Within organs, both hollow and solid or par-
enchymatous, segmentation, another principle of
construction, is recognized: special units, called seg-
ments or zones, have been identified, classified, and
designated, as for example, in the lungs [2], spleen
[3-9], liver [10], stomach [11], heart [12] an also in the
kidneys [13-17] and others. Because of the multiple
meanings of the word segment and owing to the
attempts made to replace it with the term zone, an
etymological analysis follows.

Segment originates from the Latin segmentum (in
turn, from sec-, secare, to cut, plus ment, a suffix
indicating the product or the action of the verb). It is
understood as a division, a section, a portion of a
larger structure, each of the parts into which a whole
is divided or divisible, or a fragment or a piece
divided, cut, or broken off; the term may have a
variety of meanings in different fields. For example,
in geometry, to which anatomists often refer for
terminological and morphological purposes, a seg-
ment may be (a) a plane figure limited by a straight
line and a portion of the circumference of a circle,
(b) the part of a line between two points, (c) a solid
figure contained by a portion of the surface of a
sphere and an intersecting plane not passing through
the center, (d) a part cut off from a figure by a line or
plane, and (e) the part contained between a chord
and an arc of a circle. In embryology, the word
segment means each of the longitudinally arranged
portions of the developing body, such as a somite,

metamere, or a cell formed by segmentation, i.e.,
the process in Metazoa through which the fertilized
egg or ovum is split into numerous cells. In zoology
or comparative anatomy, the term may be used as
each of the repeating portions of several inverte-
brates such as Annelids. In anatomy, a segment may
signify a section of a member between two successive
joints, each complete series of bones forming a ver-
tebra, or each division of the spinal cord and nerves.
More recently, for practical purposes, an organic
segment (segment of an organ) came to be defined
anatomically as an independent portion of an organ
or a viscus, or any other structure that can be natu-
rally, artificially, arbitrarily or, by imagination lim-
ited or separated from the remaining (similar or
equivalent) portions. In short, a segment is a terri-
tory or part of an organ having an independent func-
tion, supply (anatomical or functional terminal ar-
teries), and drainage. The terminal or end-arteries
supply independent cuneiform territories or par-
enchyma, that are called segments. Should the artery
be occluded, for example by an embolus or by any
other pathological process, the corresponding area
of parenchyma, completely isolated because of a
lack of collateral circulation, undergoes necrosis and
is diagnosed as a segmental infarction. Indepen-
dence from the other portions is usually based on (a)
function (ducts, canals, e.g., bronchial or ventilation
territory, biliary drainage), and on (b) vascular dis-
tribution (such as lack of arterial or venous ana-
stomosis with adjacent segments) and can be ex-
tended to lymphatics and nerves. This concept was
further developed and broadened to include tri-
dimensional portions that may be separated by ava-
scular or by paucivascular limits, where vascular
anastomosis may be found but do not impede or
impair their temporary identification and their per-
manent surgical removal. From the anatomical and
surgical standpoint, ‘anatomicosurgical’ segments
are areas in which an organ can be naturally or
artificially divided and separately removed from the
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remainder. Each anatomicosurgical segment some-
times has, as occurs in some parenchymatous organs,
a hidden morphologic individuality; it functions as a
unit and possesses its own vascular (arterial, venous,
lymphatic) supply and drainage as well as nervous
supply, disposed as a pedicle. In some cases the
segment is identified in vivo by clamping its artery,
thus stopping the blood supply; the resulting isch-
emia or anemia restricted to a certain area causes a
discoloration on the surface corresponding to the
segment the superficial limits of which can, thus, be
seen at least temporarily. The duration of this phe-
nomenon lasts until the eventual microscopic vascu-
lar anastomoses, by collateral circulation, may blur
the intersegmental borders, as it occurs typically in
the liver. The longer the persistence of the interseg-
mental limit the better for the surgical segment-
ectomy.

The most typical organic, visceral, or splanchnic
segments have complete morphologic indepen-
dence; for instance, the pulmonary segments, when
separated by occasional fissures within the same
lobe, possess a segmental pedicle each, made up of
segmental artery, vein and bronchus (lymphatics and
nerves). Even when fissures do not exist, however,
segments are identified in solid organs, where their
limits are imaginary, invisible on the surface but
recognizable nonetheless from their predetermined
anatomical features, which allow surgical treatment
or removal. Ultimately, organic segments are units
that function as the whole; in other words, the total
organ is an aggregate or combination of smaller
organs called segments, each a miniature of the en-
tire viscus. Dévos [18] objected to the term segment
used as an independent unit or portion of an organ.
His name-zones-and concept were accepted by Lam-
bertini and Catalano [19] as referring to the pulmo-
nary subdivision. According to Dévos

‘les zones sont des territoires parenchymateux autonomes, possé-
dant un pédicule bronche-vasculaire propre, qui, accolés les unes
aux autres, se trouvent cependent séparées par des cloisons con-
jonctivo-élastiques interzonaires homologues des scissures. Elles
ont la méme signification que les lobes. D“ailleurs, en I'absence de
scissures, les lobes deviennent des zones et reciproquement une
zone isolée par une scissure devient un lobe.’

The term ‘zone’, from Lambertini and Catalano’s
viewpoint, though meaning an ‘extension of surface’
does not exclude a ‘tridimensional image’ and could
be kept as Dévos suggested. They emphasize that
‘segment’ in anatomy and in embryology commonly
refers to a particular symmetry (metameric or seg-
mentary), whereas the (pulmonary) ‘zones’ are un-
related to this symmetry as they occur in par-
enchymatous territories and depend upon the

division and ramification of the bronchial and vascu-
lar trees (broncho-angioarchitecture). In spite of
their preference for the word ‘zone’ instead of ‘seg-
ment,’ the International Anatomical Nomenclature
Committee [20] considered segment a general term
for a part of an organ or other structure set off by
natural or arbitrarily established boundaries, and
decided for the term segment, consistently retaining
it in Nomina Anatomica for the lungs and other
organs, including the kidneys. This introductory dis-
cussion on the terminology already shows that the
anatomicosurgical concept of segment can be gener-
alized, but must take into consideration morphologi-
cal, functional and, consequently, pathological and
surgical feaures related to organic differences. On
the other hand, once these differences are described
and understood, they serve to assist the surgeon,
who is guided by them in designing and performing
the necessary and appropriate intervention in each
case.

2. Segments of the kidney

The first authors to recognize, classify, and designate
the arterial segments of the kidney and to provide
the background for surgical application in man were
Sohier et al. [21] and Graves [22, 25], to whom should
be added Cayotte and Brulé [23], who restricted
their study to the so-called renal superior pole.

For priority purposes, the data of Sohier et al. [21]
should have precedence as they were presented to
the annual meeting of the ‘Association des Anatom-
istes’ held in Genoa, from April 12 through April 14,
1954, though published in the ‘Bulletin de I’Associa-
tion des Anatomistes’ in December 1955. As
Graves’s findings [13] were published in September
1954, that may account for giving him the priority
and may explain why his description is the most
quoted and best known. In the words of Sohier et al.
[21], however, it was Gérard [26] who showed

en poussant sous I'écran radiographique des injections, suc-
cessivement dans chacune des branches de I’artére rénale, que le
rein humain est divisé en plusieurs territoires vasculaires absolu-
ment indépendants, en nombre exactement égal a celui des divi-
sions de l’artére rénale, répartie en avant et en arri¢re d’un plan
frontal passant un peu en arriére du contour du rein, générale-
ment en quatre territoires:
1° trois antérieurs superposés, supérieur, moyen et inférieur;
2° un postérieur beaucoup moins développé (rétropyélique)
empiétant un peu sur les territoires antérieurs au niveau des
deux pdles du rein.

Ultimately, as emphasized by Riches [25] in the
prologue to Graves’s [22] beautiful and informative
monograph, ... ‘the removal of the whole kidney



should not be necessary if only a fraction of it is
diseased’, adding that John Hunter [23] had noted
since 1794 that there were no anastomoses between
the branches of the arteries supplying the different
areas of the organ, a precious observation that most
textbooks of anatomy have failed to mention.

According to Sohier et al. [21], the distribution of
the renal artery follows the known pattern, dividing
into prepyelic and retropyelic territories, the former
corresponding to two-thirds and the latter to one-
third of the parenchyma. In each of these portions,
they were able to identify three well demarcated
arterial territories: superior or superior polar, mid-
dle or mesorenal, and inferior or inferior polar.
Based on a previous paper, Sohier et al. [27] stated
that each branch of the renal artery penetrates in the
renal sinus at the level of the main incisures
(notches), sometimes of the secondary incisures. Ac-
cording to these authors, the incisures constitute the
hila of the arterial segments. After labeling each
segment with letters and numbers, Sohier et al. used
the following nomenclature: anterosuperior polar
segment (SA-1); anterior mesorenal segment (SA-
2); antero-inferior polar segment (SA-3); postero-
superior polar segment (SP-1); posterior mesorenal
segment (SP-2); postero-inferior polar segment (SP-
3).

These authors also found out that the superior
pole (SA-1 and SP-1) is supplied by two superior
polar arteries, whereas the inferior pole (SA-3 and
SP-3) receives only one inferior polar artery. As
SA-3 and SP-3 form a unit, as SA-1 and SP-1 are
independent, as SA-2 is linked to SA-1, and SP-2 is
linked to SP-1, Sohier et al. [21] recognized in the
kidney three individualized arterial lobes: (1) ante-
rosuperior (SA-1 + SA-2), (2) posterosuperior (SP-1
+ SP-2) and (3) inferior (SA-3 + SP-3). The authors
emphasized the surgical interest in this description,
especially the individuality of the inferior lobe for
partial nephrectomy purposes. In the case of this
lobe the authors first recommended that hemostasis
be performed at the level of the renal pedicle, fol-
lowed by sectioning, particularly in cases of tuber-
culosis and in cases which involve the inferior pole
because of the latter high vulnerability.

Having in mind the question of partial nephrec-
tomies posed to the ‘Congres d’Urologie’, in 1951,
Cayotte and Brulé [24] studied the blood supply of
the renal superior pole, the site of frequent tuber-
culotic lesions, aiming at performing their least muti-
lating or most conservative surgical treatment. They
pointed out the difficulty in determining mor-
phologically the limit of the superior pole unless
fissures, normally present in fetuses and in several
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animals, persist in the adult; in such a case, the most

cranial of the lobes or lobules corresponds to the

superior pole of the kidney. Seeking to determine
the superior pole more precisely, the authors modi-
fied Bellocq’s definition [28], according to which it

‘is the portion of renal parenchyma situated above a

plane tangent to the supra-hilar tubercle’. Cayotte

and Brulé believed that the inferior boundary of the
superior pole is represented by an oblique plane
medially and inferiorly passing at the level of the
inferior portion of the supra-hilar tubercle, and for-
ming with the horizontal plane tangent to this tuber-
cle a dihedral angle of approximately 30°, open supe-
riorly and laterally. Within this definition, the
superior pole comprises the superior polar renal pyr-
amid and its surrounding cortical substance, thus
representing a miniature kidney, an anatomico-
physiological entity; its blood supply is provided by
two to four superior polar arteries, the origin and
distribution of which prompted Cayotte and Brulé to
consider several types. They mentioned the pos-
sibility of one (rarely two) accessory polar artery
(54% of the cases) penetrating the parenchyma di-
rectly instead of running through the renal sinus, and
originating from the aorta or from the trunk of the
renal artery. These authors were unable to observe,
at least macroscopically, any anastomosis between
the arteries of a segment and those of the adjacent
segments, and they suggested that, from the surgical
standpoint, when there is an accessory polar artery it
should be ligated prior to a superior polar nephrec-
tomy. They warned, however, that such ligation is
usually insufficient because the hemostasis of the
polar arteries proper can be performed only in the

substance of the renal parenchyma, comprising a

minimum of two to a maximum of five arteries.
Concern about persistent bleeding in the post-

operative period of two cases of nephrolithiasis,
which led to nephrectomy, with a consequent loss of
otherwise normal kidneys, and familiarity with the
segmental anatomy of the lung led Graves [22] to
study the vascular pattern within the renal par-
enchyma. Casts were obtained by Graves [22] after
injection in the renal artery of a plastic substance
followed by corrosion in an acid bath from ‘more
than forty’ specimens of normal human kidneys. The
author was able to discern that each kidney was
divisible into the following five segments:

1. Apical segment, ‘a cap of tissue’ in the medial and
mainly anterior portion of the superior pole.

2. Upper (anterior) segment, in the anterior plane of
the kidney, including the superior pole and the
upper part of the central area of the organ.

3. Middle (anterior) segment, also in the anterior



plane, corresponding to the inferior central part of
the kidney.

4. Lower segment, the inferior pole, in both the
anterior and posterior planes of the kidney.

5. Posterior segment, in the posterior plane, be-
tween the posterior portion (a) of the apical and
(b) of the lower segment.

The nomenclature proposed by Graves reflected the
influence of the terminology of the pulmonary seg-
ments, which were his starting point and under
whose names he attempted to designate the seg-
ments of the kidney. The most recent edition of
Nomina Anatomica [20] lists among termini gener-
ales the anatomically precise words superior and
inferior, without including their more popular syn-
onyms: upper and lower, respectively. Confirming
previous editions and in accordance with the mor-
phology of the kidney, each being bean-like and
having two ‘poles’, and not a pyramid as a whole, the
International Anatomical Nomenclature Com-
mittee [20] designated, in each organ, superior and
inferior extremities as well as anterior and posterior
surfaces. The similarity between the pulmonary and
renal segments was taken further by Banowsky [29]
who, after following Graves in naming the superior
segment, ‘apical’ called the inferior segment ‘basi-
lar’. As the kidney, in distinction to the pyramid
lung, has no apex and no base but two extremities or
‘poles’ [17], the internationally adopted terminology
[20], should be superior, anterosuperior, antero-in-
ferior, inferior, and posterior (Fig. 1). Besides being
easier to remember, as general terms of the Nomina
Anatomica are used, the term avoids the idea of
pyramid, whose morphologic expression (including
apex and base) should be reserved for the eight (5 to
11) renal pyramids, a variable number of which, in
turn, are contained in each segment. Although
Banowsky [29] reduced the total number to four
segments by considering only one anterior as a result
of the fusion of the anterosuperior and antero-in-
ferior, my observations [14-15] confirmed Graves’s
[13] description of five renal arterial segments. While
the posterior and anterior segments lie in the corre-
sponding regions of the kidney, the superior and the
inferior segments occupy areas contained in both the
anterior and posterior regions, although the largest
portion of the superior segment is found in the ante-
rior renal region.

3. Renal arteries and segmentation

Each renal artery, after giving off the inferior su-
prarenal artery (to the homonymous gland) and one

ANTERIOR VIEW POSTERIOR VIEW

Superior
Segment

Superior
Segment

Anterosuperior
Segment

Anteroinferior
Segment

Posterior
Segment

Inferior
Segment

RIGHT KIDNEY RIGHT KIDNEY

Fig. 1. Diagrams of the anterior and posterior views of the right
kidney to indicate the official terminology, published in Nomina
Anatomica as adopted by the International Anatomical Nomen-
clature Committee [20].

or more rami ureterici (to supply the renal pelvis and
the proximal or superior portion of the ureter), di-
vided into an anterior and a posterior branch, which
Graves [13] called division. The anterior branch
provided four segmental arteries (superior, ante-
rosuperior, antero-inferior, and inferior) and the
posterior branch continued as the posterior segmen-
tal artery to supply the homonymous segment [13-15]
approximately 85% of the cases [14, 15]. Among
variations, in a few cases, the superior segmental
artery, for instance, arose from the posterior seg-
mental artery or from the posterior branch of the
renal artery, depending on the distance of the origin
from the renal hilum.

As done in other organs, the segmenta renalia can
be numbered (with Roman numerals) and labeled by
their initials, from the superior to the anterior, then
to the inferior, and ending with the posterior, as
follows:

I SS - segmentum superius;

II  SAS - segmentum anterius superius;
III  SAI - segmentum anterius inferius;
IV SI - segmentum inferius;

\% SP - segmentum posterius;

The arteries of the segmenta renalia are termed by
the names of the corresponding segment:
Arteria renalis
Ramus anterior (I SS, II SAS, III SAI, IV SI):
A. segmenti superioris (I SS);
A. segmenti anterioris superioris (II SAS);
A. segmenti anterioris inferioris (III SAI);
A. segmenti inferioris (IV SI).
Ramus posterior
A. segmenti posterioris (V SP).



The a. of the superior segment originates from the
anterior branch of the renal a. far from the renal
parenchyma, thus facilitating its ligation. This seg-
mental a., however, may be given off by the a. of the
anterosuperior segment, by the trunk of the renal a.
anywhere up to the point of its bifurcation, by the
posterior branch of the renal a., and even from the
aorta. In the latter case the ligation of the superior
segment a. is easiest as long as its extrahilar origin
and point of entry in the renal parenchyma are well
identified (aberrant or accessory a., which is, actu-
ally, a segmental a. having a precocious origin, or as
Sykes [30] stated ‘an accessory artery is a segmental
artery that thas a more proximal origin than usual’).
Whereas Graves [13] found the superior segmental a.
to be the most variable of all the renal segmental aa.
Banowsky [29] stated that the inferior segmental a.
showed the most variable origin. In other words, the
aa. of the segments located at the extremities of the
kidney are those that exhibited most variability.

The a. of the anterosuperior segment originates in
the renal hilum and soon after penetrating the par-
enchyma splits into a superior branch (anteriorly to
the superior major calyx) and a lateral branch.

The a. of the antero-inferior segment, which may
have a common origin with the preceding a., after
supplying the corresponding segment, divides into
several branches and its terminal branches establish
the limit with those of the posterior segmental a.

The a. of the inferior segment runs anteriorly to
the renal pelvis or proximal portion of the ureter,
depending on the type of pelvis (ampullary or
ramified) and, after a short couse in the par-
enchyma, divides into an anterior and a posterior
branch to supply the major inferior calyx and the
inferior extremity of the kidney. The inferior seg-
mental a. may originate with the preceding two seg-
mental aa. or may be given off by the renal a. prox-
imally to the a. of the anterosuperior segment.

The a. of the posterior segment runs at the level of
the superior border of the renal pelvis, then posteri-
orly to the major superior calyx, justifying the for-
mer name retropyelic a..

My observations indicated that both Graves [13]
and Banowsky [29] are right in stating that each
segmental artery is an end-artery with.no collateral
circulation, thus displaying an arterial arrangement
(corresponding to typical segments) in which the
anatomical background favors the conservative sur-
gical procedure of partial nephrectomy or nephro-
segmentectomy (Fig. 2).

Three posterior segments in addition to four seg-
ments supplied by the anterior branch of the renal
artery were described by Faller and Ungvary [31].

Fig. 2. Segmental arteries of a left kidney seen from an anterior
and medial view. The arteries were drawn longer than normal and
the segments artificially separated.

Lacerda et al. [32] found five segments in only 15.1%
of 33 corrosion specimens obtained from stillborn,
whereas Lacerda et al. [33] noticed them in 26.7% of
60 casts obtained from adults. Four segments were
most frequently observed by Ferreira et al. [34] and
by Lacerda et al. [33] in adults. On the other hand
Poisel and Spingler [35] believed that ‘the renal
arteries develop from a periaortal or perirenal net-
work formed in the embryonal stage and that, for
reasons as yet unexplained, they do not develop
beyond the intermediate stage, a strict division of the
kidneys into ‘arterial segments’ is rejected as arbitr-
ary and not giving a true picture of the actual condi-
tions’.

Different definitions and terminology of segmen-
tal arteries were used by Cordier et al. [36]: defining
as a segmental artery any artery that can be clamped
inside the renal hilum, these authors divided the
kidney into three segments, whereas Boijsen [37]
described four terminal arteries and Chacon [16]
found 13-16 types of renal segments. The surface
projections of the arterial segments were studied by
Verma et al. [38] and by Longia ez al. [39].

4. Renal segmentation and nephrectomy

The first attempts to perform planned partial
nephrectomy made by Czerny [40], in 1887, were
marred by hemorrhage, sepsis, and fistulae [41].
Thanks to the surgical application of the anatomical
knowledge of the intraparenchymatous renal vas-
culature, the technique was utilized again four de-
cades ago in patients suffering from nephrolithiasis
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and tuberculosis. At present, nephrosegmentectomy
is the choice approach for cases of localized renal
disease, especially when a non-mutilating con-
servative procedure is needed to preserve maximum
normal parenchyma and function of the kidney. As
Graham [41] aptly stated, partial nephrectomy is ‘a
worthwhile compromise between no surgery and
total nephrectomy.’

The surgical approach and technique may differ in
accordance with the renal segment involved: for
localized disease in the superior or inferior segment
the guillotine or the wedge-type techniques can be
recommended [41]. These types, however, should
not be used for the anterosuperior, antero-inferior,
or posterior segmentectomy because their anatomi-
cal background causes special difficulties for such
surgical techniques, with a possibility of leading to
an undesired total nephrectomy. According to
Graham [41], the enucleation technique, limited to
tumors, may be used in any renal segment with
minimal loss of function.

As most if not all the organs of the human body do
not function continuously at full capacity and be-
cause of the vicarious function of bilateral organs
and perhaps, one may extrapolate, owing to the
compensatory function of remaining portions of uni-
lateral, median, or residual organs, that the surgical
removal of one or more segments maintains most of
the renal function. This does not eliminate, how-
ever, the possibility that the residual segments or the
remaining kidney may not survive.

The surgical approach for a nephrosegmentec-
tomy aims at exposure of the segment to be removed
and isolation of its vessels, which can be accom-
plished with the XI rib flank or supracostal incision
[42], the latter in particular for the left superior
segment. The anterior approach provides easy ac-
cess to the vessels but is not recommended for
nephrectomy of either the right or left superior seg-
ment. As a rule, nephrosegmentectomy is per-
formed from the renal hilum following the vessels
toward the periphery of the renal parenchyma.

Once the corresponding renal pedicle is isolated
both the artery and the vein are dissected and, when
convenient and possible, the artery should be clam-
ped first to reduce the chance of embolism. In fact,
occluding first the renal vein, consequently handling
the kidney and altering the reno-hemodynamics may
enhance the chance of emboli as pointed out by
Robson [43] in dealing with radical nephrectomy,
when this procedure is also applied.

In left-sided nephrosegmentectomy it may be nec-
essary to ligate and section the left suprarenal vein,
the inferior phrenic, and the gonadal (testicular or

ovarian) vein, tributaries of the left renal vein; al-
though rare, the right renal vein also may present
affluents. It should be remembered that one or more
lumbar veins drain into the left renal vein, their
orifices being situated in the posterior contour of the
latter. Negligence in dealing properly with all these
veins will certainly cause bleeding (a common
postoperative complication) that may jeopardize the
success of the surgical intervention.

Once a segmental artery is clamped, the corre-
sponding territory becomes pale and soft for the
duration of the temporary occlusion unless its blood
supply is shared by another branch or artery. Metic-
ulous dissection of the segmental arteries and their
branches is emphasized by Semb [44]. The renal
sinus is exposed by making an incision in the anterior
aspect of the parenchyma.

Avoiding as much as possible surgical trauma to
the kidney and its vessels, closure of the collecting
system should follow. Arcuate vessels should be lig-
ated on the medullary side and interlobar vessels
should be tied, according to Parry and Finelli [45], by
passing the needle into and then out of the infun-
dibulum of the collecting system. The capsule is
closed and manual pressure is applied for 5 minutes,
following Poutasse’s technique [46].

The guillotine and the wedge resection tech-
niques, limited to the superior and inferior seg-
ments, have advantages and disadvantages. To mini-
mize the disadvantages several modifications have
been proposed, involving one or more steps of both
techniques. The enucleation technique, intended
mainly for renal tumors, has the advantage of not
being limited to the superior and inferior segments,
but has among the disadvantages that of postopera-
tive residual malignancy [41]. On the other hand, this
technique may not strictly follow anatomical seg-
mental boundaries.

Follow-up of patients treated with partial
nephrectomy [44] correlated with data obtained
from investigations performed in dogs [47], indicat-
ing a certain degree of vicarious hypertrophy.

An avascular line of Brddel [48] was described
along the lateral border of each kidney and con-
sidered as the natural route for surgical incisions. As
the anterosuperior and the antero-inferior segments
invade the posterior ‘half’ of the kidney, their limits
extending beyond the middle frontal plane of the
organ, Brodel’s ‘white line’ is not avascular [30],
being at its best relatively avascular [29], paucivascu-
lar or, in the particular case of the arteries, pauciar-
terial. An incision along the line of the convex
border of the kidney will naturally cut the blood
supply of a portion of renal parenchyma. In 10% of



the cases Cordier et al. [36] found the ‘avascular line’
extending to the inferior ‘pole’, as the posterior ar-
tery supplied the posterior part of the inferior ex-
tremity of the kidney. The study of the renal segmen-
tation indicated that the real avascular line,
separating the posterior from both anterior seg-
ments, is found then on the posterior from both
anterior segments, is found then on the posterior
aspect of the kidney, in other words, the anerior
renal territory, suplied by the segmental arteries
originating from the anterior branch of the renal
artery, is larger than the posterior territory, the
plane of separation being posteriorly concave.

5. Venous intrarenal arrangement

It can be noticed, thus, that no particular attention
was paid to the veins and their intrarenal arrange-
ment as ‘they did not follow the arterial segmental
pattern.” With modern advancements in surgical
procedures, it has been possible to broaden the
purely anatomical concept of renal segment, dic-
tated only by independent territories supplied by
end-arteries (without collateral circulation from ad-
jacent or neighboring areas) to an ‘anatomicosurgi-
cal segment’ in which, once intersegmental ana-
stomoses are known, these can be ligated and
divided, without being an impediment to nephroseg-
mentectomy. In fact, in modern surgery the presence
of anastomoses, once properly evaluated, should not
be a deterrent for the removal of a portion of an
organ. Ligation of a vein does not impair drainage
because the presence of anastomoses allows other
veins to take over the function. On the other hand, if
a major, even if only approximate, venous ‘segmen-
tal pattern’ can be recognized, it is better than ignor-
ing it on the basis that anastomoses are present.
Ultimately the presence of anastomoses should not
be the only factor in determining the surgical ap-
proach to a conservative therapeutic procedure.
Considering then that the concept of end-vessel and
complete vascular independence of territories of an
organ was too restrictive I decided to investigate the
problem from a different, broader perspective. To-
ward this end, the concept of ‘insufficient’ collateral
circulation, when anastomoses were present but
were not efficient, led to the well-known idea of
functional or not functional collateral circulation.
The recognition of an anatomical or physiological
terminal artery was a departure from the original
principle, showing a flexibility that allowed a possi-
ble broadening from the practical standpoint. Since
the veins must be ligated for the removal of a seg-
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ment, it is essential to know the major areas of
venous drainage, and the most important ana-
stomoses between them, rather than simply ignore
what I have called anatomicosurgical ‘venous seg-
ments.’

While studying the renal angio-architecture and
several aspects of the anatomy of the renal veins, I
was delighted with Graves’s publication [13], whose
results were confirmed almost in their entirety by my
results [14, 15], particularly those related to the ar-
terial segments, observed with similar techniques.
Having investigated both the intra and extrarenal
venous distribution, the literature nonetheless indi-
cated several conflicting points that deserved further
study. For example, in accord with Lowsley and
Kirwin [49], the renal veins correspond to the major
subdivisions of the arteries; that is, comprising inter-
lobular, arcuate, interlobar, and straight veins, but
differing because there is free anastomosis among
the veins. On the other hand, Paitre, Giraud, and
Dupret [50] stated that, contrary to what other au-
thors believed, particularly Hyrtl [51], the renal ven-
ous circulation does not follow the arterial circula-
tion, as they anastomose abundantly and form true
suprapyramidal arches. Paitre et al. [50] divided the
venous topography into four main zones: sinusal,
suprapyramidal, subcapsular, and perirenal, to
which they added the sometimes abnormal accessory
system of the polar veins; the latter veins leave the
parenchyma above or below the hilum, ending in the
renal vein or directly in the inferior vena cava. In the
sinusal zone, the authors found a ‘brush type’ of
venous distribution and in the *venous fan’ they dis-
tinguish superior group (normal superior polar
veins), inferior polar group, and middle group. They
emphasized the importance of the division of these
two or three large prepyelic trunks, occurring ante-
riorly to the major calyces. In the pyramidal zone,
the interpyramidal veins are anastomosed and there
is juxtaposition of successive arches.In the subcapsu-
lar zone, there are descending veins which, with
those of the region of Bellini’s tubules, drain into the
suprapyramidal arcades. The rich venous ana-
stomosis, in contrast to the arterial ‘terminality,’ is
emphasized by Paitre et al. [50], who also described
the perirenal zone, corresponding to the veins drain-
ing the excretory passages, the adjacent regions, and
the neighboring organs. More recently, Warwick
and Williams [52], referring to the excellent mono-
graphs of Trueta et al. [53] and Fourman and Moffat
[54], stated that ‘with the primary patterns of
branching, and their substantial areas of distribu-
tion, may be considered the concept of vascular
segmentation of the kidney’. From the primary



branches of the principal renal artery arise lobar,
interlobar, arcuate and interlobular arteries, af-
ferent and efferent glomerular arterioles, cortical
intertubular capillary plexuses, and the venous radi-
cles draining the corresponding areas, the vasa recta,
and associated capillary plexuses. They called seg-
mental arteries the primary branches of the divisions
that supply the vascular segments, and defined ac-
cessory renal arteries (30% of the cases) as vessels
arising form the aorta, running parallel to the trunk
of the renal artery to reach the renal hilum. These
accessory arteries may arise from the celiac or supe-
rior mesenteric arteries or from the common iliac
artery. As there is no anastomosis between a super-
numerary and a renal artery, there is no reason for
the supernumerary artery to be called accessory [55].
Sykes [30] believed that the term ‘accessory renal
artery’ implied from the surgical standpoint that it
could be sectioned with impunity and discussed the
terminology that has been used. The term means an
‘additional’ vessel as ‘accessory to the main artery in
its extrarenal course’ but it is the only source of
blood supply to the superior or the inferior segment.
‘The term ‘accessory’ suggests that such a vessel is a
supplementary artery, whereas it is in fact comple-
mentary’. Aberrant (Graves) is erroneous when ap-
plied to the usual (25% or more of the cases) ad-
ditional vessels, as these are variations rather than
abnormalities. Supernumerary may give the impres-
sion of a supplementary artery. Sykes [30] con-
cludes, then, that the expression ‘accessory renal
artery’ may be retained if it is understood that a
superior accessory artery is a separate superior seg-
mental artery and that an inferior accessory artery is
a separate inferior segmental artery.

Besides Graves’s description, the authors [52]
pointed out that more complex schemes, for exam-
ple, including three posterior segments [31], or the
great variability of the segments [56] have been re-
ported. ‘Despite these somewhat divergent views,’
Warwick and Williams [52] stated, ‘it is nevertheless
important to emphasize that the vascular segments
are supplied by arteries which have virtually no ana-
stomoses with their neighbours and are thus end
arteries. In contrast, the larger intrarenal veins have
no segmental organization, and anastomose freely’.
Graham (1941) underlines this description by stating
that the intrarenal venous system does not follow a
segmental pattern but instead intercommunicates
[57] through a vast plexus of venules. Thus it is the
arterial and not the venous system that is surgically
important in partial nephrectomy.

When dealing with the interlobular arteries, Ham-
mersen and Staubsesand [58] indicated that a portion

of these arteries become perforating arteries, pass-
ing through the surface of the kidney to anastomose
with the capsular plexus of vessels, which receives
capsular branches from the inferior suprarenal, renal
and gonadal arteries; their role in collateral circula-
tion (circulus exorenalis) was emphasized by Eliska
[59].

In the kidney are found glomerular and peritubu-
lar capillaries, and from the peritubular plexus arise
radicles that join interlobular veins (each ac-
companying an artery). Many of these veins, be-
neath the renal fibrous capsule, result from the
union of stellate veins, and end as arcuate veins (also
following homonymous arteries). Arcuate veins
form interlobular veins which, thanks to multiple
anastomoses, constitute three roots of the renal vein.

My own observations on the renal segments, con-
firmed by Grande [60], were based on examination
of 28 casts of injection-corrosion specimens [14, 15]
in which different colored vinyl acetate was injected
in each segmental vessel and in the ureter, followed
by corrosion in 10% hydrochloric acid solution. To
this series another, comprising 30 kidneys (15 pairs),
was recently added, aiming at the identification of
renal subsegments [61] utilizing the same technique,
following a trend that if carried further may lead
someday to microsurgical procedures.

Having confirmed Graves’s arterial intrarenal
branching into five segments, in each case the veins
were studied to find out whether or not they fol-
lowed the corresponding arteries, and when they
followed the arterial segmental pattern if they did it
uni or bilaterally. As expected, most of the veins
were not satellites of the arteries (in 11 individuals,
that is, 22 kidneys), whereas in two individuals they
had the same segmental distribution as the arteries
(4 kidneys) and in one individual arteries and veins
had a similar segmental arrangement only in the left
kidney. Without considering the side, a different
arterial and venous segmental distribution (23 out of
28 kidneys, that is, 82.1% =7.2) prevailed over the
incidence of a similar segmental pattern (five kid-
neys, that is, 17.9% %7.2). As mentioned, it took
the adoption of a broader interpretation of the con-
cept of segment, or better, of an anatomicosurgical
segment to justify a ‘venous segment’ (Fig. 3). In
other words, it was necessary to disregard the inter-
segmental venous anastomoses and consider only
the territory drained by each major venous trunk to
identify a ‘venous segment’. Although arteries are of
the utmost importance in nephrosegmentectomy,
the other structures, particularly the veins, should be
known as well, and every effort should be made to
establish their pattern, to locate their anastomoses,



Fig. 3. Obs. 309 (male, 40 years old, Caucasian). Diagram of the
intraparenchymatous distribution of the veins of the left kidney,
in which the vessels were elongated and the segmental areas
artificially separated. This represents one of a few cases in which
the veins follow the segmental arteries. The major anastomoses
between neighboring ‘venous drainage’ segments are indicated by
arrows.

to recognize the existence of one or two venous
planes, and to identify the number of their segmental
or major trunks, the confluence of which make up
the renal vein.

It was already pointed out [52] that there are
arterial anastomoses through ‘perforating arteries’
with the ‘capsular plexus of vessels’ (and they are not
a deterrent to segmentectomy) and that in approx-
imately 18% of the cases [14, 15] the veins follow the
same segmental pattern as the arteries (rendering
segmentectomy easier). In addition, knowledge of
the venous arrangement is also of primary import-
ance if the vein has to be clamped first to avoid
embolism, among other justifiable reasons.

Based on these reasons for broadening the con-
cept of segment, based on numerical results, and in
spite of the fact that (a) there are multiple venous
anastomoses; and (b) there is no clear demarcation
or autonomy like those of arterial segmentation,
‘anatomicosurgical venous segments’ are described
and defined simply as ‘territories drained by a major
or large vein’, the trunk of which is found in the renal
hilum and is a major root of the corresponding renal
vein. In support of these views, it must be empha-
sized that in the venous intersegmental boundaries
of some cases there are portions that show only a
few, small anastomoses and that, once the large
anastomoses that may be ligated and divided are
disregarded, the resulting cleavage planes are long
and evident.

In the majority of the cases the ‘segmental’ veins
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are not divided into anterior and posterior trunks as
are the segmental arteries (Fig. 4). In fact, the ante-
rior and posterior intrarenal small veins join the
major veins, which occupy the median plane of the
kidney. In most cases, that is, approximately 82%
[14, 15], three venous segments were recognized,
numbered (with Arabic numerals) and named:

1 SSV - segmentum superius venosum;
2 SMV - segmentum medium venosum;
3 SIV - segmentum inferius venosum.

The veins of these segments were named after the
names of the latter:

Vena segmenti superioris venosi (1 SSV);
Vena segmenti medii venosi (2 SMV);
Vena segmenti inferioris venosi (3 SIV).

In the few cases (circa 18%) in which venous seg-
ments coincided with the arterial ones, the names
are the same of the arterial segments with the ad-
dition of the adjective venous.

The venous anastomoses in the kidney were classi-
fied into intersegmental and intrasegmental, expres-
sions that are self-explanatory; the intersegmental
require ligation during the performance of a segmen-
tectomy and the intrasegmental, when more concen-
trated or dense, facilitate recognition of the seg-
ments.

When there was a single drainage plane, anterior
and posterior venous radicles or rootlets ultimately
converged with the veins of each segment (superior,
middle, and inferior) and constituted the ‘roots’ of
the trunk of the renal vein. When there were two
drainage plans, and the veins accompanied the ar-
teries, an anterior and a posterior root were recog-
nized. These roots joined each other, then, in the
renal sinus to form the trunk of the renal vein.

Intrarenal venous anastomoses between major
roots of normal renal veins and between normal and
anomalous veins allow the ligation of anomalous
veins without embarrassing the circulation of the
kidney [62]. Ligation of a radicle or root of the renal
vein will not result in kidney damage since collateral
venous circulation will provide adequate drainage
[29].

6. Concluding remarks

The correspondence between renal lobation and
lobulation (evident in newborns and children and
occasionally also in adults) and the segments [63-
65], the number of renal pyramids and of calyces in
each segment [64-66], the recognition of subseg-
ments [61], and the lymphatic and nerve distribution
in each segment are as important as the arterial and
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Fig. 4. Ideal diagrams (A, B, D) and an actual multicolored (C)
cast (obs. 12, T.B.J., female, 69 years old, Caucasian) of the
kidney (prepared with Dr. D. Tose’s technical assistance) to
illustrate arterial (A, B, C) and venous (D) renal segments. Front
views. S, superior; AS, anterosuperior; Al antero-inferior; and I,
inferior segment. The artery of the posterior segment is injected
with red pigment and is invisible in this figure.

the venous intrarenal arrangement. A great deal of
study is, then, still necessary, particularly when con-
sidering Wozniak’s et al. [67] closing statements: ‘as
the renal artery divides into various number of sec-
ondary branches and as there is no constant number
even among the primary branches of the renal artery
it is difficult or even impossible to distinguish the
regular number of arterial segments in the kidney’.

Indications for partial nephrectomy or, more spec-
ifically, segmentectomy are based on the presence of
localized renal wound injury, lesion, or disease and
take into account the natural advantage of preserv-
ing as much as possible the normal renal parenchyma
and the degree of compensatory function of the re-
sidual segments and of the contralateral kidney, with
the aim at maintaining the postoperative maximum
available amount of the organ.

Simple or multiple nephrosegmentectomy may be
suitable in benign renal cysts, congenital atrophy in
duplicated system, infections, ischemia (vascular
disease), localized hydronephrosis, localized poly-
cystic renal disease, nephrolithiasis, segmental
medullary sponge kidney, trauma, tumors, and
ureteropelvic junction obstruction {41]. If there is
any doubt that a total nephrectomy may result in
renal insufficiency, segmentectomy of the kidney
should be preferred. In addition, when the use of
immunosuppressive drug for renal transplantation,
for example, in the treatment of cancer, brings high
risk, segmentectomy is naturally indicated.

In Kaufman’s experience [68] fewer than 5% of
patients fall in the category of those whose segmen-
tal renal disease makes partial nephrectomy feasible:
the cure following partial nephrectomy has been less
than total nephrectomy or vascular repair. The au-
thor prefers, once refined surgical techniques and
magnification are available, to repair branch or seg-
mental artery stenoses rather than to remove poorly
defined ischemic segments.
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CHAPTER 2

Anatomical and embryological aspects of the renal venous drainage

LIBERATO J.A. DIDIO and PIETRO M. MOTTA

1. Introduction

The intraparenchymatous veins of the kidney in-
clude the venae interlobares, arcuatae, inter-
lobulares, and the venulae rectae and stellatae. The
confluence of these vessels usually forms three major
‘segmental’ veins, which represent the ‘roots’ of the
right and left renal veins [1]. The arcuate veins de-
scribe an arch around the base of the renal pyramids,
show several anastomoses, and receive cortical and
medullary tributaries. The interlobular veins have
rootlets in the periphery of the renal cortex and
constitute veins that run parallel to the surface of the
kidney. When 3-5 of these rootlets converge, stellate
venulae are formed and, from the center of con-
vergence, originate an interlobular vein; the latter is
joined by other small veins and drains into an arcu-
ate vein. The straight venules (venulae rectae) origi-
nate from the renal medulla, follow the direction of
the corresponding arterial vessels in the pyramids,
join each other in groups, and terminate in the arcu-
ate veins. A venous network in the adipose tissue
surrounding the kidney is a tributary of the venous
perirenal arch, which runs parallel to the lateral
margin of the organ. This network is also joined by
cortical veins and, in turn, gives branches to the
stellate venules (and interlobular veins), to the renal
and adjacent veins, such as the colic, suprarenal,
inferior phrenic, ureteral, gonadal, and lumbar;
through these it is connected to the subcutaneous
veins of the lumbar region.

2. Embryological data

Early in development (after the 3rd week of intra-
uterine life), major venous trunks are formed,
among them the bilateral superior and inferior cardi-
nal veins, which on each side drain blood from the
anterior and posterior portion of the body, respec-
tively, and fuse to form the duct of Cuvier. Later, the

inferior vena cava develops from the cardiac end of
the right vitelline vein, adjacent to the aorta, next to
the medial border of the right mesonephros, from
which it receives blood. A left narrow longitudinal
vessel, corresponding to the inferior vena cava, also
runs next to the left mesonephros, and several trans-
verse anastomoses appear between the two until
atrophy of the left longitudinal vessel occurs. On the
right side, the inferior vena cava continues to grow
and establishes connections with both inferior cardi-
nal veins.

The definitive renal vein originates from a trans-
verse anastomosis that connects the subcardinal
veins and the inferior cardinal veins.

By the 7th week, on each side, the longitudinal
supracardinal vein appears and joins superiorly and
inferiorly with the inferior cardinal vein. Another
connection occurs with the subcardinal vein, allow-
ing the blood of the left region of the body to be
drained by the superior portion of the right subcardi-
nal vein, that is, the inferior vena cava.

The inferior vena cava is single in its first, primi-
tive portion, and double in the remaining portion,
the limit between the two portions corresponding to
the renal veins. From the subcardinal veins develop
the left renal, the suprarenal, the gonadal veins and a
portion of the inferior vena cava.

3. Anatomical data

Fourteen percent of the kidneys show multiple renal
veins, especially on the right side, and vascular im-
pressions on the renal pelvis caused by renal veins
occur more frequently on the right than on the left
side [2].

The renal veins, anteriorly located in relation to
the corresponding arteries, are tributaries of the in-
ferior vena cava. The length of each vein is the
reverse of that of the companion artery, as the left
renal vein is usually more than twice as long as the
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right because of the paramedian position of the in-
ferior vena cava (on the right of the median plane of
the body) and of the aorta (on the left).

The normal arrangement of the renal vessels oc-
curs in 47.6% of the cases: the left artery is dorsal to
the vein and the right renal artery is dorsal to the
inferior vena cava and the homonymous vein [3]. In
a little lower percentage of cases (42%), the artery
runs anteriorly to the corresponding vein, but varia-
tions of these relationships are common [4, 5].

The left renal vein measures 8 cm (average), vary-
ing from 6 to 11cm, whereas the right is 3cm long
(average), between a minimum of 2cm and a max-
imum of 4 cm (all figures are approximate). Unlike
the right renal vein, which may consist of two or
three veins and is seldom joined by the right testicu-
lar or ovarian vein, the left renal vein is single and
among its tributaries frequently receives the left su-
prarenal, inferior phrenic, lumbar, and gonadal (tes-
ticular or ovarian) veins, as well as veins from the
perirenal fat and the proximal portion of the ureter.
These veins are classified into visceral (suprarenal,
gonadal) and parietal (phrenic, lumbar, perirenal).
They join the left renal vein (a) superiorly (suprare-
nal, phrenic veins), (b) inferiorly (gonadal vein), and
(c) posteriorly (lumbar vein or veins). Both right and
left renal veins anastomose with the ascending lum-
bar veins; the left also anastomoses with the vena
hemiazygos.

The left renal vein, which is included in the angle
formed by the superior mesenteric artery and the
aorta, bears a close resemblance to the terminal
portion of the left common iliac vein, which is com-
pressed between the right common iliac artery, the
median sacral artery, and the lumbar region of the
vertebral column [6]. This particular topographic
relationship was studied from several standpoints
because some alterations of the venous wall when
subjected to arterial pulsating compression were
common to those observed in the left common iliac
vein, and had interesting clinical implications.

The projection of the renal vein on the vertebral
column has been variably indicated in the literature:
(1) the opening of the vein in the inferior vena cava at
the level of the ILV [7, 8]; (2) the trunk of the vein
would be at the level of the IILV [9, 10, 11] or of the
ILV [12, 13] or of the disc between I and IILV [14,
15]. This variability was noticed by Fagarasanu [16],
who observed that the left renal vein crossed the
aorta 22 times (out of 48) at the level of the disc of the
ILV, 17 at the level of the IILV, 8 between the
XIITV and the ILV, and 1 at the level of the IILV.
In 80 dissections and 10 cases radiologically studied,
this variation was confirmed anywhere between the

ILV and the disc above the III LV [1]. Focusing only
on the portion of the left renal vein contained in the
aorticomesenteric forceps, its projection varied
(total of 90 cases) within a rather wide range:

body ILV: 17 cases (18.9% +4.1)

body of the ILV and disc ILV: 1case (1.1% %1.1)

disc ILV-IILV: 35 cases (38.9% =£5.1)

disc ILV-IILV and superior half of IILV: 2 cases
(2.2% =*1.5)

body IILV: 33 cases (36.7% %5.1)

disc IILV-IIILV: 2 cases (2.2% *1.5)

The most frequent percentages corresponded to
the projection of the left renal vein at the level of the
disc (Fig. 1) above the IILV (38.9%) and at the level
of the body of the IILV (36.7%).

VRD|

Fig. 1. Projection of the left renal vein on the disc between the first
and the second lumbar vertebra. VCI - inferior vena cava; VRS
and VRD - left and right renal vein; VT(O)D and VT(O)S, right
and left testicular (ovarian) vein; VSRS - left suprarenal vein; VT
and VL, thoracic and lumbar vertebra.

The length of the left renal vein is differently indi-
cated in the literature:

Dantas [17]: 4.9cm
Grégoire [18]: 6-7cm
Barcelos and Byington [19]: 6-8cm
Banowsky [20]: 6-11cm
Paitre et al. [15] and

Maisonnet and Coudane [14]: 8cm
Brash [21] and Last [11]: 7.5cm
Purcell et al. [22]: 8.3cm
Testut and Jacob [23]: 8-9cm

In 132 Brazilian individuals whose ages were 20
years or older, it was found that the minimum length
(measured from the junction of its roots to its ending
in the inferior vena cava) was 2.1cm, the maximum
7.3cm, and the average 4.7 cm. Besides the general
factors of variation (age, sex, biotype, race) the
technique for measuring the vessel must have an
influence in the discrepancies observed [1].

The external diameter of the renal vein recorded in



the literature also shows variability:

Testut and Latarjet [24]: 6-10 mm
Charpy [9]: 7-10mm
Salvi [7]: 8-10mm
Falcone [25]: 9-10mm
Purcell et al. [22]: 9.2mm
Barcelos and Byington [19]: 10-18 mm

The external diameter was measured by Almeida
[26] in what he called the ‘surgical point’, meaning
the level where it would be sectioned to perform a
venous splenorenal shunt, in fixed vessels with and
without chronic stasis: the average in the fixed cases
was 1.53 cm; in the non-fixed it was 1.45 cm. In cases
of chronic stasis it was 1.45 cm and in those without
chronic stasis it was 1.53 cm; the global average was
1.49cm. The external diameter in the initial and
terminal portions of the vein were measured by Dan-
tas [17], who obtained 9.4 mm and 11.9 mm, respec-
tively. In 104 adults, measurements [1] resulted in a
16.6mm average for the external diameter of the
juxta-hilar portion of the left renal vein and in
19.8 mm for the terminal portion; whereas the latter
in the right renal vein was smaller (14.2 mm) thus in
agreement with Fagarasanu [16]. The external diam-
eter of the inter-arterial portion of the left renal vein
was 15 mm (average), an indication of a narrowing at
the level of the aorticomesenteric forceps, in com-
parison with the larger diameters found at the level
of the initial and terminal portions of the vessel.

The morphology of the terminal portion of the left
renal vein, related to the external diameters and
observable in renophleboradiograms, studied in 160
adult cadavers [1], appeared in five types (Fig. 2):

I.  Hourglass (horizontal) 58.1% =£3.9
II.  Right based cone 23.8% 3.4
III. Left based cone 8.8% 2.2
IV. Cylinder 6.9% £2.2
V. Bulb 2.5% *1.2

The hourglass morphology, characterized by an
intermediate narrowing, appeared as the most fre-
quent, whereas the opposite bulbar type, showing an
intermediate wider portion, rarely occurred. It is
highly desirable to repeat these observations in chil-
dren and adults, if possible radiologically, to find out
whether or not the morphology of this portion of the
vein changes with age and with postmortem condi-
tions.

The level of the opening of the left renal vein into
the inferior vena cava is described as higher than that
of the right by Charpy [9], Salvi [7], Chiarugi and
Levi [10], and Warwick and Williams [27]. Accord-
ing to Kolster [28], the right renal vein terminates in
a level inferior to that of the left in 55 cases, at the
same level in 35, and at a superior level in 13. Similar
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Fig. 2. Diagrams of the types of terminal portion of the left renal
vein (VRS); A, hourglass; B, right-based cone; C, left-based
cone; D, cylinder; E, bulb. VCI - inferior vena cava.

results were mentioned by Fagarasanu [16], who
stated that the left renal vein opens in the inferior
vena cava above the level of the right vein but fre-
quently at the same level or at a lower level. This
diversity was confirmed in 149 observations in ca-
davers of adult individuals, but the conclusions were
different [1]. In fact, both veins ended in the inferior
vena cava in 49.7% =4.1, the opening of the right
was higher in 32.9% +3.9 and that of the left was
higher only in 17.4% =3.1. Similar results were ob-
tained in different racial groups and in either sex.
The external left inferior renocaval angle [1] was
measured, as the name indicates, between the in-
ferior contour of the left renal vein and the medial
contour of the inferior vena cava, at the level of the
termination of the left renal vein. The measurements
in 150 adult individuals (20 years of age and older)
showed that this angle varied from 50° to 130°, the
average being 84°6 confirming descriptions and data
provided by Charpy [9], Kristenson [13], Papin [29],
Chiarugi and Levi [10], and Paitre ef al. [15]. The
most frequent opening of the left renal vein into the
inferior vena cava occurred under an acute angle
(43.3% =4) or perpendicularly (42.7% =4) and
rarely under an obtuse angle (14% +2.8). The bibli-
ographic search revealed Papin’s [29] statement on
the variability of the angle, Salvi’s [7] description,
according to which the left renal vein makes almost a
right angle, and Charpy’s [9] and Paitre’s et al. [15]
indications of an acute angle. The left renal vein was
horizontal (or had a slight cranial direction) in
L’Aulnoit [30] and Kristenson’s [13] cases, con-
firmed by Gérard [31], Chiarugi and Levi [10],
Fazzari [12], Falcone [25], Almeida [26], and Last
[11]. Variations in the angle with age were pointed
out by L’Aulnoit [30], Charpy [9] and by Gérard
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[31], as the renal veins were found to be obliquely
ascending in children and horizontal or forming a
less acute angle in adults. An angle, open superiorly,
with the vertex at the level of the superior mesenteric
artery, was described in the left renal vein by Gré-
goire [18].

Numerical data were presented by Fagarasanu
[16], who described (1) type I - oblique ascending left
renal vein — corresponding to an angle between 45°
and 70° (42 cases); (2) type II having a right angle (13
cases); and (3) type III — oblique descending left
renal vein — (5 cases).

The aorticomesenteric angle corresponds to the
divergence between the axis of the superior mesen-
teric artery and that of the aorta. This angle may be
called ‘axial’ as distinguished from the ‘inferior’ or
‘internal’ angle, limited by the anterior contour of
the aorta and the infero-posterior contour of the
superior mesenteric artery, which contains the left
renal vein, the tip of the pancreatic uncinate process,
and the duodenum (Fig. 3). As the sides or lines of
both angles are parallel their measurements give
equivalent results.

In accordance with Kristenson [13], the high mobi-
lity of the mesentery makes the vascular angle varia-
ble during life, for example, depending on the de-
gree of fullness of the abdominal viscera and the
position of the body. Considering that after embalm-
ing the vessels are fixed in an intermediary position,
Kristenson [13] measured the aorticomesenteric an-
gle in several ages:

I group (10 cases): birth to 1Y/, years 72.5°
II group (8 cases): 2-Syears 46°

In the first group, there was obviously no influ-
ence of the erect posture and the reduction of the
angle is maintained in the subsequent groups with a
slight trend to increase beyond 20 years of age.

The distance between the superior contour of the
left renal vein and the vertex of the vascular angle was
also measured by Kristenson [13], who found that it
varied from 1 to 25 mm. The distance increased with
age: under the age of 50 years the average distances
varied between 3.7 and 7mm; above this age the
average distances varied between 8 and 9mm. In
addition, he found that beyond the fiftieth year the
left renal is nearer the aorta, practically next to its
anterior contour, than in the cases under the age of
50. Fagarasanu [16] also focused on this distance
when he alluded to the fact that the left renal vein
runs ‘under the superior mesenteric artery’ from
whose origin it is separated by a few mm (between 2
and 95).

Measuring the inferior aorticomesenteric angle
only in individuals with ages of 20 years or older,

AMS

Fig. 3. Diagrams of the aorticomesenteric angle and neighboring
structures. On the left the angle is seen to contain the duodenum
(D), the tip of the uncinate process of the pancreas and the left
renal vein, in cross section. AMS, superior mesenteric artery; A,
aorta. On the right, an anterior view of the organs related to the
angle: VRS, left renal vein; VSRS, left suprarenal vein; VT(O)S,
left testicular (ovarian) vein; P, pancreas; D, duodenum; VCI,
inferior vena cava; A, aorta.

when development is practically completed [1], the
results ranged from 10° and 60°, averaging 30°9. The
incidence of cases with angles less than 30° (62%
+4.1) is higher than that with angles greater than 30°
(38% =*4.1).

For the arteries to exert an influence on the left
renal vein the aorticomesenteric angle must be acute
and the vein must be close to the vertex of the angle.
In fact, even when the angle is acute, a long distance
separating the contour of the vein from the vertex of
the angle will allow the vessel to escape from the
arterial pulsating compression. The same happens
when the vein is close to the vertex but the angle is
wide.

In a series of 142 observations of individuals aged
20 years or older, the left renal vein was found to be
juxtaposed to the vertex of the angle in 18.3 £3.2 of
the cases [1]. Cases in which the distance was shorter
than 5 mm occurred (71.1% +3.8) more frequently
than those in which the distance was longer (28.9%
+3.8), the average distance between vein and vertex
being 4mm. The findings correlated with the
changes that may take place in the wall of the left
renal vein.

4. Normal and pathological structures

The study of the renal veins demonstrated that only
in 42% +3.3 of 224 cases there were no modifica-
tions in the wall and no presence of congenital or
acquired structures subdividing, reducing, or oblit-
erating the venous lumen [1].

A pathological alteration of the left renal vein was



detected by Kristenson [13] in the portion of the vein
located anteriorly to the aorta, and inferiorly to the
origin of the superior mesenteric artery; it consisted
of an adhesion between the anterior and posterior
walls of the vein in its superior contour. The absence
of the adhesion in 19 individuals from birth to 6 years
of age proved that the alteration was not congenital
(the youngest case having an adhesion was an 8-year-
old girl). The incidence of such an alteration be-
comes frequent after 10 years of age, having ap-
peared in 24 out of 115 cases. The author believed in
the thrombotic nature of the alteration, after de-
scribing cases in which the process was in different
developmental stages. Some of these data were con-
firmed by Caldana [32], among them the presence of
one or more adhesions (in 9 out of 28 cases) in the
portion of the left renal vein that crosses the aorta.

It was noticed [1] that in the renal veins different
kinds of structures both normal and pathological or
congenital and acquired, can occur: parietal thicken-
ing, adhesion, endovenous septa, and valves.

4.1. Venous parietal thickening.

Parietal thickening (Fig. 4) is an acquired, patholog-
ical alteration that appeared in 29 out of 224 cases
(12.9% +2.2), as early as at age 18 years to 57, more
frequently (28 cases) in the inter-arterial portion of
the left renal vein than outside of this portion (1
case). The thickening appeared more frequently
when the projection of the vein occurred at the level
of the intervertebral disc (9 out of 14 cases) than
when it occurred in front of a vertebral body. A
correlation was found between the presence of the
parietal thickening and the hourglass type of the
terminal portion of the left renal vein (19 out of 28
cases). The average aorticomesenteric angle in cases
presenting a parietal thickening was 32° and in those
cases without such a thickening it was 30°6. The
average distance between the superior contour of
the thickened left renal vein and the vertex of the
aorticomesenteric angle resulted to be 3.5mm, and
in cases without the thickening it was 4.2 mm.

Taking these findings into account, there are rea-
sons to justify the appearance of a thickening of the
wall of the inter-arterial portion of the left renal
vein, resulting from the topographical relationship,
accentuated by the erect posture of man. Rather
than a single factor, multiple factors such as a small
aorticomesenteric angle, a juxtaposition of the vein
to the vertex, or a projection of the vein in front of a
more prominent intervertebral disc, a higher than
usual lordosis location, may predispose the develop-
ment of a thicker wall in the superior contour of the
left renal vein.

17
4.2. Adhesion.

Adhesions of the venous walls, known by different
names and corresponding to the fusion of opposite
inner or endothelial aspects (Fig. 4), occurred in the
left renal vein, especially in its inter-arterial (aor-
ticomesenteric) portion, perhaps as a step following
the appearance of parietal thickenings. The throm-
botic origin of the adhesions was put forth by
Kristenson [13], based on the anatomical conditions
of this special vascular portion which may cause a
stasis of the blood stream and a lesion of the venous
wall. The vein is compressed by the reduction (a) of
the vascular or arterial angle and (b) of the distance
between the superior margin of the vein and the
vertex of the angle. Other factors that may tem-
porarily decrease the angle are a pronounced high
lumbar lordosis, a full small intestine hanging in the
pelvis or a full stomach pushing down the intestines
and mesentery. The compression may cause an en-
dothelial lesion, more likely in the superior contour
of the vein, and since the blood stream is only tem-
porarily slowed down there is no blood coagulation,
only an accumulation of platelets. The adherence of
the inner surfaces of the venous walls may then occur
followed by thrombus organization, a thickening of
the tunica intima, and the adhesion. Thickening of
the tunica media may occur as a reaction to the
irritation caused by an organized thrombus and
against repeated pressures on the ‘inter-arterial’
vein, sometimes caused by lymph nodes.

Adhesions of the left renal vein, decreasing its
lumen in the inter-arterial portion, were observed in
38 cases out of 224, that is, 17% =*2.5, the earliest at
19 years of age and the oldest at 80 years [1]. Flat
adhesions or close fusion of opposite inner aspects of
the vein appeared to be more frequent (36 cases out
of 38) than adhesions at distance, similar to tra-
beculae, or columnar adhesions (2 cases). The flat
adhesions did not leave a superior canal (35 cases),
whereas the columnar adhesions always divided the
lumen of the vein for the extension of the junction of
the inner surface of the walls.

The measurement of the width of the superior
mesenteric artery, anterior arm of the aorticomesen-
teric forceps, gives an idea of the portion of the left
renal vein under pulsating compression to which
adhesions may be correlated. In 144 cases [1] the
range of the width was 4 mm and 16 mm, the average
being 8 mm. There were more cases of adhesions in
the left renal vein posterior to the superior mesen-
teric artery (28 out of 38 cases, that is, 73,7% *7.1)
than outside the inter-arterial portion (10 cases or
26.3% +£7.1). On the other hand, an equal number
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of cases with adhesions occurred when the inter-

arterial portion of the left renal vein was projected
on an intervertebral disc (9) and on a vertebral body
9).

Adhesions appeared more frequently in the hour-
glass type of the terminal portion of the left renal
vein (58.8% =8.4) than in other types: right based
cone (23.5% =£7.3), left based cone (8.8% +4.9),
cylinder (5.9% =4), and bulb (2.9% %2.9).

Among the cases that had adhesions, the aor-
ticomesenteric angle averaged 28°2, ranging from 10°
to 45°, whereas in the cases without adhesions the
average angle was 32°7.

The distance between the superior contour of the
left renal vein presenting an adhesion and the vertex
of the aorticomesenteric angle varied from 0 to
10 mm and averaged 3.9 mm.

The incidence of adhesions reducing the lumen in
the left renal vein, at the level of the aorticomesen-
teric angle, was found to be 20.9% of 115 cases by
Kristenson [13], 32.1% of 32 cases by Caldana [32],
and 17% of 224 cases [1].

On the influence that the vertebral column might
exert favoring the constriction of the left renal vein,
Rieser and Rieser [33] reported that Jehle [34]
showed in patients suffering from orthostatic al-
buminuria the presence of lordosis in the erect pos-
ture. They added that lordosis correction might pre-
vent albuminuria and that, in accordance with
Sonne’s [35] observations in 11 individuals, catheter-
ization showed the right kidney secreting normally
whereas the left was albuminuric. Pressure caused
by viscera or by the aorta projected forward owing to
lordosis will cause the left renal vein to be com-
pressed by the arterial forceps. The authors cau-
tioned that not all lordotic or visceroptotic patients
are albuminuric unless the aorticomesenteric angle is
sufficiently acute and the left renal vein is in a favora-
ble position to suffer the compression that will cause
blood stasis.

Both the prevailing hourglass type as well as those
types that showed a narrowing of the terminal por-
tion of the left renal, the smaller aorticomesenteric
angle (45° difference), and the relatively large num-
ber of cases in which the vein was close to the vertex
of the angle correlated with the incidence of venous
parietal thickening and adhesions at the level of the
inter-arterial portion.

The presence of the duodenum in the aorticome-
senteric angle as a possible factor in increasing the
compression of the left renal vein was implied by
Kristenson [13] and Fagarasanu [16] as well as by
Grant [36], who emphasized that both the left renal
vein and the duodenum are pinched between the

root of the mesentery and the aorta as in a nut-
cracker, slowing down the flow in the vessel and its
tributaries as well as in the viscus. In addition to the
duodenum the apex of the uncinate process of the
pancreas in the aorticomesenteric angle should be
included; however, the visceral variable topogra-
phy, for instance, when the duodenum and/or the
pancreas are located inferiorly to the level of the
vein, may help to maintain the degree of the angle or
even widen it, and thus protect the vessel against the
arterial pulsating compression.

4.3. Endovenous septa.

An endovenous septum is an internal, longitudinal
structure that partially divides the vascular lumen
(Figs. 4, 5). These septa were pointed out long ago
by L’Aulnoit [30], by Hyrtl [37], by Haller [38] as
quoted by Franklin [39], Adachi [40], and Ferrari
[41] and are comparable to those of the common iliac
veins [1]. They are congenital structures, residues of
transversal anastomoses in the primitive arrange-
ment of veins that were only partially fused to origi-
nate the definitive venous trunks, such as the left
renal vein.

Endovenous septa are, then, normal structures,
made up of a double wall and arranged in a mirror
image, to limit the resulting two channels in to which
the lumen is partially divided. They were rarely
found [1], that is, in four out of 224 cases (1.8%
+0.9). As they appeared only in adult Caucasians
(three males and one female) the incidence of ven-
ous septa in this group (117 cases) is 3.4% =*1.7. Of
these four cases having endovenous septa one was
bilateral and three were observed in the left renal
vein: one case had the septum located partially in-
side and partially outside the inter-arterial portion of
the vein, two cases had septa only outside this por-
tion, and the fourth (bilateral) case had a septum in
the right renal vein and another outside the inter-
arterial portion of the left vein. When present, they
may represent an obstacle, for example, to catheter-
ization of the vein or to the performance of venous
splenorenal shunt.

4.4. Valves.

Some authors have denied the presence of valves in
the renal veins: Verneuil [42], L’ Aulnoit [30], Lejars
[43], Charpy [9], Papin [29] and Testut and Latarjet
[24]. In Franklin’s [39] monograph, however, a num-
ber of authors who had described valves in the renal
veins are mentioned. A study of 11 cases by Riving-
ton [44] revealed that three cases presented valves in



Fig. 4. Diagrams of transversal sections of the left renal vein
showing in: A, parietal thickening; B, flat adhesion; C, columnar
adhesion; and D. endovenous septum.

the right renal vein and five in the left. Other authors
found valves in these veins: Jacquemet [45] in one
case out of 68; McDonnell [46]; Kolster [28] in 33 out
of 103 cases; Fagarasanu [16], who observed ostial
valves in the right and parietal valves in the left;
Dziallas [47] in two out of 25 cases; Pick and Anson
[48]; Senior [49]; Bruni [50]; Chiarugi and Levi [10].
Out of 224 cases, 82 had valves in the renal veins [1],
more frequently in the right (56.1% =5.5) than in
the left (19.5% £4.4) or in both (24.4% *4.7). The
presence of a single valve (96.3% =£2.1) prevailed
over the presence of two (3.7% =2.1) and parietal
valves (65.9% +5.2) were more frequent than ostial
valves (22% +4.9), or both simultaneously (12.2%
+3.6). Ostial valves are much more frequent in the
right renal vein (20.7% %4.5) than in the left (1.2%
+1.2), but the parietal valves showed no statistically
significant difference between those of the right re-
nal vein (30.5% +5.1) and those of the left (22.3%
+4.7).

Cases having bicuspid (53.7% =£5.5) or unicuspid
valves (39% =£5.4) are more frequent than those
presenting both types (6.1% *2.6), the presence of
tricuspid valves being very rare (1.2% +1.2).

Valves possessing cusps which once distended
were able to obliterate the [umen or the orifice of the
vein were called sufficient or competent; those that
were unable to occlude the vessel were termed insuf-
ficient or incompetent. The incompetent valves ap-
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Fig. 5.1deal drawing of an endovenous septum, dividing internally
the lumen of a vein, and corresponding to the juxtaposition of two
normal veins.

peared more frequently (90.2% +3.3) than the com-
petent ones (73% *2.9), the simultaneous presence
of both types in the veins being rare (2.4% %1.7). In
the left renal vein the valves are much less frequent
inside its inter-arterial portion (2.4% =+1.7) than
outside it (41.4% %5.4). Valves in the renal veins
are, then, common but mostly incompetent and may
interfere during catheterization of the vessels.

4.5. Renocaval spur.

Where two vessels join or divide a vascular spur
occurs (Fig. 6). At the junction of one vein opening
into another, particularly when the tributary has an
oblique entrance, the juxtaposition of the venous
walls in the acute angle formed by them makes up a
crescentic edge or fold, called endovenous spur.
Each has a semilunar morphology and a curved free
border. Accordingly, as the renal veins drain into the
inferior vena cava their junctions show in the inferior
contour a renocaval spur, where for some distance,
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fusion of the walls takes place, forming a greater or
lesser deep common septum. In the left renal vein
the spur appeared in 162 out of 163 cadavers, that is,
in 99.4% =£0.6 [1]. Its direction (Fig. 6) was found to
be more frequently oblique (77.8% =£3.3) than ver-
tical (19.1% =3.1) or horizontal (2.4% =*1.2), the
obliquity always following the same direction as the
blood stream.

In the right renal vein the spur occurred in 84 out
of 107 cases, that is, in 78.5% =4, and its direction
was more frequently oblique (74.4% +4.8) than
vertical (22% %4.6) or horizontal (3.7% %2.1).

Comparing the spur in the renal veins in each case,
it was noticed that it is bilaterally present (78.8%
+4) more frequently than it is unilaterally present
(21.2% =£4), and that oblique spurs prevailed among
the bilateral ones (48.1% *4.9). Observations in 21
fetuses showed that the spur was always present
more frequently bilaterally (90.5% +6.4) than uni-
laterally (9.5% =*6.4), whereas L’Aulnoit [30] de-
nied its presence in fetuses.

In phleboradiograms of the renal veins of 12 ca-
davers, it was possible to demonstrate reduction in
the lumen of the terminal portion of the left renal
vein, caused by parietal adhesion or thickening.

VRD

VCI

VRD

5. Microscopic anatomy

Microscopic examination of the above-mentioned
structures showed that the parietal thickening was
caused by increased subintimal and interfascicular
connective tissue and by the tunica media. Both flat
and columnar adhesions also exhibited thickened
venous walls, a disruption of the normal arrange-
ment of the vascular layers, and fusion of the walls
facing each other; in the area of fusion there was no
endothelium, but there was a large amount of loose
connective tissue, numerous fibrils, fibrocytes and
capillaries. The endothelium reconstituted its con-
tinuity in the limit of the adhesion looking toward
the venous lumen. Columnar adhesions are unions
or connections at a distance from the venous walls,
having the same structure as the flat adhesion but
dividing part of the lumen into channels. Both as-
pects of the columnar adhesion are lined by endo-
thelium but the lamina elastica interna does not
penetrate its thickness.

The endovenous septa are longitudinal mem-
branes that divide the vascular lumen; they are made
up of a double venous wall, as if two adjacent veins
were juxtaposed, each limiting the respective chan-
nel. The structure of each endovenous septum shows

VRD VRS

VCi

VRS

VCi

Fig. 6.Diagrams of renocaval junctions to show the direction of the right and left renocaval spurs (seen by transparency): both oblique
(the most frequent, thatis, 48.1% *4.9); the right horizontal and the left vertical; and, in the bottom diagram, the right vertical and the
left horizontal. VRS, VRD, and VCI, left renal vein, right renal vein, and inferior vena cava, respectively (from [1]).



six vascular layers arranged in a mirror image and
occasionally separated between the adventitial
layers by connective tissue, and vascular and neural
elements. In each endovenous septum of the renal
veins the layers are found in the following order:
tunica intima (facing the superior canal), tunica me-
dia, tunica adventitia, interadventitial elements,
tunica adventitia, tunica media, and tunica intima
(of the inferior canal).

Histological observations on the renal veins were
made by Hochrein and Singer [51], who noticed
highly developed muscular fascicles, by Speciale
[52], and by Eberth [53], who found an internal
circular and an external longitudinal muscular layer.
On the other hand, Buschi [54] described the pre-
sence of almost only longitudinal bundles, whose
hypertrophy he related to the reduction of valves
with age. Different findings were reported by Den-
tici [55] as he observed the tunicae intima, media,
and adventitia, and a very complex muscular compo-
nent: under the intima abundant circular muscular
fibers, accompanied by fine connective fibers, for-
med an almost independent layer lined by longitudi-
nal fibers. The adventitia contained many collagen
and elastic fibers and the lamina elastica interna was
very thick. According to Banowsky [20], the right
renal vein has a more poorly developed muscular
layer. Facing such conflicting data, observations of
one of us [1], more closely fit Dentici’s description
[55].

6. Concluding remarks

In spite of Kristenson’s [13,56] interpretation of the
thrombotic nature of venous adhesions, especially
that of the media and adventitia having a different
genesis, it seems that Ferrari [41, 57] and Caldana
[32] were correct when relating the adhesion to an
arterial pulsating stimulus. Macroscopic and
especially microscopic data led to the classification
of the structures appearing in the renal venous dis-
trict into:
A. Congenital:

I. Valves

II. Intervenous spurs

III. Endovenous septa
B.  Acquired:
I Parietal venous thickening

II.  Adhesions
1. Flat adhesions
2. Columnar adhesions
The congenital formations exhibited a normal
structure whereas the acquired formations were of a
pathological nature.
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Valves occurred more frequently than generally
stated, intervenous spurs represented membranes
resulting from greater or lesser juxtaposition of con-
fluent vessels (at an acute angle), and endovenous
septa are residues, persistent in the adult, of the
primitive multiple parallel arrangement of veins
which fuse to constitute the definitive trunk.

As areaction to the constant stimulus provided by
arterial pulsating compression (as in the aorticome-
senteric angle, also related to erect posture), the
acquired venous structures begin with parietal thick-
ening, eventually leading to the flat and/or columnar
adhesions, the result of the fusion of opposite venous
walls leading to a reduction in the lumen that can be
radiologically detected. Extreme cases substantiate
these statements and the importance of the presence
of these structures. In fact, in an adult, male, Cauca-
sian individual the left renal vein was completely
obliterated, his survival probably assured by venous
collateral circulation. Unfortunately his clinical his-
tory was not available for correlation of the post
mortem findings with his symptoms. Such an even-
tuality would require a phleborenoradiogram pre-
vious to the performance of venous splenorenal
shunt to avoid unsuccessful surgical treatment, in
case of need. Finally, in all four cases in which the
left renal vein was found posterior to the aorta and
compressed by this artery directly against the ver-
tebral column (thus under a much stronger compres-
sion), there was parietal adhesion between the ante-
rior and posterior walls of the vein, corresponding to
the aortic impression on the left renal vein.

When L’ Aulnoit [30] alluded to the history of the
valves he stated that Estienne [58] in 1545 used the
vague term ‘epiphyses’ but cast doubt on whether he
actually observed them, adding: ‘what he calls
epiphyses of the supra-hepatic veins can only be
related to the spurs that crown their orifices of
entrance in the inferior vena cava, identical to those
presented by arteries at their bifurcations’. L’Aul-
noit [30] described the spur of the inferior semicir-
cumference of the opening at the end of the renal
veins, indicating that its direction is upward oblique
in the inferior vena cava. In 11 cases observed by
Rivington [44], the spur, or as he called it, the ‘in-
ferior semilunar fold’, was found in the orifices of the
renal veins in the inferior vena cava.

A certain degree of confusion or some relationship
was found in the literature as Charpy [9] stated that
there was no valve at the end of each renal vein but a
spur, owing to oblique direction of the vein, which
extended as a ‘valvuloid’ semilunar fold, in the
lumen. The spur was more developed on the left
because the vein ended forming a more acute angle
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with the vena cava. Along the same line, Kristenson
[13] mentioned the spur when stating that the edge of
the inferior portion of the circumference at the end
of the left renal vein is more or less prominent, often
forming a 4-5 mm high crest ‘having the aspect of a
rudimentary valve.’

Cavorenoradiograms taken in cadavers allowed
correlation of each venous partial filling with radi-
opaque substance, reduced or deformed lumen with
parietal thickenings, flat or columnar adhesions, val-
ves, endovenous septa, and spurs. Both in renal vein
catheterization, for example to test samples of ‘pure’
renal or, depending on anatomical variations, rela-
tively pure blood from the right kidney or ‘mixed’
blood from the left, owing to the suprarenal and
gonadal tributaries (among others) and for the per-
formance of surgery, such as venous splenorenal
shunt, these structures may have to be considered to
assure the success of the intervention.

The concept of direct sampling of renal venous
blood in hypertensive patients was established in the
mid-1960s by Judson and Helmer [59]: in their pa-
tients with renovascular hypertension, renin levels in
blood from the ischemic kidney where at least twice
as high as renin levels in blood from the contralateral
kidney. The concept of lateralization of renin secre-
tion was introduced. Many similar investigations
substantiated the finding.

Other applications somewhat related to the basic
knowledge of what preceded, includes primary
thrombosis of renal veins that occurs often in early
infancy, during which the blood flow of the kidney is
relatively slow and can further be reduced by de-
hydration and loss of salt. Renal vein thrombosis can
be secondary to primary renal disease, which is re-
sponsible for slowing down the renal blood flow.
Surgical treatment includes localizing the thrombus,
exposure of the inferior vena cava and renal veins, a
longitudinal phlebotomy, and clot aspiration. In
cases of unilateral thrombosis and contralateral nor-
mal kidney, a nephrectomy is indicated [60].
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CHAPTER 3

Embryogenesis of the kidney

CESARE DE MARTINO and LIDIA ACCINNI

1. Introduction

In the last century two apparently conflicting hy-
potheses were proposed in order to explain the phy-
logenetic development of the kidneys of the verte-
brates. The first one claimed that during evolution
the Chordates developed three separate and distinct
kidneys, namely the pronephros, the mesonephros
and the metanephros, and that the ontogeny re-
capitulates the phylogenetic history. The second hy-
pothesis maintained that these three kidneys must be
regarded as regional specializations of a single primi-
tive, hypothetical, ancestral kidney extended from
cervical to caudal somites, i.e. the archinephros. On
the basis of more recent phylogenetic observations,
which showed that intermediate kidneys such as the
opistonephros and the holonephros are present as
definitive excretory organs in some vertebrates, the
theory of the essential unity of the nephrogenic ma-
terial has now gained universal acceptance [1, 2],

All embryonic kidneys develop from the nephro-
genic cord which arises from the intermediate plate
mesoderm. However, although in embryonic and
larval periods the pronephros, mesonephros and
metanephros are morphologically separated during
their development, transitional forms of definitive or
adult kidneys are present during the phylogenesis. In
fact, while the metanephros is the adult kidney in
reptiles, birds and mammals, in amphibians and
fishes the definitive kidney develops either from a
nephrogenic blastema which is primarily but not
entirely of mesonephric origin and incorporates also
metanephric material (opistonephros), or, more
rarely, from a blastema which derives from the pro-
nephros and the mesonephros (holonephros) [2].

The mammalian kidney develops at the anterior
end of the body, extending from here in a posterior
direction. The ‘first’ and the ‘middle’ kidneys, pro-
nephros and mesonephros respectively, are em-
bryonic kidneys, whereas the ‘last’, or metanephros,
is the definitive adult kidney.

2. Pronephros

In mammals as well as in human embryo the pro-
nephric nonfunctional rudiments extend from
somites VI-XIV. These rudiments connect to form a
strand separated from the coelomatic cavity by the
somatic mesoderm. Successively, these solid rudi-
ments hollow out and form funnels which open into
the coelom (nephrostomes). The anterior rudiments
degenerate while the most posterior reach full de-
velopment. The external pole of each nephrostome
grows caudally till it fuses with the bud of succeeding
nephrostome, giving rise to a tube which extends
posteriorly and reaches the cloaca by the end of the
4th week of embryo development (4.3 mm embryo).
This nephric duct is variously referred to as pro-
nephric duct (cranial portion), mesonephric duct
(middle portion), and Wolffian duct (caudal por-
tion).

Differently from mammals, the pronephric kidney
is functional in all species of vertebrates producing
free larval forms (teleosts, ganoids, lung fishes and
amphibians). Until near the end of the larval period,
most anurans retain a functional paired pronephric
kidney which degenerates and disappears at the end
of metamorphosis [3]. In this species of vertebrates,
the pronephros is essentially a water-excreting organ
which is mainly involved in the production of an
extremely dilute urine containing ammonia,
whereas the mesonephros, which succeeds the pro-
nephros during the premetamorphic period, essen-
tially excretes urea [4]. In young premetamorphic
amphibians for a short time the pronephros is the
sole excretory and osmoregulatory organ. Extirpa-
tion of both pronephroi or blockage of both nephric
ducts leads to failure in osmoregulation and hence
death of the larva [3]. Among the vertebrates, the
pronephros is present as adult kidney in Myxinoids
which possess both a paired pronephros and a paired
mesonephros, separated by degenerating nephron
rudiments [5].
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Among the mammals, a multinephron pronephros
is reported in the lowest animals (Echidna, Opos-
sum) and in the human embryo, while in the cat,
rabbit, guinea pig and sheep the pronephros remains
a small undifferentiated mass [6, 7]. However, the
morphologic features of functional pronephros re-
ported so far regard exclusively the organ of the
amphibian larvae [3, 8]. In Xenopous laevis, the
initial portion of the pronephric nephrons is formed
by very long, ciliated tubules (nephrostomial tu-
bules), which open into the coelom by separate dis-
tinct nephrostomes. The nephrostomial tubule con-
tinues in a proximal tubule and thence into a distal
tubule which opens into the nephric duct [9] (Figs. 1,
2). Some authors [3, 8] describe an intermediate
ciliated tubule interposed between the proximal and
distal tubules in the larvae of other amphibian spe-
cies.

3. Human mesonephros

In fishes and amphibians the mesonephros, either as
opistonephros or as holonephros, represents the def-
initive or adult kidney, whereas in reptiles, birds and
mammals is only a transitory kidney.

In mammals, there is a strict correlation between
size of mesonephros and of allantoid and type of
placenta [10]. The mesonephros and the allantoid are
usually very large in those animals with a single
appositional type of placenta. In fact, in mammals
with an epitheliochorial placenta, i.e. pig, the meso-
nephros is extremely developed and the allantoid
contains a considerable amount of fluid, while the
size of the mesonephros and allantoid decreases
gradually in those animals with an endotheliochorial
placenta and reaches the lowest degree of develop-
ment in rodents, such as mouse and rat, which pos-
sess a highly permeable placenta of hemochorial
variety.

In the nephrogenic cord, the mesonephros begins
to develop from clumps of cells lying along the Wolf-

Fig.1. A survey picture of the pronephros of a larva of Xenopous lacvis. The nephrostomial tubule (N) is composed of cuboidal ciliated
cells which are continuous with the flattened coelomatic epithelial cells (E) on one side and with the columnar proximal tubular cells (P)
on the other side. The latter cells show an apical brush border and many apical vacuoles. The asterisk indicates the nephrostomial
funnel. G1: glomus floating in the coclomatic cavity, Lu: lung, Sk: skin X300.

Fig. 2. Proncphros of a larva of Xenopous laevis at higher magnification. In the picture the proximal (P) and distal (D) tubules and the
nephric duct (Ne) are visible. Co: coelomatic cavity, Sk: skin, V: vein. The arrows point to the subcoelomatic cell layer containing

numecrous melanin granules. X500.



fian duct. Few nephrons develop anteriorly to the
14th somite, thus perhaps overlapping the caudal end
of the pronephros. However, in the human embryo
the first fully developed mesonephric nephron dif-
ferentiates at the 18th somite. About 30 to 40
nephrons develop in total, two or three per single
somite, reaching at full development the 29th
somite. Both development and regression take place
in cranial-caudal direction. At the 12th week of em-
bryo development, the cranial nephrons are degen-
erated, the middle start degenerating and the caudal
are fully differentiated. At the end of the 4th month,
the mesonephros is completely degenerated except a
small middle region which is connected with the
reproductive system and will be modified into the
epididymis in the male or as nonfunctional vestiges
such as the epoophoron in the female.

The human mesonephros, though poorly de-
veloped in comparison with the mesonephroi of rab-
bit, sheep and cat, has such morphological features
which suggest that also in man it may be considered
as a functional embryonic kidney. This, like the
pronephros in amphibians, could assume a main im-
portance before the development of a functional
placenta as the sole excretory and osmoregulatory
organ indispensable during the embryonic period of
intrauterine life. In the foetal period, the meso-
nephric functions are replaced mainly by the pla-
centa which is also able to replace the metanephros
since bilateral renal agenesis is compatible with the
survival of the foetus until birth.

The morphogenesis of the mesonephric nephrons
is practically similar to that of the nephrons of the
metanephric kidney (see section 4). Even though the
size of the mesonephros, the number of fully de-
veloped nephrons and the diameter of the glomeruli
differ among mammalian species, basically the archi-
tecture of the nephron is similar in all mammals [11].
The mesonephric nephron is made up of the glo-
merulus, proximal tubule, distal tubule and collect-
ing tubule which joins the Wolffian duct by means of
an intermediary segment, the connecting tubule
(Figs. 3-8). There is no Henle’s loop interposed
between proximal and distal tubules [12-16]. The
following description concerns primarily the meso-
nephros of human embryos from 7 to 10 weeks of
intrauterine life, which have been thoroughly inves-
tigated by us [12, 15, 16]. The morphological features
of the mesonephric nephrons vary according to em-
bryo age and area of development, namely cranial
and caudal regions. In the latter region, two types of
glomeruli are present (Fig. 3). The first one is lo-
cated close to the Wolffian duct and is characterized
by large glomeruli with wide urinary spaces and
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capillary lumens, largely convoluted proximal tu-
bules and moderately convoluted distal tubules. The
nephrons in the cranial region are similarly
organized. The second type of caudal nephrons is
situated close to the coelomatic epithelium and pos-
sesses smaller glomeruli with narrow urinary spaces
and capillary lumens and short unconvoluted proxi-
mal and distal tubules. In both types of nephrons,
the afferent and efferent glomerular vessels fre-
quently enter and egress from separate and often
opposite poles (Fig. 4). The afferent arterioles de-
rive from the mesonephric arteries (Fig. 7), which
are lateral branches of the aorta, enter into the
glomerulus in a zone which is opposite to the urinary
pole and leave the glomerulus as capillaries at con-
siderable distance from the penetration site (Fig. 4).
The efferent vessels spread over the surface of the
tubules forming a capillary network (Fig. 5) with
anastomizing branches of the posterior cardinal
vein. These capillaries, reunited into veins (Fig. 8),
empty into the subcardinal vein thus establishing the
renal-portal circulation. As the mesonephros involu-
tion begins, the renal-portal circulation regresses
and a new definitive circulation appears with the
development of the metanephros. On the basis of
morphological features, a functional overlapping ap-
pears to exist between fully differentiated meso-
nephric nephrons and early metanephric nephrons
around the 10th week of intrauterine life.

3.1. Glomerulus

The wall of the glomerular capillaries is formed by
two cellular layers, namely the endothelium and the
visceral epithelium or podocytes (Fig. 9), separated
by a basement membrane of irregular width (Fig.
10). The endothelial cells, some of which appear in
mitosis, possess scarce fenestrations (Fig. 9). The
numerous pinocytotic vesicles present in their cyto-
plasm suggest the existance of an active transport
mechanism of macromolecules across the endo-
thelium rather than a passive filtration which could
not be operating at the low levels of blood pressure
present in the embryo [12]. The podocytes rest on the
glomerular basement membrane either as foot-pro-
cesses (Fig. 9) or as continuous cytoplasmic sheets
containing large bundles of thin filaments (Fig. 10).
Numerous microvilli are present on the plasma-
membrane facing the urinary space (Fig. 9). The
basement membrane is made up of three layers,
namely an outer layer or subepithelial zone or lam-
ina rara externa, a thin middle layer or basement
membrane proper or lamina densa or basal lamina,
and an inner layer or subendothelial zone which in
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Figs. 3-8. Caudal portion of mesonephros of a 10 week old human embryo.

Fig. 3. A survey picture showing two types of mesonephric glomeruli. The first (G1), located close to the Wolffian duct (W), are large
and have wide capillary lumens and urinary spaces. The second (G2), located below the coelomatic epithelium (arrow), are smaller and
have narrow capillary lumens and urinary spaces. The asterisk indicates the urinary pole of a G1 glomerulus. P: proximal tubules. X150.
Fig. 4. The picture shows a glomerulus with two opposite vascular poles. The efferent arteriole (curved arrow) is in close relationship
with the proximal tubule (P), while the afferent arteriole (straight arrow) is in contact with the first portion of the distal tubule (D) which
shows crowded cells. The shape of the capsular cells gradually changes from columnar to flattened. x400.

Figs. 5 & 6. Proximal (P), distal (D), collecting (CL), connecting (CN) and Wolffian (W) tubules are visible. G: glomerulus, L: lumen of
a peritubular capillary, V: vein. Fig. 5, x1,200; fig. 6, x500.

Fig. 7. The afferent glomerular vessel (curved arrow) originates from the mesonephric artery which shows a well developed tunica
media (straight arrow). G: glomeruli. X800.

Fig. 8 The picture illustrates a large mesonephric vein (V) closely related with collecting (CL) and connecting (CN) tubules. P: proximal
tubule, W: Wolffian duct. x800.
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Fig. 9. Part of a well developed mesonephric glomerulus. The glomerular capillaries show unfenestrated endothelial laminae (E) and
podocytes (P) with well differentiated foot-processes. The arrows point to microvilli on the surface of podocytes. L: capillary lumen, M:
mesangial cell; mi: mitotic endothelial cell. x8,000.

Fig. 10. Part of a glomerular capillary wall of a mesonephric glomerulus at high magnification. The three layers of the glomerular
basement membrane are marked as 1) subepithelial zone, 2) lamina densa. 3) subendothelial zone. Bundles of thin filaments (f) are
visible in the cytoplasm of a podocyte (P). The arrow points to a slit-membrane between contiguous podocytes. E: endothelium.
%30,000.

Fig. 11. Part of the capillary wall of a mesonephric glomerulus. The mesangial cell (M) shows a well developed ergastoplasm and several
dense granules (arrows). E: endothelium, L: capillary lumen, P: footprocesses of podocytes. x15,000.

Fig. 12. Part of a mesonephric glomerulus. The arrows point to an endothclial gap through which a pseudopodium (Ps) of a mesangial
cell (M) reaches the capillary lumen (L). P: podocyte. X12,000.
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some places becomes considerably enlarged (Fig.
10). The mesangial cells are localized in enlarged
areas of the subendothelial zone (Fig. 11). They are
characterized by a well developed ergastoplasm and
Golgi apparatus and by luminar pseudopodia (Figs.
11, 12). Dense granules and crystalloid-shaped
bodies [17], similar to those present in the juxta-
glomerular granulated cells of the adult kidney [18],
are often visible in their cytoplasms (Fig. 11). The
epithelium of the Bowman’s capsule resembles that
of the proximal tubule near the urinary pole,
whereas it is flat in the opposite side, cells with
transitional features being present between the two
regions (Fig. 4).

3.2. Juxtaglomerular-like apparatus

The presence of cells with renin specific proto-
granules and granules [18] (Figs. 13-20) in the mes-
angium and in the media of some afferent glomeru-
lar arterioles strongly suggests that also in human
mesonephros there is a renin production and secre-
tion [16, 19, 20]. Thus, it can be assumed that an
autoregolatory mechanism of glomerular filtration
rate mediated by the renin-angiotensin I — angioten-
sin II vasoconstrictor system may be operative and
act directly on the contractility of the vascular and
mesangial smooth muscle cells. However, a typical
juxtaglomerular apparatus with all its components is
not observed [11-14]. In fact, in the mesonephric
glomerulus the lacis cells lack and the distal tubule is
in close association only with the afferent arteriole,
being the efferent vascular pole far from the afferent
one. Furthermore, although the crowded cells of the
first portion of the distal tubule closely resemble the
cells of the macula densa, the other ultrastructural
characteristics of the macula densa are not observed
[21].

3.3. Proximal tubule

The proximal tubule can be divided into two por-
tions. The first one, continuous with the Bowman’s
capsule, is composed of columnar cells with a well
developed brush border and endocytic apparatus,
namely apical tubular invaginations, apical dense
tubules, apical vacuoles and cytosomes, numerous
mitochondria mostly located in the basal cytoplasm
and scarce infoldings of the basal plasma membrane
(Fig. 21). The second portion, which joins the distal
tubule, possesses scarce brush border and endocytic
apparatus. The presence of the latter two structures,
which are known to be involved in the absorption,
digestion and transport of proteinaceous material,

strongly suggests that the proximal tubule of the
mesonephric nephron actively reabsorbs proteins fil-
tered by the glomerulus [12, 13]. Infact, in fishes with
aglomerular kidneys the endocytic apparatus is not
present [22] and in human developing metanephros
it gradually develops with glomerular maturation
[23].

3.4. Distal tubule

The distal tubule is scarcely convoluted and can be
divided into two segments. The first segment is con-
tinuous with the proximal tubule and runs close to
the afferent glomerular arteriole (Fig. 4). In this
area, as previously mentioned, the cells are tightly
packed simulating a macula densa-like appearance
(Fig. 4). In both segments the cells are columnar and
contain numerous mitochondria in their basal cyto-
plasm and around the nucleus while their apical cyto-
plasm, which is pratically devoid of organelles,
largely protrudes into the tubular lumen (Fig. 22).

3.5. Collecting tubule

The collecting tubule is composed of cuboidal cells
with large ovoidal nuclei (Figs. 5, 23). Few scattered
mitochondria and large amounts of glycogen are
present in their cytoplasm. The apical plasma mem-
brane appears smooth and the basal infoldings are
scarce or absent (Fig. 23).

3.6. Connecting tubule and Wolffian duct

Both segments are made up of columnar cells which
in some areas appear as a pseudostratified epi-
thelium (Figs. 6, 8, 24). The mitochondria, Golgi
apparatus and endoplasmic reticulum are usually
located above the nucleus which appears indented.
Glycogen and apical vacuoles are present in the
cytoplasm. Large intercellular spaces containing
short microvilli run from the apical cellular junctions
to the basal regions (Fig. 24).

3.7. Regression

The glomerular changes which characterize the re-
gression process involve all components of the capil-
lary loops, resulting in a progressive reduction and
obliteration of the vascular bed (Fig. 25). At the
beginning, the mesangial cells become hypertrophic
and, pushing against the endothelium, induce a
marked reduction of the capillary lumens. Suc-
cessively, the mesangial cells decrease in number
and assume a fibroblast-like appearance [24]. The
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Fig. 13. A survey picture showing the relationship between a mesonephric glomerulus and its afferent arteriole (asterisk) and distal
tubule. The arrow indicates the boundary between Bowman’s capsule and arteriole. x3,000.

Fig. 14. The area marked by the asterisk in fig. 13 is shown at higher magnification. Numerous pleomorphic cytoplasmic dense granules
are visible in the media of the afferent glomerular arteriole. E: arteriolar endothelium, L: arteriolar lumen. x18.,000.

Figs. 15-20. The pictures illustrate different shapes of dense granules in arteriolar granulated cells. Fig. 15. Rod-shaped crystalline
protogranules, some of which associated with small vesicles, are located near the Golgi apparatus (Go). Fig. /6. Polyhedral crystalline
protogranule. Fig. I7. Rhomboid-shaped protogranules. Fig. 18. Conglomerate of protogranules. fie. /9. Conglomerate of proto-
granules showing lines of fusion. Fig. 20. Amorphous mature granule. X 30.,000.
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Fig. 21. Part of a proximal tubule of a mesonephric nephron. The cells show closely packed microvilli forming a brush border (bb), apical
tubular invaginations (arrows), apical dense tubule (at), apical vacuoles, numerous cytosomes (cy) and no basal plasma-membrane
invaginations and interdigitations. The arrow head points to the tubular basement membrane and the asterisk indicates a terminal bar.

G: Golgi apparatus. x12,000.

Fig. 22. Part of a distal tubule of a mesonephric nephron. The apical cytoplasms (asterisks), devoid of organelles, protrude into the
tubular lumen above the level of the junctional complexes (arrows). Short microvilli are visible at the base of the cytoplasmic
protrusions. Basal plasmamembrane invaginations and interdigitations (arrowhead) are occasionally visible. gl: glycogen, is: a narrow

basal intercellular space. x12,000.

subendothelial zone progressively swells and con-
siderable amounts of amorphous material and col-
lagen fibers appear in it. The basement membrane
proper collapses producing several convolutions.
The endothelium thickens and the podocytes lose
the foot-processes and develop numerous microvilli
toward the urinary space (Fig. 25). In the most ad-
vanced stages of regression, the glomeruli are trans-
formed in avascular masses, containing degenerated
endothelial and mesangial cells, surrounded by
podocytes. The tubular changes are essentially
characterized by cell degeneration and necrosis and
by the presence of luminar casts [24]. It is worth
mentioning that the changes observed during the
physiological process of mesonephric regression oc-

cur also in the adult kidney as consequence of a wide
variety of pathological insults [24].

4. Human metanephros

The metanephros originates from two different sys-
tems, namely the metanephric duct, or ureteric bud,
and the metanephrogenic blastema which derives
from the caudal portion of the intermediate meso-
derm. Both systems are of mesodermal origin. The
ureter, pelvis, calyces and collecting tubules develop
from the first system whereas the distal tubules,
Henle’s loops, proximal tubules and glomeruli de-
rive from the second one.
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Fig. 23. Part of a mesonephric collecting tubule. gl: glycogen deposits x12.000.
Fig. 24. A survey picture of Wolffian duct. The pseudostratified appearance of the epithelial cells is evident in the upper part of the
picture. The majority of the nuclei show indentations. The arrows point to intercellular spaces. The asterisk marks an apical cytoplasm

vacuole. gl: glycogen. X2,500.

The metanephric duct is a paired structure which
buds from the dorsal aspect of the caudal portion of
the Wolffian duct at the level of 3th—4th lumbar
segments (somite XXVI) in the 4th week of embryo
development. The ureteric bud extends dorso-
cranially, pushes into the caudal condensed tissue of
the nephrogenic blastema, swells at its extremity
giving rise to the primitive pelvis from which the
primary and, successively, the secondary calyces de-
velop. From the tip of each secondary calix the col-
lecting tubules generate by dichotomous branching.
The terminal branches of the collecting tubules
enlarge forming the ampullar extremities or am-
pullae. The cells of the metanephrogenic blastema
condense around the ampullae and form the meta-
nephric caps which successively differentiate into the
various segments of the nephrons. The following
description concerns the human metanephros from
the 10th week (embryo period) (Fig. 26) to the 16th

week (foetal period) (Fig. 27) of intrauterine life.
4.1. Stages of development

Although the differentiation of the metanephric
nephrons is a continuously evolving process, for de-

scriptive purposes it is divided into six main stages
[25].

Stage 1 or stage of metanephric cap. The cells of the
metanephric blastema condense in several concen-
tring layers around the tip of the expanded ampullar
extremity of each collecting tubule, forming the met-
anephric cap (Fig. 28). The surrounding stroma is
pervaded by numerous capillaries containing red
blood cells.

Stage 2 or stage of metanephric vesicle. A nest of cells
separates from the metanephric cap on either side of
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Fig. 25. Part of a mesonephric glomerulus in advanced regression. The podocytes (P) do not show foot-processes and develop numerous
microvilli on the surface facing the urinary space (U). The endothelial cytoplasms (E) form numerous projections into the capillary
lumens (L). Note the paucity of mesangial cells (M) and the shrinkage of the capillary lumens due to large amounts of amorphous
material (asterisks) deposited into the subendothelial zone of the glomerular basement membrane. The arrows point to necrotic cells in
the urinary space. X4,500. (From: C. De Martino et al., Exp. Mol. Pathol. 26: 169-183. 1977).

the ampulla and remains localized in the angle com-
prised between the expanding tip of the ampulla and
the primitive collecting tubule (Fig. 29). Suc-
cessively, each solid cellular nest develops a central
lumen surrounded by a columnar pseudostratified
epithelium. This structure is referred to as meta-
nephric vesicle (Fig. 30), with an inner surface facing
the collecting tubule and an outer surface opposite to
it. Soon after the vesicle developed, communication
is established between the lumen of the vesicle and
that of the ampulla, which begins to flatten forming
the future arched collecting tubule (Fig. 30). Simul-
taneously, the ampulla divides and a successive
order of collecting tubules and related ampullae ap-
pears, which induce the formation of new meta-
nephric vesicles. From the 4th month to the end of
the 8th month of intrauterine life, the terminal am-
pullae of the collecting tubules lose the ability to
divide by dichotomous branching but remain capa-
ble of developing new nephrons, which are first ar-
ranged in arcades and successively as separate
nephrons [26].

Stage 3 or stage of S-shaped body. The metanephric
vesicle becomes elongated and at the lower third of
the outer surface an indentation appears (Fig. 30)
which deepens forming a sickle-shaped cleft (Fig.
31). The portion of the vesicle below the cleft gradu-
ally becomes arranged into two cellular layers. The
upper layer, which facies the cleft, is composed of
cuboidal pseudostratified cells while the cells of the
lower layer flatten. A thin space, which is the ren-
mant of the original lumen of the vesicle, separates
the two layers becoming the primitive urinary space.
A second indentation simultaneously appears in the
upper third of the inner surface of the vesicle (Fig.
31). The progressive deepening of both indentations
and the elongation of the portion of the vesicle above
the cleft on the outer surface, transform the vesicle
into an S-shaped structure composed of three limbs,
namely the upper, middle and lower limbs, from
which the various segments of the nephron differen-
tiate (Fig. 31). In fact, the distal tubule originates
from the upper limb, the macula densa and the prox-
imal tubule from the middle limb. The glomerulus
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Figs. 26 & 27. Developing metanephros of a 10 week old (Fig. 26) and 16 week old (Fig. 27) human embryo. In Fig. 26, only two
generations of metanephric nephrons at the stage of metanephric vesicle [2] and at the stage of double spiral [1] are visible, whereas Fig.
27 shows four generations, the deepest with the most mature glomeruli. CL: collecting tubules, G: glomeruli, P: proximal tubules. The
arrows point to distal tubules. Fig. 26, x 120; Fig. 27, x200.

Figs. 28-31. The pictures show the metanephric cap (Fig. 28, x300). nest (Fig. 29, x350). vesicles (Fig. 30, x300) and S-shaped body
with the upper (Up), middle (Md) and lower (Lo) limbs (Fig. 31, X350). Two indendations are visible at the outer (arrowhead) and inner
(double arrowhead) surface of the S-shaped body. A: ampullae, CL.: collecting tubules, Ve: vesicles. The curved arrow in Fig. 31 points
to a capillary near the mouth of the outer indentation. (Figs. 28,29, 31. from: L. Zamboni and C. De Martino, Arch. Pathol. 86: 279-291,

1968).
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develops from the lower limb which forms the capsu-
lar epithelium with its lower layer and the visceral
epithelium or podocytes with its upper layer. A cap-
illary is constantly present at the mouth of the
glomerular cleft (Fig. 31).

Stage 4 or stage of intracleftal position of the glomeru-
lar vessel. The cells of the tip of the lower limb,

increasing considerably in number by continuous
mitoses, induce further elongation of the cleft by
outward growth in the surrounding mesenchyme.
Similarly, a further deepening of the inner indenta-
tion and a continuous cell multiplication induce the
middle and upper limbs to differentiate into the first
convolution of the proximal and distal tubules and
the S-shape of the metanephric body becomes so

32 33
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Fig. 32. A S-shaped body in more advanced stage of development. The continuity of the interstitial vessel with the intracleftal capillary is
evident (arrow). x300. (From: L. Zamboni and C. De Martino, Arch. Pathol. 86: 279-291, 1968).

Figs. 33 & 34. ‘Double spirals’ sectioned in two different planes, roughly perpendicular eachother. In the sectioning plane of Fig. 33, all
segments of a developing nephron are clearly recognizable, whereas Fig. 34 shows the afferent (arrowhead) and efferent (double
arrowhead) vascular poles located on opposite sides. In both pictures, the visceral epithelium begins the glomerular constriction (curved
arrow) at the boundary with the proximal tubular cells (P). CL: collecting tubule, D: distal tubule, G: glomerulus, MD: macula densa.
Fig. 33, x300; Fig. 34, x500.

Fig. 35. Juxtamedullary nephrons of a 16 week old human fetus. At this age, the descending (1) and ascending (2) limbs of Henle's loop
are already differentiated. The curved arrow follows the hairpin turn of the loop. CL: collecting tubule, G: glomeruli, MD: macula
densa, P: proximal tubule. X300.



more evident and distorted. The macula densa re-
mains in relation with the cleft assuming close ana-
tomical association with the vascular components of
the developing glomerulus (Fig. 32). The origin of
the glomerular capillaries is controversial. In fact,
some investigators claim that the glomerular capil-
laries derive from ingrowth of blood vessels present
in the surrounding mesenchyme into the cleft of the
immature glomerulus [17, 27-29], while others hold
that they develop in situ by an anlage of cells which
originate from intracleftal bordering cells and that
the communication with the extraglomerular vessels
is established after these cells are differentiated in
endothelial and mesangial cells [30, 31]. Another
theory postulates that the glomerular capillaries are
formed by mesenchymal cells growing from the adja-
cent stroma into the cleft of the immature glo-
merulus [32]. Our personal observations strongly
support the first hypothesis [17]. In fact, the capil-
lary, previously localized outside the vesicle, for out-
ward growth of the lower limb becomes embedded
within the cleft between the upper layer of the lower
limb and the lower surface of the middle limb, run-
ning perpendicularly to the long axis of the vesicle
(Fig. 32).

Stage 5 or stage of the double spiral. The architecture
of the S-shaped body changes into a double spiral in
which the glomerulus, proximal and distal tubules
can be easily recognized (Fig. 33). This stage is also
characterized by growth and development of the
glomerular capillary loops (Fig. 34) and increase of
convolutions of the proximal and distal tubules (Fig.
33). For repeated splittings, multiple glomerular
capillaries derive from the original vessel. The
growth of these capillaries within the limited space of
the cleft induces tortuosity of the glomerular loops
and distortion of the originally regular layer of vis-
ceral epithelium (Figs. 33, 34). The afferent and
efferent vessels are devoid of the tunica media and
appear localized in opposite sites (Fig. 34). The vis-
ceral cells at the junction with the proximal tubule
begin to proliferate toward the cleft, becoming part
of the Bowman’s capsule (Figs. 33, 34). This process
induces, in the following stages, a gradually increas-
ing separation of the vascular pole from the tubular
or urinary pole and together with the proliferation of
the tip of the primitive portion of the Bowman’s
capsule bends and pushes the afferent and efferent
vascular poles close to each other, forming a single
vascular pole. The phenomenon of glomerular con-
striction over the vascular pole induces also the re-
jection of the macula densa out from the glomerular
cleft and its anatomical association with both af-
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ferent and efferent arterioles, which assume the defi-
nitive position gradually developing the vascular
portion of the juxtaglomerular apparatus.

Stage 6. This stage collects many continuous evolving
processes of metanephric nephron differentiation
which end with the development of the Henle’s loop
(Fig. 35). However, the latter, at the 4th month of
intrauterine life, is made up only of the thick de-
scending (or pars recta of the proximal tubule) and
thick ascending (or pars recta of the distal tubule)
segments, and is present only in the juxtamedullary
nephrons (Fig. 35). At this stage, the nephrons show
fully differentiated glomeruli with a single vascular
pole associated with the macula densa, and more
convoluted proximal and distal tubules (Fig. 27).
Straight collecting tubules are visible in the papilla,
embedded in a loose mesenchyme (Fig. 27).

4.2. Metanephric cap and vesicle

The cells of the cap and nest (stages 1 and 2) are
largely irregular and show an ovoidal nucleus, nu-
merous free ribosomes and polysomes and poorly
differentiated smooth and rough endoplasmic re-
ticulum and Golgi apparatus. Intercellular spaces,
moderately dilated, are sometimes visible. The wall
of the collecting tubule and ampulla is formed by
high columnar cells which are connected by terminal
bars and show elongated nuclei and rare apical mi-
crovilli. These cells are separated from the nest by a
thin basement membrane (Fig. 36).

As acentral lumen appears in the nest, the process
of fusion between the newly formed metanephric
vesicle and its related collecting tubule initiates [17].
A thin basement membrane, continuous with that of
the collecting tubule, evenlops the metanephric vesi-
cle. The cells of the vesicle, many of which in mitosis,
possess apical junctional complexes and considera-
ble amounts of ergastoplasm. Large deposits of
glycogen appear in the cytoplasm of the cells of the
ampulla and collecting tubule (Fig. 37).

4.3. Glomerulus

The main morphological changes in the differentia-
tion of the glomerulus occur during the stages of the
S-shaped body and double spiral and are related to
the development and growth of glomerular capil-
laries. At the beginning, a thin capillary, which de-
rives from an interstitial vessel adjacent to the meta-
nephric vesicle (Fig. 31), invaginates into the sickle-
shaped cleft (Figs. 32, 38). At the mouth of the cleft,
this primitive vessel shows an afferent and efferent
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Fig. 36. The cells of the metanephric cap are closely associated with the high columnar cells of collecting tubule (CT). Intercellular
spaces (is) are visible in the cap. The arrowheads point to junctional complexes of collecting tubule. TL: tubular lumen. X5,000.
Fig. 37. Parts of metanephric vesicle and ampulla (A). CT: collecting tubule, L: lumen of the ampulla, me: mesenchymal cells. The
asterisk indicates the lumen of the vesicle. The arrowheads point to glycogen deposits in the collecting tubule. X5.000.
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Fig. 38. Part of a S-shaped body. A glomerular capillary is visible within the cleft. Note the multilayered primitive prodocytes (P)
separated from the capsular cells (CC) by a narrow urinary space (asterisk). Two mesenchymal cells (me) are close to the endothelium
(E) of the intracleftal glomerular capillary. er: erythrocytes, MD: immature macula densa. The boundary between podocytes and
capsular cells is marked by curved arrow. Straight arrow points to an endothelial cell junction. X5,000.

pole (Fig. 39). Its wall is formed only by endothelial
cells which on the side of invagination produce nu-
merous villosities toward the narrow vascular
lumen. At the afferent pole, the endothelial cells are
accompanied by several mesenchymal cells which
will become the primitive smooth muscle cells of the
afferent glomerular arteriole outside the cleft and
the primitive glomerular mesangial cells inside the
cleft (Fig. 39). Successively, these cells increase in
number in the area comprised between the primitive
macula densa and the growing intracleftal capillary
which pushes against and invaginates into the vis-
ceral epithelium, inducing distortion of the regular
pseudostratified layer of the primitive podocytes
(Figs. 33, 34, 40). The glomerular capillaries arise
from the intracleftal vessel by multiple splitting. A
basement membrane network, interdigitating with
elongated basal cytoplasmic projections of the

podocytes, precedes the invagination of the newly
formed glomerular capillaries (Fig. 41).

As the primitive capillary starts invaginating into
the cleft, the capsular, visceral, mesangial and endo-
thelial cells undergo the process of cell differentia-
tion, gradually assuming the definitive morphologi-
cal features of the adult kidney. The capsular cells as
well as the podocytes derive from the lower limb of
the S-shaped body (Fig. 31) and are separated from
eachother by a narrow urinary space (Fig. 38) which
progressively enlarges (Figs. 32, 33). The capsular
cells are flattened (Fig. 38) except those near the
urinary pole which gradually assume the features of
proximal tubular cells.

The differentiation of the podocytes is charac-
terized by marked morphological changes [33]. At
the beginning, they appear irregularly arranged as a
pseudostratified epithelium with the apical portion
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Fig. 39. S-shaped body seen in a plane of sectioning different from that shown in Fig. 38. At the mouth of the cleft, the interstitial vessel
shows an afferent (Af) and efferent (Ef) vascular pole. A mesenchymal cell (me,) which represents a primitive smooth muscle cell of the
afferent glomerular arteriole, is visible in the afferent pole on the side facing the glomerulus. Other mesenchymal cells (me,), or
primitive mesangial cells, are present along the invaginating vessel. A thin endothelial lamina forms the wall of the interstitial vessel
(arrowheads). The endothelial cells (E) of the portion of the vessel invaginating into the glomerular cleft produce numerous villosities
(vi) toward the vascular lumen (L). Straight arrows point to endothelial junctional compiexes, curved arrows mark the boundary
between capsular cells (CC) and podocytes (P), and the asterisk indicates the extracellular matrix between mesenchymal cells. x10,000.

facing the narrow urinary space and with the basal
part, which rests on a thin basement membrane,
facing the sickle-shaped cleft (Fig. 38). As the in-
growth of the glomerular capillaries begins, the
podocytes become columnar monostratified. Long
intercellular junctional complexes connect them

from the apical to the basal portion (Fig. 41). Septate
desmosomes (Fig. 42) and intercalated intercellular
spaces (Fig. 41) are visible along the junctional com-
plexes. The intercellular spaces localized at the basal
region of the cells are dilated, contain a flocculous
material and often communicate with the network of
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Fig. 40. S-shaped body in advanced stage of development. The invaginating intracleftal capillary, containing a megakaryocyte (1) and a
red blood cell (2), begins to protrude into the visceral cell layer (P), from which it is separated by a thin basement membrane. E:
endothelial cells, MD: macula densa, me: mesenchymal cells. Straight arrows point to endothelial junctional complexes. X7.000.

the newly formed basement membrane through nar-
row gaps (Fig. 41), suggesting a possible role of the
podocytes in the synthesis of the glomerular base-
ment membrane [33]. With the further development
of the glomerular capillary loops, a variety of mor-
phological changes occur in the podocytes. The junc-
tional complexes lose the terminal bars and the
apical septate desmosomes disappear so that the
intercellular spaces, which were delimited by them,
freely communicate with the urinary space (Fig. 43).
The basal septate desmosomes lose all lamellae ex-
cept the lowest one which probably becomes the slit-
membrane between contiguous foot-processes [33].
Slowly, the cells flatten upon the glomerular capil-
laries, developing long cytoplasmic sheets in which
bundles of thin filaments parallel to the glomerular
basement membrane are present (Fig. 43). From
these primary cytoplasmic processes further pro-

cesses originate which will form the system of inter-
digitating foot-processes between contiguous podo-
cytes (Figs. 44-46).

The endothelial cells of the primitive, glomerular
capillaries are characterized by unfenestrated cyto-
plasmic laminae, containing numerous micropino-
cytotic vesicles. Occasional fenestrae appear only at
later stages (Fig. 45). The main cell bodies bulge into
the capillary lumens (Fig. 43). The growth and multi-
plication of the glomerular capiliaries are linked to
two main processes, namely the proliferation of the
endothelial cells by mitotic activity and the multiple
splitting of the capillary lumen. The latter is brought
about by thin endothelial cytoplasmic projections
which reach and join the endothelial cells of the
opposite capillary wall (Fig. 44). Afterwards, the
mesangial cells move into and fill the space which
these cytoplasmic projections delimitate (Figs. 44,
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Fig. 41. Part of the glomerulus of a double spiral body. A basement membrane network (bm) interdigitating with basal cytoplasmic
projections of podocytes (P) is visible. The podocytes are columnar and show long junctional complexes (arrows) intercalated by large
intercellular spaces (is), some of which contain a flocculous material and communicate with the basement membrane network

(harrowhead). x12.000.

45). A thin basement membrane with its three
layers, namely the subepithelial zone or lamina rara
externa, lamina densa, and subendothelial zone or
lamina rara interna, separates the endothelial cells
from the podocytes (Figs. 45, 46).

The mesangial cells, which derive from the mes-
enchymal cells accompanying the primitive glomeru-
lar capillary (Figs. 38, 39), are initially poorly dif-
ferentiated (Fig. 43), reaching complete maturation
at the 6th stage. At this stage, they are highly irregu-
lar with numerous cytoplasmic projections and
abundant ergastoplasm (Fig. 46), and large bundles
of actin filaments [34] are visible in their cortical

cytoplasms. The mesangial matrix is the latest
glomerular component to develop, being initially
scarce and loosely arranged (Figs. 45, 46).

4.4. Juxtaglomerular apparatus

At the 16th week of intrauterine life, the juxta-
glomerular apparatus of the metanephric nephrons
is composed of the macula densa, the afferent and
efferent glomerular arterioles, forming a single vas-
cular pole, and a few lacis cells (Fig. 47). The macula
densa is characterized by crowded cells which de-
velop basal cytoplasmic projections toward the
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Fig. 42. A septate desmosome between podocytes. X50,000.
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Fig. 43. Part of an immature metanephric glomerulus. The podocytes (P) are very close eachother and their junctional complexes are
mainly localized in the basal and middle portions (arrows). They rest on the glomerular basement membrane and do not show foot-
processes. The hypertrophic unfenestrated endothelial cells (E) bulge into the capillary lumens (L). Numerous cytosomes (astcrisks)
are visible in the mesangial cell (M). Sp: endothelial splitting. X12.000. (From: C. De Martino et al.. Z. Zellforsch. 140: 101-124, 1973).

glomerular arterioles, preferentially the efferent,
from which they are separated by scarce lacis cells
(Figs. 47, 48). The cells of the macula densa (Fig. 48)
are ultrastructurally similar to the cells of the other
segments of the distal tubule since the specialized
morphological features, which characterize the mac-
ula densa of the adult kidney [21], are not yet dif-
ferentiated. The afferent arteriole possesses a tunica
media formed by smooth muscle and granulated
cells. The latter contain abundant ergastoplasm and
dense granules similar to the aspecific and specific
granules of the juxtaglomerular cells of the adult
kidney [18] (Figs. 49-51).

4.5. Proximal tubule
The proximal tubule develops from the inner surface

of the middle limb of the S-shaped body (Fig. 31). In
early stages of differentiation, the monostratified

columnar cells show scarce, short apical microvilli,
lipid bodies in the basal portions and glycogen parti-
cles scattered throughout the cytoplasms (Fig. 52A).
Next, the microvilli increase in number and length
and several tubular invaginations, dense tubules and
coated vesicles develop in the apical cytoplasms
(Figs. 52B, 53). Successively, large clusters of
glycogen particles appear in the basal cytoplasms
and apical tubular invaginations, dense tubules and
vesicles increase in number while the other compo-
nents of the endocytic apparatus, namely apical vac-
uoles and cytosomes, appear (Fig. 52C). Ultimately,
the brush border and the endocytic apparatus reach
full differentiation, numerous cytosegresomes, con-
taining lamellar and myelin-like structures, develop
in the basal cytoplasms whereas the glycogen de-
creases considerably (Figs. 52D, 53, 55). The pre-
sence of the apical endocytic apparatus suggests that
the proximal tubule is precociously involved in the
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Fig. 44. Part of a mature metanephric glomerulus. Two long, thin endothelial (E) cytoplasmic processes bridge the capillary walls,
splitting the lumen (L). Mesangial cytoplasmic projections (M) are very close to the space delimitated by the endothelial processes. The
mesangial matrix is still lacking (asterisks), being present only in few areas (mx). Arrowhead points to a mesangial gap junction, curved
arrows indicate endothelial cell junctions. P: podocytes. x20,000.

Fig. 45. A complete scission of a glomerular capillary in visible. The mesangial cells (M) also bridge the capillary walls. The mesangial
matrix is still lacking (asterisks). The arrow points to a mesangial cytoplasmic projection. bm: glomerular basement membrane, E:
endothelium, f: cytoplasmic thin filaments of podocytes (P). L: capillary lumens, arrowheads: endothelial fenestrae. %20.000.
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Fig. 46. Part of a fully developed glomerulus. E: endothelium. M: mesangial cells, mx: mesangial matrix, L: capillary lumens, U: urinary
space, asterisk: glomerular basement membrane, arrows point to foot-processes. x6,000.
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Fig. 47. Juxtaglomerular apparatus of a 16 week old embryo. Note the poorly developed tunica media of the afferent (white asterisk) and
efferent (black asterisk) arterioles and the paucity of lacis cells (LC). DT: distal tubule, G: glomerulus, MD: macula densa. Curved
arrow points to cytoplasmic projections of the cells of macula densa. x1.000.

Fig. 48. The morphological relationship between macula densa (MD), lacis cells (LC) and efferent glomerular arteriole (EA) is shown at
higher magnification. The cells of macula densa are closely packed. resembling a pseudostratified epithelium. Curved arrows indicate
basal cytoplasmic projections of cells of macula densa toward the facis cells (LC). Arrowhead points to the boundary of the glomerular
vascular hilus. G: glomerulus, TL: tubular lumen. x6.000.

Fig. 49. Aspecific lipofuscin granules in the media of a glomerular arteriole. X25.000.

reabsorption of proteins contained in the glomerular  nephrons, the pars convoluta and the pars recta (or
filtrate. Furthermore, the steps observed during the ~ descending segment of Henle’s loop) of the proximal
differentiation of this apparatus indicate that the tubules are clearly recognizable (Fig. 35).
development of the proximal tubular cells is related

to glomerular filtration [24]. In the juxtamedullary
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Figs. 50 & 51. Granulated cells (GC). containing pleomorphic renin-specific granules and large amount of ergastoplasm, are visible in
the tunica media of an afferent glomerular arteriole (AA). Some protogranules are rhomboidal with a crystalline pattern (Fig. 51).
Arrowhead points to the boundary of the glomerular hilus. E: endothelium. MD: macula densa. Fig. 50, X6.,000; Fig. 51, x29,000. (Fig.

50, from: C. De Martino et al.. Z. Zellforsch. 140: 101-124, 1973).

4.6. Distal tubule

The distal tubule originates from the middle and
upper limbs of the S-shaped body (Fig. 31) and dif-
ferentiates soon after the 4th stage of development,
reaching, however, the definitive morphological fea-
tures much later. In the juxtamedullary nephrons,
three portions can be distinguished, namely the as-
cending limb of Henle’s loop (Fig. 35), the macula
densa (Fig. 47) and the pars convoluta (Fig. 47).
However, no significant morphological features dif-
ferentiate these segments. In fact, all cells are colum-
nar but less tall than the proximal tubular cells.
Furthermore, scarce, short apical microvilli are pres-
ent for the whole lenght of the tubule. No lateral and
basal interdigitations of the plasma membranes are
visible. The mitochondria and Golgi apparatus are
preferentially localized in the supranuclear cyto-
plasmic regions (Fig. 56). '

4.7. Collecting tubule

The primitive collecting tubules are represented by
the ampulla and by the branches of the ureteric bud.
During differentiation, the shape of the cells changes
from columnar (Figs. 36, 37) to cuboidal (Fig. 57).
All collecting tubules are formed by one cell type
only, the ‘light’ cells, since the *dark’ or intercalated
cells appear much later. The nuclei of the light cells
are located in the apical regions so that they appear
to bulge into the tubular lumens. The apical plasma
membrane form rare, short microvilli whereas lat-
eral cytoplasmic projections are visible in the basal
intercellular spaces. There are no basal plasma mem-
brane invaginations and interdigitations (Fig. 57).
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Fig. 52. Schematic drawing of the various stages (A, B, C, D) of differentiation of the proximal tubular cells. 1: microvilli of the brush
border, 2: endocytic apparatus, 3: intercellular junctions and spaces, 4: glycogen, 5: cytosomes, 6: cytosegresomes, 7: lateral and basal
infoldings. Note as the microvilli of the brush border (1), endocytic apparatus (2) and cytosomes (5) progressively increase, while the
cytosegresomes (6) develop only at the last stage of cell differentiation. The glycogen (4) also increases but suddenly disappears at te
final stage. Lipid bodies (arrows in A) are visible only at early stages. In the last Stage, the intercellular junctions [3] remain localized in
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the apical cell portion, as junctional complexes, and the intercellular spaces (3) become narrow. Scarce lateral and basal plas-
mamembrane infoldings (7) appear at the final stage (D).

Fig. 53. Light microscopy of a fully differentiated proximal convoluted tubule. The brush border and apical vacuoles are well
recognizable. x1,000.

Fig. 54. Fine morphology of a proximal tubule at stage B of Fig. 52. bm: basement membrane, is: intercellular spaces, TL: tubular
lumen. Arrows point to junctional complexes. X12,000.

Fig. 55. Fine morphology of a proximal tubule at stage D of Fig. 52. at: apical tubules, bb: brush border, cy: cytosome, cs:
cytosegresomes, arrows: junctional complexes, arrowheads: apical tubular invaginations, asterisk: lateral plasmamembrane infoldings.

x25,000.

56

57

Fig. 56. Distal convoluted tubule. The mitochondria are mainly located in supranuclear regions. Rare microvilli of the apical
plasmamembranes are visible (asterisk). bm: tubular basement membrane, TL: tubular lumen. X17,000.

Fig. 57. Collecting tubule. The cells are cuboidal and their apical cytoplasms bulge into the tubular lumen (TL). Rare short microvilli
(arrows) are visible along the apical plasmamembranes and narrow interccllular spaces (asterisks) are present in the basal portion of the
tubule. bm: tubular basement membrane. X12,000.
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Fig. 58-60. Immature pelvis of 10 week old embryo. The pelvis shows a pluristratified cuboidal epithelium which forms numerous
papillac (Figs. 58, 59) toward the lumen (asterisks). Conspicuous glycogen deposits are scattered throughout the cytoplasms (gl, Figs.
59, 60). Numerous intercellular spaces are visible (is, Fig. 59). The apical cells project numerous short microvilli into the lumen (Figs. 59,
60). Several ovoidal vesicles (arrowheads, Fig. 60) are present in the apical cell cytoplasms. N: nuclei, arrowhead in Fig. 58 points to a
principal calyx. Fig. 58, X800; Fig. 59, x4.000; Fig. 60, x15,000.

4.8. Pelvis and calyces microvilli, apical vacuoles, and large deposits of
glycogen (Figs. 59, 60). Intercellular spaces are often
At the 10th week of intrauterine life, a prismatic visible (Fig. 59).
pluristratified epithelium, frequently arranged in nu-
merous papillae, delimits the lumen of the primitive
pelvis and calyces (Figs. 58, 59). The cells, many of
‘thCh In mitosis, are connecte_d by lOIlg aplca] ]llll’lC- 1. Fraser EA: The development of the vertebrate excretory system. Biol
tional complexes and are provided with short, apical Rev (25): 159-187, 1950.
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CHAPTER 4

Microscopic structure of the kidney

CESARE DE MARTINO, DELMAS J. ALLEN and LIDIA ACCINNI

1. Introduction

Each of the paired kidneys is a complex, tubular
gland comprised of numerous uriniferous tubules.
The uriniferous tubule is the basic functional unit of
the kidney. Each tubule consists of two distinct mor-
phological entities: (1) the nephron, which produces
the filtrate and (2) the collecting tubule which serves
to concentrate the filtrate by the further removal of
water. The nephron is composed of the glomerulus,
the juxtaglomerular complex, the proximal con-
voluted tubule, the loop of Henle and the distal
convoluted tubule. This chapter deals with the light
and electron microscopic structure of both the con-
nective tissue capsule and the uriniferous tubule in
the parenchyma of the mammalian kidney.

2. The connective tissue capsule

The adult mammalian kidney is closely encapsulated
by a comparatively thin, fibrous connective tissue
capsule (Figs. 1-4) and embedded within a mass of
fatty tissue. In the fetal kidney, internal extensions
of the fibrous capsule are distinct, and subdivide the
kidney into some 10-12 lobes. During normal de-
velopment, however, these inward connective tissue
extensions become greatly reduced [1]. In the adult
kidney, the surface appears comparatively smooth as
a result of the reduction or absence of these con-
nective tissue septae (Figs. 5-7) and the ultimate
fusion of the lobes.

The cortical stroma (Figs. 6 and 31) consists only
of scattered collagen fibrils and occasional fibro-
blasts [1]. These connective tissue elements increase
somewhat in the medulla, but are most prominent in
the papilla.

3. The glomerulus

The glomerulus consists of a tuft of specialized capil-
laries originated from the afferent and drained by
the efferent arteriole [2] (Figs. 8-10). These vessels
are close together and form the vascular pole (or
hilum) of the glomerulus, which is situated in the
opposite side of the area where the lumen of the
proximal tubule opens into the urinary space (tubu-
lar pole). The glomerular capillaries are placed in a
space (urinary space) limited by Bowman’s capsule
(Figs. 11-15). Bowman’s capsule is composed of flat-
tened cells which are in direct continuity with the
cells of the proximal convoluted tubule. At the hilus
of the glomerulus there is the juxtaglomerular appa-
ratus. The wall of the glomerular capillaries is a three
layered structure consisting of an inner layer of en-
dothelial cells, of an outer layer of visceral epithelial
cells and of an intermediate basement membrane.
The axial part of the glomerular capillaries is formed
by the mesangium, which is in anatomical continuity
with the cells of the media of the glomerular arteriole
(Figs. 13-20).

3.1. Endothelium

The endothelium is made up of a single layer of
flattened cells [2]. The cell body and the nucleus are
usually located in the axial region of the capillary
(Figs. 15-17). In the peripheral portion of the capil-
lary, the endothelial cytoplasm is about 400 A thick
and shows round fenestrations of a width of about
600 A. The fenestrae are closed by a thin diaphragm
40-60 A thick. A central knob-like structure may be
seen in the diaphragm [3]. The perinuclear cyto-
plasm contains small, round mitochondria, endo-
plasmic reticulum, a few ribosomes, the Golgi appa-
ratus, pinocytotic vesicles and multivesicular bodies.
Adjacent endothelial cells are joined by ‘junctional
complexes’ similar to those of epithelial tissues.
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3.2. Visceral epithelial cells (or podocytes)

The visceral epithelium is continuous with the
epithelium of Bowman’s capsule and consists of
large cells with an abundant cytoplasm coating the
glomerular tuft (Fig. 15). The nuclear region pro-
trudes into the urinary space (Fig. 15). Numerous
prolongations of the cytoplasm, the trabeculae, run
parallel to the basement membrane to which they
are connected by secondary branches, called ‘foot-
processes’ (Figs. 11-13 and 17). The foot-processes
are embedded in the subepithelial zone of the base-
ment membrane (lamina rara externa) to a depth of
about 400-500 A (Fig. 18). The foot-processes of a
podocyte interdigitate with those of adjacent cells,
thus forming a pericapillary lacunar apparatus
through which the primitive urine circulates [4, 5].
The functional implications of this complex arrange-
ment are not yet clear but could be related to a
possible contractile property of the foot-processes,
with a resulting control of the diameter of the filtra-
tion slits. Between the foot-processes at or about the
level of the basement membrane are epithelial filtra-
tion slits or slit pores, which have a width of 200-
300 A [5] (Figs. 16, 17, and 18). Toward the urinary
space the epithelial slits widen to 8001000 A so that
in longitudinal sections the slits appear funnel-like
with the apex at the level of the basement mem-
brane. Near the basement membrane, the filtration
slits appear closed by a thin membrane or a di-
aphragm with a central dense spot (filtration slit
membrane 40-60 A thick [6, 7] (Fig. 18). Radiating
pedicillar filaments cross the subepithelial zone of
the basement membrane bridging the latter with the
plasmamembrane of the foot processes (Fig. 18).
The plasmamembrane of the podocytes, including
that of the foot-processes, possesses a thick cell coat
(100-150 A) or glycocalyx [8] which contains numer-
ous polyanionic sialoglycoproteins. The glycocalyx
entends over the filtration slit membrane but is not
visible over the portion of the foot-processes embed-
ded in the subepithelial zone of the basement mem-
brane.

The cytoplasm of the podocytes, in addition to the
usual cell organelles, contains large number of
ergastoplasmic cisternae, lysosomal-like granules,
microtubules and filaments. The smooth and rough
cisternae of the endoplasmic reticulum are scattered
throughout the cytoplasm. The endoplasmic re-
ticulum is probably involved in the synthesis of some
components of the basement membrane as sug-
gested by morphologic [9] and immunologic [10]
studies. The lysosomal-like granules are components
of the apparatus involved in the transport and diges-

tion of reabsorbed proteins [11]. Finally, bundles of
filaments are seen in the foot processes. These fila-
ments resemble the myofilaments of smooth muscle
cells and probably confer to the podocytes the capac-
ity of contraction, with a consequent important
effect on glomerular permeability [12, 13].

3.3. Basement membrane

With suitable stains, the basement membrane ap-
pears to be formed by three layers (Fig. 18): 1) an
outer layer or subepithelial zone’ (lamina rara ex-
terna); 2) a middle layer, more electron opaque than
the other two, called ‘lamina densa’ or ’basement
membrane proper,” and 3) an inner layer or ‘sub-
endothelial zone’ (lamina rara interna) [2, 5, 6]. The
total width of the basement membrane varies with
species and age. In man, the average width is 1500 A
in the young to about 3500 A in the adult.

Chemically, the glomerular basement membrane
like other basement membranes is formed by col-
lagenous and non-collagenous glycoproteins and
glycosaminoglycans. Type IV and V collagen are the
major components of collagenous glycoproteins
whereas laminin and fibronectin are the most rep-
resentative among non-collagenous glycoproteins.
Laminin and type IV and V collagen are present in
both glomerular basement membrane and mesangial
matrix; fibronectin is mainly in the mesangial matrix,
with only small amounts of it located in the glomeru-
lar basement membrane (see review by Foidart) [14].
Heparan sulphate and hyaluronic acid are the only
glycosaminoglycans present in significant quantity in
the glomerular basement membrane. By means of
their anionic sites, the latter chemical compounds
contribute to the electronegative charge barrier of
the glomerular basement membrane to neutral or
anionic molecules [15].

3.4. Mesangium

The mesangium [16] resides within enlarged areas of
the subendothelial zone of the glomerular basement
membrane (Figs. 15, 19, 20) and is formed by a
cellular and an acellular compartment: the mes-
angial cells and the mesangial matrix. The mesangial
cells are characterized by cytoplasmic projections
which penetrate into the subendothelial zone of the
glomerular basement membrane (Figs. 15 and 19)
and by pseudopodia which reach the lumen of the
capillary through gaps of the endothelial cytoplasm
(Fig. 21) [5] Beside their pinocytotic activity, the
luminar pseudopodia are likely to monitor variations
in the osmotic and hydrostatic pressure in the glo-



merular capillaries [17]. The mesangial cell cyto-
plasm containes a large variety of organelles, numer-
ous lysosomes, dense bodies and bundles of fila-
ments which are particularly visible in the pseudo-
podia. Gap-junctions, similar to those of smooth
muscle cells of arterioles, connect the plas-
mamembranes of adjacent mesangial cells. The mes-
angial matrix is formed by an amorphous basement
membrane-like material and by bundles of thin fila-
ments which penetrate into the subendothelial zone
of the basement membrane. The topographic rela-
tionship of mesangial cells with other components of
the glomerular capillaries and with the cells of the
media of the afferent and efferent arterioles are
illustrated in Figs. 19, 20 [18]. At the hilus of the
glomerulus, the afferent arteriole does not penetrate
into the glomerulus (Fig. 20). Thus the endothelium
of the arteriole is continuous with the capillary endo-
thelium, and the smooth muscle cells and the inter-
cellular matrix of the arteriole are continuous with
the mesangial cells and the mesangial matrix [18]. In
the glomerulus the mesangial cells occupy an ‘intra-
capillary’ or ‘parietal’ position comparable to that of
smooth muscle cells in the arteriole [18]. The mes-
angial cells cover only one side of the glomerular
capillary wall. This side represents the ‘axial region’
of the glomerular capillary. The opposite side, which
is not covered by the mesangial cells, corresponds to
the peripheral (or filtration) zone of the capillary
(Fig. 15).

The principal functions of the mesangial cells are
[15]: 1) phagocytosis and pinocytosis as indicated by
the presence of tracer molecules in cytosomes (Fig.
22) and by the numerous cytoplasmic projections
and pseudopodia extending into the lumen and into
the subendothelial zone of the basement membrane.
Phagocytosis of macromolecules trapped in this part
of the capillary wall can contribute to ‘cleaning’ of
the ultrafilter. The phagocytosis and micropino-
cytosis involve also macromolecules, such as pro-
teins, which are accumulated in the mesangial matrix
[19]; 2) local chemical, osmotic and pressure
pseudopodia receptors; 3) synthesis and deposition
of components of the basement membrane and the
mesangial matrix; 4) contractile activity which par-
ticipates in the control of blood pressure in the glo-
merular capillaries and regulates the intraglomerular
shunts responsible for variations of intraglomerular
pressure in single capillary loops; 5) proliferation
and 6) transformation into granulated cells similar to
the cells of the juxtaglomerular apparatus [20].

The mesangial matrix, which is easily permeated
by macromolecules, may have the function of trap-
ping various chemical substances allowing the incor-
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poration and digestion of filtrate residues by the
mesangial cells.

In conclusion, it is important to point out that the
glomerular capillary is not a permanent structure
with a peripheral zone facing the uriniferous space
and an axial zone facing the mesangium. These
zones are in a continuous modulation whereby a
peripheral region may become in part a mesangial
region and vice versa [17].

3.5. Bowman’s capsule

Bowman’s capsule is made up of a basement mem-
brane and a single sheet of epithelial cells or parietal
epithelium (Figs. 15 and 23). The basement mem-
brane and the parietal epithelium are continuous
with the basement membrane and the epithelium of
the proximal convoluted tubule. Furthermore, at the
vascular pole the basement membrane of the Bow-
man’s capsule turns in to fuse with the basement
membrane of glomerular capillaries and with the
subendothelial layer of the afferent and efferent ar-
terioles (Fig. 20).

The epithelial cells are flattened and contain only
few ergastoplasmic organelles. In the cytoplasm
close to the basement membrane there are bundles
of filaments and electron dense bodies similar to the
attachment bodies of smooth muscle cells (Fig. 23).
These structures suggest that the parietal epithelial
cells may have a contractile function.

4. The juxtaglomerular apparatus

The name juxtaglomerular apparatus is given to a
functional unit, located at the vascular pole of the
glomerulus in a triangular area formed by the af-
ferent arteriole, the efferent arteriole and the distal
convoluted tubule [21] (Figs. 24 and 25). The jux-
taglomerular apparatus consists of four parts: 1) the
granular juxtaglomerular cells of the afferent ar-
teriole, 2) the agranular cells (extraglomerular mes-
angium or polkissen or lacis cells), 3) the smooth
muscle cells of the efferent arteriole, and 4) the
‘macula densa’ of the distal convoluted tubule.

4.1. Afferent arteriole

The wall of the afferent arteriole is composed of
endothelial cells, basement membrane and smooth
muscle cells which near the glomerulus are replaced
by the granular juxtaglomerular cells [21, 22] (Fig.
26). Smooth muscle cells and juxtaglomerular cells
form the media of the vessel. The juxtaglomerular
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cells do not progress beyond the hilus while the
smooth muscle cells of the arteriole are in anatomi-
cal continuity with the mesangial cells (Fig. 20).
The endothelial cells are high and bulge into the
lumen (Fig. 26). Filamentous material continuous
with (Fig. 20) and similar to (Fig. 26) the mesangial
matrix is interposed between the endothelial cells
and the cells of the media. The juxtaglomerular cells
are larger than the smooth muscle cells and irregular
in shape (Fig. 20). They are interconnected by gap-
junctions. These junctions are characterized by high
permeability and low electric resistance, thus per-
mitting free ionic exchanges and ready transmission
of electronic impulses. In man, two main types of
granules have been identified in the cytoplasm of
juxtaglomerular cells. The first type is not specific
and seems to contain mainly lipofuscin; the second
type frequently shows crystal-like structures and
probably is a secretory granule containing renin [22].

4.2. Extraglomerular mesangium or agranular cells

The cells of the extraglomerular mesangium [22] or
lacis cells [23] or polkissen [16] (Figs. 24 and 25) fill
the triangular space limited by the two glomerular
arterioles and by the macula densa. The cells are
embedded in a network of basement membrane-like
material and collagen fibrils. The presence of cells
with morphologic features intermediate between
those of juxtaglomerular cells and lacis cells suggests
that both juxtaglomerular cells and lacis cells are
derived from the smooth muscle cells of glomerular
arterioles.

4.3. Efferent arteriole

The efferent arteriole usually leaves the glomerulus
at the vascular pole (Figs. 10 and 24). Sometimes,
however, the efferent vessel emerges from the side
opposite to that of the afferent arteriole. This is
observed in the mesonephric glomeruli of human
embryos [24]. The anatomical structure of the
efferent arteriole may be muscular or endothelial
with a prevalence of the muscular type in the juxta-
medullary nephrons.

4.4. Macula densa

The macula densa is formed by the initial portion of
the distal convoluted tubule that is in contact with
the afferent and efferent glomerular arterioles [21,
22] (Figs. 24 and 25). The cells of the macula densa
show short apical microvilli and round mitochondria
located in the apical zone. The basal portion of the

cell, usually close to the efferent arteriole, has large
intercellular spaces and numerous cytoplasmic pro-
jections. At this level, the basement membrane of
the macula densa and that of the efferent arteriole
form a complex network. In the opposite side of the
tubule the basement membrane is regular and the
cells are similar to those of the distal convoluted
tubule (Fig. 25).

5. The urinary tubule

The urinary tubule, which carries the urine from the
glomerulus to the papilla, is composed of two struc-
tures: the basement membrane and the epithelium.

The epithelium is histologically and functionally
different in the various parts of the nephron. Hence,
the nephron is divided into proximal tubule, Henle’s
loop, distal tubule and collecting duct.

5.1. Proximal tubule

The proximal tubule leaves the glomerulus at the
urinary pole and initially forms several convolutions
(‘pars convoluta’) before becoming a straight seg-
ment (‘pars recta’) which descends into the medulla
and continues in the thin descending limb of Henle’s
loop. The length of the proximal tubule is about
14 mm. The size of the lumen depends upon the
method of fixation. In animals, the lumen is widely
patent if fixation is performed by perfusion ‘in vivo’
(Fig. 27).

5.1.1. Pars convoluta or proximal convoluted tubule.
The cells of the pars convoluta are tall and cubical.
Their luminar surface is occupied by a brush border,
a system of microvilli each 1 in length and 700 Ain
diameter (Figs. 28-34). There are about 200-250
microvilli per 2. A slightly electron opaque, fuzzy
material coats their surface. This material is PAS-
positive and probably consists of glycoproteins and
acid carbohydrate residues. At the base of the micro-
villi the plasma membrane frequently forms invag-
inations sometimes connected with apical vesicles
and vacuoles (Figs. 34 and 35). In the cytoplasm
several types of granules or bodies are visible. Ac-
cording to their morphological and cytochemical
characteristics, they can be divided into cytosomes,
cytosegregosomes, microbodies and multivesicular
bodies [25] (Figs. 34 and 35). These organelles are
involved in transport and digestion of proteins, and
some of them belong in the category of lysosomes
[25]. The Golgi apparatus is localized close to the
nucleus. The latter is placed in the middle region of



the cell. One or more nucleoli are also visible. The
cytoplasm contains ribosomes, polysomes, micro-
tubules, filaments, glycogen particles and occasional
lipid droplets. The filaments are arranged in bundles
anchored to thickened zones of the plasma mem-
brane that are similar to the ‘attachment zones’ of
the plasma membrane of smooth muscle cells [12,
26]. The basal part of the cell is characterized by
deep infoldings of the plasma membrane which di-
vide the cytoplasm into processes oriented perpen-
dicularly to the basement membrane (Fig. 34). The
basal processes of one cell interdigitate with those of
neighboring cells thus forming a basal labyrinth of
extended surface. The greatest part of the cell, and
especially the basal portion, is occupied by mito-
chondria. The basal mitochondria are elongated and
oriented parallel to the basal infoldings of the plasma
membrane and contain numerous cristae and a ma-
trix with dense granules (Fig. 34).

Adjacent epithelial cells are joined by junctional
complexes [27] (Fig. 35) apparently capable of creat-
ing a barrier or ‘seal’ to diffusion. The junctional
complexes result from contact of contiguous apical
plasma membranes and are formed by three compo-
nents: 1) tight junction (or ‘zonula occludens’), 2)
the intermediary junction (or ‘zonula adhaerens’),
and 3) the desmosome (or ‘macula adhaerens’). The
tight junction is placed just below the apical border
and results from fusion of the outer leaflets of adja-
cent cell membranes. A continuous belt-like attach-
ment forms around the cell, thus playing an impor-
tant role on epithelial permeability. The inter-
mediary junction has an intercellular space of about
240 A containing a central disc or line. At this point,
there is a plaque of dense material in the cytoplasm
of both contiguous cells into which bundles of fine
fibrils converge. The desmosomes are discontinuous
attachments.

5.1.2. Pars recta

The cellular organization of the pars recta appears
less complex (Fig. 36). The microvilli are shorter and
less tightly arranged. The apical tubules, vesicles and
vacuoles are less numerous. The mitochondria are
reduced both in size and number, and are randomly
distributed. The basal infoldings of the plasma mem-
brane are considerably reduced or even absent. As
in the cells of the pars convoluta, bundles of basal
filaments and related attachment zones are visible
(Fig. 36).

5.2. Henle’s loop

The pars recta of the proximal tubule continues in
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the descending limb of the loops of Henle’s which
are 14 to 20 w in diameter and 4 to 10 mm in length [1].
The length of the loops is different according to the
position of the glomerulus in the renal cortex. The
subcortical nephrons have the shortest loops and the
juxtamedullary the longest. The transition from the
proximal tubule to the descending limb is rather
abrupt, and the epithelium changes from cuboidal to
flattened cells (Figs. 27 and 36).

5.2.1. Thin descending limb

5.2.2. Thin ascending limb

According to the morphological features, the thin
limb of Henle’s loop can be devided into two seg-
ments. The first one, or descending thin limb, which
runs from the pars recta of the proximal tubule to the
hairpin turn of the loop, is characterized by cells with
highly complex lateral and basal interdigitations, nu-
merous tight junctions and short apical microvilli
(Fig. 39). The second segment, which joins the thick
ascending limb or pars recta of the distal tubule and
is mainly represented by the thin ascending limb of
the loop, possesses only a few tiny apical microvilli
and scanty basal interdigitations (Fig. 39). The
nephrons with long Henle’s loops have both the thin
descending and thin ascending limbs, whereas those
with short loops have only thin descending limbs but
with morphological features of the second segment.

5.3. Distal tubule

The distal tubule is composed of three segments:

1) the *pars recta’ or thick ascending limb of Henle’s
loop, 2) the ‘macula densa’ or initial portion of the
‘pars convuluta’, which is part of the juxtaglomeru-
lar apparatus, and 3) the ‘pars convoluta’ or distal
convoluted tubule. The morphology of the macula
densa has been described already.

5.3.1. Pars recta or thick ascending limb of Henle’s
loop

The thick ascending limb of Henle’s loop is about
9mm in length and 33w in diameter. The transition
between the thin limb and the thick limb occurs
abruptly (Fig. 40), in the descending (subcortical
nephrons) or in the ascending (juxtamedullary
nephrons) portions of the Henle’s loop. The cellular
structure of the thick limb gradually assumes the
features of the distal convoluted tubule [2, 6] and is
described under the following heading (Figs. 37, 38).

5.3.2. Pars convoluta or distal convoluted tubule
The distal convoluted tubule measures about 5 cm in
length and 2040w in diameter. The lumen is usually
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patent regardless of the method of tissue fixation.
The cells are cuboidal and darker than those of the
Henle’s loop. They have no brush border but only
short microvilli (Figs. 41 and 42). Junctional com-
plexes are composed of a tight junction or zonula
occludens and an intermediate junction or zonula
adherens. The nucleus is large and usually placed in
the middle or apical part of the cell (Fig. 41). The
Golgi apparatus is well developed and localized lat-
erally to the nucleus. Cytosomes, cytosegrego-
somes, multivesicular bodies are present in the
cytoplasm. Apical microtubules and vacuoles are not
visible. A great number of mitochondria are ar-
ranged between the infoldings of the basal plasma
membrane (Fig. 42).

5.4. Collecting duct

The collecting duct [2, 6] (Figs. 43-46) which follows
the distal convoluted tubule has a length of 20-22
mm. Approaching the papilla its diameter increases
and reaches 100 w. The transition between the distal
convoluted tubule and the collecting duct is gradual
and difficult to pinpoint (Fig. 43). Morphological
differences are observed among various segments of
the collecting duct placed in the subcortical, jux-
tamedullary cortical, outer medullary or inner
medullary position. As the duct passes from the
medullary ray to the inner medulla, the cells become
higher and in the ducts of Bellini show a columnar
form. Two distinct types of cells are present: the
‘light cells’ or principal cells, which represent the
main cell type in the entire collecting duct, and the
‘dark cells’ or intercalated cells, which are more
numerous in the proximal part of the collecting duct
(Figs. 30 and 45). The ligth cells show few cyto-
plasmic organelles. The nucleus is relatively large.
Short microvilli may be seen on the apical surface.
The basal infoldings are scarce and do not interdigi-
tate with those of contiguous cells (Fig. 45). The
dark cells are characterized by a denser, more os-
miophilic ground substance containing more numer-
ous mitochondria, apical microvilli, ribosomes,
glycogen and vesicles than the light cells. The basal
infoldings are thin and flat (Figs. 29, 30, 44, 45).

6. Peritubular capillaries

The tubules are surrounded by an extensive network
of capillaries which are irregularly arranged in the
cortex of the kidney. Here the efferent arteriole
decreases in diameter after leaving the cortical
glomeruli, thus forming the peritubular capillaries.

The capillaries are in close apposition to the tubular
basement membrane (Figs. 10, 28, 34, 39, 40, 42, 43,
44, 45). The capillary wall is very thin, most having a
thickness of about 400 A. The endothelium shows
fenestrations of about 600A in diameter. Each
fenestra is bridged by a diaphragm 70 A thick in
which a central knob-like structure is frequently visi-
ble [3]. The basement membrane is very thin and
often is in intimate contact with the tubular base-
ment membrane. The peritubular capillaries even-
tually transform into venous capillaries which are
drained by veins that progressively increase in diam-
eter as they leave the cortex.

The efferent arterioles of the juxtamedullary
nephrons descend to the papilla and give rise to the
‘vasa recta spuria’ which run parallel to the descend-
ing and the ascending limbs of Henle’s loops. The
vasa recta spuria, the Henle’s loops and the collect-
ing tubules represent the anatomical complex (Fig.
46) which is involved in the counter current ex-
change essential for the production of hypertonic
urine [28].
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Fig. 1. A LM view of a thick-section (toluidine blue stain) of the connective tissue capsule and the underlying outer cortex (thrpugh
several proximal convoluted segments) of the dog kidney. The cellularity of the capsule and the vascularity of this portion of the kidney
parenchyma can be discerned in the otherwise scant cortical stroma.

Fig. 2. SEM of the cut surface of dog kidney capsule and subjacent parenchyma. The cctlular and fibrillar components (line) of the
capsule proper are observed interposed between the outer surface (OS) and the most superficial portion of the cortex. Cortical stroma
and an accompanying blood vessel (lower right) are seen adjacent to a sectioned uriniferous tubule (UT). Cells within the capsule
(arrowhcads) are difficult to discern in SEM.
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Fig. 3. The surface of the renal capsule of the dog as seen in SEM. The outer surface of the densc connective tissue capsulc appears less
smooth than revealed in LM. Compare the relatively smooth outer surface of the capsule with the inner surface shown in Figure 4.

Fig. 4. The inner (most visceral) surface of the renal capsule of the dog. The depressions in the connective tissue capsule created by the
underlying uriniferous tubules and the inward projections (arrowheads) of collagen fibrils contributing to the cortical stroma provide
more surface relief to the visceral surface. Blood cells can be seen in the vessels within the connective tissue septae projecting from the

capsule proper.
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Fig. 5. SEM field in an area where the capsule was partially removed to show relationship of capsule (upper left) and underlying
uriniferous tubules (lower right). Scant connective tissue septae (arrowheads) can be seen projecting between the tubules.

Fig. 6. SEM of superficial surface of cortex shown in Figure 5 as revcaled at a higher magnification. Portions of many uriniferous tubules
are seen with intervening scattered cortical stroma. Distinct segments or parts (nephron and collecting tubules) of the uriniferous
tubules cannot be identified in this intact surface view.
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Fig. 7. TEM of connective tissue capsule of the dog kidney. Coltagenous fibers sectioned both longitudinally and transversely and
fibroblasts dominate this area of the dense fibrous capsule. Individual collagen fibrils appear as small dots or spheres within the larger
cross-sectioned fibers or demonstrate periodicity in longitudinal-sections.
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Fig. 8. SEM (low magnification) view of the
kidney cortex showing a severed superficial
Bowman's capsule and exposed lumina of nu-
merous uriniferous tubules and blood vessels.
The cortical surface (CS) of the kidney, the
relative thinness of the parietal layer (arrow-
heads) of Bowman's capsule and the urinary
space (US) where ultrafiltrate is initially col-
lected can be distinguished in this cortical field.

Fig. 9. LM of a section through a renal corpus-
cle and surrounding cortical structures. The
parietal epithelial layer of Bowman’s capsule,
the urinary space (US). podocytes (arrow-
heads) of the visceral epithelium, proximal
convoluted tubules (PT), peritubular capil-
laries and an interlobular artery can be dis-
tinguished.

Fig. 10. Rat kidney. Juxtamedullary glomerulus (G). A: afferent arteriole; E: effcrent ar-
teriole; MD: macula densa. The asterisks point to peritubular and periglomerular capillaries.

X 640).
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Fig. 11. SEM of a portion of the parietal layer of Bowman's capsule after removing the glomerulus. The funnel-shaped urinary pole (*) of
the parietal epithelium lies opposite the vascular pole. Note the many rounded protuberances on the parietal surface of the capsule,
facing onto the urinary space, created by the underlying nuclei of the otherwise thin squamous epithclial cell layer.

Fig. 12. SEM (low magnification) of the visceral layer of Bowman's capsule showing specialized, polymorphic podocytes (P). The coiled
configuration of underlying capillary loops can be recognized with the processes of podocytes interdigitating to enclose and surround the
entire glomerular capillary surface.
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Fig. 13. SEM of podocytes, cells which comprise the visceral layer of Bowman's capsule and underlying capillary coils. The cytoplasmic
extensions originating from the nucleated cell body of a podocyte vary in size, shape and degree of branching, and account for the
polymorphism observed in these specialized cells. Note the variation in number and length of microappendages associated with the free
surface of the podocytes.

Fig. 14. Podocyte cytoplasmic bifurcation pattern as demonstrated in SEM. Consecutive branching of the podocyte cytoplasm results in
four orders or generations of processes: primary (P), secondary (S). tertiary (T) and quaternary (arrowheads). The fourth or terminal
generation of processes is referred to as pedicels, and interdigitate with those from an adjacent podocyte.
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Fig. 15. Peripheral part of human newborn glomerulus. C: capillary lumen; P: visceral epithelial cell or podocyte: E: endothclium: MC:
mesangial cells. The arrow indicates a cytoplasmic projection of a mesangial cell. CC: epithelial cell of the Bowman'’s capsule: US:

urinary space. x4.000.



68

16

17

Fig. 16. TEM of a renal glomerulus in the dog. Two adjacent capillary loops (C) containing blood cells and portions of glomerular
podocytes (P) with their numerous small foot processes referred to as pedicels (arrows) are shown investing the glomerular capillary.
Fig. 17. TEM showing further details of the glomerular capillary (C) and surrounding podocytes. A podocyte cell body with its nucleus
(N), well-developed Golgi, rough-surfaced endoplasmic reticulum and many cytoplasmic extensions can be distinguished. The terminal
foot processes or pedicels are shown to be contiguous with the basal lamina (*). Note the fenestrations (arrowheads) of the capillary
endothelium and the filtration slits (arrows) between juxtaposed pedicels.

Fig. 18. Human glomerular capillary wall. E: endothelium; P: podocyte: 1) ‘subepithelial zone’ of
the basement membrane; 2) ‘lamina densa’; 3) ‘subendothelial zone: of the basement membrane.
The arrows point to the central knobs of the filtration slit membranes. x60,000.
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Fig. 21. Serial sections (a, b, ¢, d) from a human glomerulus showing the penetration of mesangial pseudopodia into the lumen of a
capillary. In some sections the connections of the pseudopodia with the mesangium are evident (double asterisk); in others the
mesangial pseudopodia are cross-sectioned and appear free in the lumen (single asterisk). The inset in the upper right corner illustrates,
at higher magnification, the boxed area of Fig. 21a. The curved arrows point to the outer and inner endothelial plasmamembranes; the
straight arrow indicates the plasmamembrane of the mesangial pseudopodium. Fig. 21a, b, ¢, d, X6,800; inset, X25,000.
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Fig. 22. Rat kidney. The animal was given, as drinking water, distilled H,O containing 0.2% AgNO; for 3 months. AgNO; is localized in
the glomerular basement membrane (BM), in the mesangial matrix (MM), and in cytosomes (arrows) of the mesangial cells. C: capillary
lumen; P: podocytes; US: urinary space. X9,000.

Fig. 23. Human kidney. The Bowman's capsule is formed by the basement membrane (BM) and a layer of flattened parictal epithelial
cells (CC). The arrows indicate myofilaments and their attachment bodies. US: urinary space. X6,000.
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Fig. 26. Afferent arteriole (AA) of a rat glomerulus. The media of the vessel is formed by smooth muscle (SM) and granulated (GC)
cells. A transitional cell (Ts) is visible. The arrows indicate attachment bodies. E: endothelium; GL: glomerulus; T: tubule. x7,000.
Fig. 27. Rat kidney cortex. Fixation by ‘in vivo’ perfusion. Cross-sectioned proximal tubules. The arrow points to the transitional
segment between the pars recta of a proximal tubule and the thin descending limb of Henle’s loop. Note the widely patent tubular
lumina. x300.

Fig. 28. Rat kidney cortex. Fixation by ‘in vivo’ perfusion. Longitudinal section of a proximal convoluted tubule. The cell cytoplasms
contain dense osmiophilic granules, probably cytosomes. c: peritubular capillary; b: brush border. xX1,000.
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Fig. 29. SEM of the luminal surface of a proximal convoluted tubule and a cortical collecting tubule in longitudinal section. The wall of
the collecting tubule (left) is comprised of two cell types, the light cell (LC) and the dark cell (DC). The lumen of the distal convoluted
tubule (right) is covered by dense apical microvilli projecting from the underlying hexagonal-shaped cells.

Fig. 30. The two cell types found in the wall of a cortical collecting tubule as seen at a higher magnification. The light cells are more
numerous and usually possess many short apical microvilli and a single long cilium (arrows)., while the dark cells (DC) are identified by
their thin apical folds or flaps referred to as microplicae.
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Fig. 31. TEM of a proximal (left) and a distal (right) convoluted tubule cell is characterized at low magnification by a large, oval nucleus
(N), apical vacuoles (arrows), numerous mitochondria, and a brush border of microvilli (MV). The distal convoluted tubule cell is
identified by short, narrow microvilli on their luminal surface (LS). the absence of a brush border, basal infoldings and long. densely
packed mitochondria which are usually oriented perpendicularly to the long axis of the tubule. Note the scattered collagen fibrils in the
cortical stroma between these two tubules.

Fig. 32. SEM of a transverse view through a proximal convoluted tubule. A densc. elaborate brush border can be distinguished on the
luminal surface (LS) and the complex, interdigitating relationship of the lateral cell processes is discernible in this micrograph.

Fig. 33. The luminal surface of a proximal convoluted tubule as revealed in SEM. Note the density and uniform height of the microvilli
which form the brush border in this area, and the underlying apical canaliculi (arrows) where microvilli have been removed.
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Fig. 34. Rat kidney cortex. Silver methenamine stain without periodic acid oxidation. The micrograph shows part of a proximal
convoluted tubule. In the upper part of the picture several junctions (arrows). apical dense tubules (AT), the Golgi apparatus (G)and
cytosomes (Cy) are visible. The free surface of the cell is covered by closely packed, long microville constituting the brush border (b).
The lower part of the picture shows the infoldings of the basal plasmamembrane and numerous elongated mitochondria. C: peritubular
capillary. x9,000.
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Fig. 37. TEM of a transverse section through a distal ascending segment and its associated arteriole (A). The lumen (L) of a tubule
returning to its parent renal corpuscle is shown as it passes near one of the arterioles at the vascular pole. The rounded nuclei (N) of
tubular epithelial cells and the elongated nuclei of endothelial cells of the arteriole are apparent.

Fig. 38. TEM of distal ascending tubule cells. Portions of several epithelial cells face the lumen (L) of this distal segment in an arca near
the vascular pole known as the macula densa. Note the very short microvilli projecting into the lumen, the junctional complexes
(arrows) and the numerous mitochondria.
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Fig. 39. Mouse renal papilla. Fixation by ‘in vivo’ perfusion. Descending (D) and ascending (A) thin limbs of Henle’s loop. Note the
abundance of apical microvilli and basal-lateral interdigitations of the plasmamembranes in the descending thin limb (D) and the paucity
of the same structures in the ascending segment (A). C: lumen of vasa recta. X21.000.
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Fig. 40. Rat kidney. Transitional part between thin (a) and thick (b) portions of Henle's loop. x1,000.

Fig. 41. Human kidney. Distal convoluted tubule (DT) and collecting tubule (CT). The nuclei of the cells of the distal tubules bulge into
the lumen. X1,000.

Fig. 42. Human kidney. Distal convoluted tubule. The nucleus (N) is in the mid-part of the cell. Short microvilli are visible in the apical
plasmamembrane. The basal cytoplasm contains numerous elongated mitochondria (m) placed between the infoldings of the basal
plasmamembrane. The arrows point to apical junctional complexes. Asterisk: cytosome; c: peritubular capillary. x12.000.
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Fig. 43. Mouse kidney. Transitional part between a distal tubule and a collecting tubule. The apical plasmamembrane of the cells
possesses occasional microvilli (asterisk). The apical cytoplasm bulges above the level of the junctional complexes (arrows). Numerous
vertically arranged mitochondria (m) are present between the infoldings of the basal plasmamembrane. c: peritubular capillary.

x13,500.

Fig. 44. Human kidney. Collecting tubule (CT) with ‘light’ or
principal’ and ‘dark’ or ‘intercalated’ (arrows) cells. The asterisks
indicate peritubular capillaries. x1,000.
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Fig. 45. Collecting tubule in the juxtamedullary cor-
tex. Dark (DC) and light (LC) cells. The dark cell
shows more numerous mitochondria, vesicles, and
microvilli than the light cell. x13,000.

Fig. 46. Human kidney. Longitudinal section of the
renal papilla showing the morphologic relationship
between Henle’s loop HL). vasa recta (v) and col-
lecting tubule (CT). x1,000.



CHAPTER 5

Renal vasculature as observed by SEM of vascular casts.
Basic architecture, development and aging of glomerular capillary beds

TAKURO MURAKAMI, AKIO KIKUTA, AIJT OHTSUKA and TETSUJI KANESHIGE

1. Introduction

Scanning electron microscopy (SEM) of sample
casts allows clear three-dimensional and long range
viewing of fine blood vascular beds and other vascu-
lar systems, previously poorly visualized by con-
ventional light or transmission electron microscopy
of sectioned samples [1, 2, 3, 4, 5, 6, 7]. Spatial
relations between the vessels and surrounding tissue
elements cannot be examined in the cast as it is
observed in isolation. Despite this limitation, dis-
playing vascular patterns as independent structures
already has proven useful and valuable in the study
of microvascular architecture and microcirculation
in various organs and tissues, including the kidney
[8, 9,10, 11, 12, 13, 14].

Many injection or casting media are available for
preparation of suitable casts for scanning electron
microscopy. Low viscosity methacrylate media, in-
cluding commercially available Mercox and Batson’s
plastic, usually are used because of ease in handling
and good casting of minute vessels [1, 2, 3,4, 5,6, 7,
15, 16, 17]. A monomeric methyl and hydroxypropyl
methacrylate mixture supplemented with benzoyl
peroxide and N,N-dimethylaniline is very fluid, and
thus, of great value in casting very fine vessels, and
liver bile canaliculi [18].

This chapter reviews renal microvascular archi-
tecture, especially glomerular tufts. Scanning elec-
tron micrographs of methacrylate casts of human
and rat samples are shown as evidence of the power
of this method to define fine vascular channels.

1.1. Preparation and scanning electron microscopy of
methacrylate casts of renal blood vasculature

Scanning electron microscopy of casts is a three-step
process: (1) injection of casting medium, (2) diges-
tion and removal of tissue elements and (3) cast
dissection and scanning electron microscopy.

Fresh kidneys, including human autopsy samples,

are flushed thoroughly via their arteries with saline
or other physiological solutions. Failure to remove
blood results in poor penetration of casting media
into fine capillaries. Semipolymerized or commer-
cially available low viscosity methacrylate casting
media are then injected gently via the same arterial
vessels until the efferent veins are filled with the
medium. The complete blood vascular beds, includ-
ing capillaries and veins, are reproduced (for exam-
ples see Figs. 2-5). Partial injection via arteries or
veins forms partially-injected casts. These partial
casts allow preferential observations of arterio-
glomerular (see Fig. 8), glomerulo-capillary (see
Fig. 6, 7) and veno-capillary connections (see Fig.
9). The partial injection also facilitates isolation of
glomeruli, allowing accurate identification of af-
ferent and efferent vessels [8] (examples, Figs. 10,
11).

Injected organs are placed in a warm water bath
(60° C) to maintain original form and also to acceler-
ate polymerization. Specimens are subsequently di-
gested in a warm (60° C) hydroxide sodium or po-
tassium solution and washed in running tap water.
The corrosion and washing remove tissue elements.
The blood vascular casts thus prepared are frozen in
water, trimmed into appropriate blocks, air-dried,
mounted on metal stubs, and coated with metals
such as gold and platinum or exposed to osmium
tetroxide vapor [19, 20]. The metal-coated or os-
mium-impregnated casts are observed by scanning
electron microscopy.

Alternating microdissections and microscopy of
the casts permit clear visualization of the vessels and
thorough examination of their distribution and con-
nections. Microdissection techniques include cut-
ting, fracturing, and sectioning of wet, frozen,
ethanol-substituted or dried casts with razor blades,
forceps, and needles under the light microscope (see
Fig. 15). The ethanol substitution softens the casts,
minimizing breakage of vascular connections during
microdissection. Dissection in ethanol is of special
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value in analysis of conglomerated capillary beds
such as those of the renal glomeruli [2, 9]. Osmium
vapor treatment provides electron conductivity to
the whole block, and is of special value in direct
microdissection within the scanning electron micro-
scope.

2. Renal vascular arrangement

The renal artery, arising from the abdominal aorta,
reaches the kidney at the hilus. This artery divides
into several segmental arteries, which enter the sub-
stance of the kidney and give off arcuate arteries at
the level of the corticomedullary junction. At this
level, parallel to the kidney surface, the arcuate
arteries give rise to numerous interlobular arteries.
These run radially in the cortex emitting terminal
twigs, intralobular arterioles, which flow into renal
corpuscle as glomerular afferent arterioles. Re-
peated divisions and anastomoses of an afferent ar-
teriole in the renal corpuscle forms a capillary tuft,
the glomerulus. The glomerular capillary plexus is
drained by an efferent arteriole.

The vascular pattern of an isolated rat kidney cast
presents clear zonation, which demonstrates three
zones: cortical, juxtamedullary or subcortical, and
inner medullary zones (Figs. 1-3). Efferent ar-
terioles of glomeruli in the cortical layer branch into
fine capillaries, forming a profuse capillary plexus
among the proximal and distal convoluted tubules
(Figs. 1,2, 5). Efferent vessels of the juxtamedullary
glomeruli descend centripetally into the medulla and
give off several straight vessels (vasa recta) in the
subcortical zone (Figs. 1-3, 7). A few branches of
these descending efferent vessels terminate in corti-
cal and subcortical capillary plexuses (Figs. 2, 3, 7).

The arterial vasa recta supply the renal medulla.
This system, including its ascending venous counter-
part, courses down in vascular bundles in the outer
and inner medullary zones. These capillaries form an
elongated plexus, which turns back upon itself near
the surface of the papilla (Figs. 2, 3).

The medullary capillaries are drained into the as-
cending vasa recta, which flow either into arcuate
veins or directly into proximal segments of interlobu-
lar veins (Figs. 1, 9). The subcapsular cortical capil-
laries drain into the stellate vessels on the cortical
surface and converge in the interlobular veins (Figs.
1,9). Other cortical and subcortical capillaries empty
into interlobular veins that flow into arcuate veins
(Figs. 1, 9). The arcuate veins discharge into inter-
lobar veins, which finally lead to the renal vein via
the segmental veins.

The renal pelvis contains a wide-meshed capillary
plexus that is continuous with the ureter’s capillary
network (Fig. 4). This network extends over the
surface of the renal papilla (Fig. 3).

Several short circuit channels bypass the glo-
meruli: Ludwig’s arterioles, which flow directly into
the subcapsular capillary plexus in the superficial
cortical layer [21], the arteriolae rectae verae (vasa
recta vera), which run directly from afferent ar-
terioles into the medulla [22], and direct connections
between afferent and efferent glomerular vessels
[23, 24, 25, 26]. These aglomerular channels, how-
ever, could not be confirmed by our corrosion cast-
ing-scanning electron microscope studies in rat [8,
9], monkey [27], and man [2].

3. Glomerular vascular arrangement

The glomerular vascular arrangement has been in-
tensively investigated since Malpighi’s first descrip-
tion. The renal glomerulus is the fundamental and
most important structure for renal function, namely
excretion. However, the glomerular capillary tufts
being so small and complicated has led to contradic-
tory models. Bowman [28], Vimtrup [29], and
Wilmer [30] presented a ‘capillary loop’ model in
which the glomeruli consists of non-anastomosing
capillary loops running from afferent to efferent ar-
terioles. Johnston [31] reconstructed glomeruli
based upon a ‘capillary plexus’ model with glomeruli
consisting of anastomosing capillaries. However, his
view had been long ignored until Hall [32], Boyer
[33], and Lewis [34] confirmed the presence of nu-
merous anastomoses among glomerular capillaries.
Hall [32] described, furthermore, completely inde-
pendent lobulation of glomerular capillary plexuses.
A ‘blind sacculation’ model was proposed by Tra-
bucco and Marquez [35]. Here, the glomerular capil-
lary tuft is formed by evagination of one wall of an
arteriole, broken into a digitated arrangement, and
ending in blind sacculations. All of these models,
however, were based upon light microscopic find-
ings. Because of limitation in resolution and depth of
field, the controversy has remained unsettled.
Recently, scanning electron microscopy of casts
has confirmed that renal glomeruli consist of capil-
lary plexuses [8]. These plexuses are formed be-
tween afferent and efferent arterioles and are
organized into fairly independent functional and an-
atomical units, the glomerular capillary lobules [9].



3.1. Glomerular afferent and efferent arterioles

Glomerular afferent arterioles arise from interlobu-
lar arteries. An afferent arteriole enters a renal cor-
puscle through its vascular pole and forms a capillary
tuft within the corpuscle, a glomerulus (Figs. 6-8,
10-15). The efferent rootlets from this glomerular
capillary plexus join at the vascular pole and form an
efferent arteriole (Figs. 6-8, 10-15). Efferent ar-
terioles leave the glomeruli in opposite directions to
afferent arterioles (Figs. 6, 7, 10, 11).

The angle at which afferent arterioles leave the
parent trunks, the interlobular arteries, varies. From
the proximal part of the interlobular artery, the
branch point forms an acute recurrent angle, but the
angles gradually open up as the parent vessel is
followed peripherally, until the final afferent ar-
terioles are almost in line with the parent trunk [22].
Thus, corrosion casts of an isolated interlobular ar-
tery resemble a tree, upon every branch of which
hangs a spherical fruit (Figs. 6-8).

Afferent arterioles are usually thicker than
efferent arterioles except in the juxtamedullary
glomeruli (Figs. 6, 10). These efferent arterioles are
thicker than the afferent arterioles and descend into
the renal medulla as arteriolae rectae spuriae (vasa
recta spuria) [22] (Figs. 7, 11). Constrictions have
been observed in juxtaglomerular segments of af-
ferent arterioles [8, 21] (Figs. 6, 11). These con-
strictions might be due to a sphincter reacting to the
infusion pressure but further histological and phys-
iological examinations are required. Similar con-
strictions or striations are sometimes imprinted in
the juxtaglomerular segments of the efferent ar-
terioles [9] (Fig. 11).

Glomeruli with more than two efferent arterioles
have been described [8, 21, 22, 36, 37, 38] (Figs. 6,
12, 20). In a series of 1200 rat glomeruli, 0.9% pos-
sessed double efferent arterioles, while 4.6% had
precocious branching of the efferent arteriole at the
glomerular hilum [8]. Casellas and Mimran [25] pro-
posed that one of the double efferent arterioles func-
tions as bypass of the glomerular tuft. However,
judging from microdissection analyses of the form
and course of these double arterioles, the circulatory
pathway seems essentially similar to that of normal
efferent arterioles [8] (Fig. 12). The glomerulus with
double efferent arterioles could be clearly divided
into two parts, each of which was isolatedly supplied
by the afferent arteriole and also isolatedly drained
into either of the double efferent arterioles [8] (Figs.
6, 12, 20). This anomaly may be called ‘twin’.

Earlier we found a rat glomerulus with two af-
ferent arterioles [10]. In this case, the two afferent
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arterioles arose separately from a terminal twig of an
interlobular artery and entered the vascular pole of a
subcapsular glomerulus. This anomaly is much rarer
than double efferent arterioles (Fig. 6).

3.2. Glomerular capillary plexus

The afferent arteriole divides at the vascular pole of
the glomerular tuft into several lobular branches
with short but thick trunks (Figs. 8, 11). The lobular
branches divide into a few secondary branches of
relatively thick caliber. Repeated divisions and ana-
stomoses form a conglomerated capillary plexus
(Figs. 6-8, 10-15).

The rat glomerular capillary tuft is always divided
into several lobules, usually three to five [9]. Hall
[32] described lobulation in the rat glomerular capil-
lary plexus, but this was considered an artifact result-
ing from uncontrolled injection pressure [33]. Mura-
kami et al. [8] stretched and unfolded isolated
corrosion casts of rat glomeruli. This clearly deline-
ated the lobulations [9]. Similar lobulation has been
described by the corrosion casting-scanning electron
microscope method in dog [39, 40, 41], rhesus
monkey [27] and man [2] (Figs. 14, 15). Examination
of the rat glomerular capillary tufts by reconstruction
of ultrathin serial sections also confirmed glomerular
lobulation [38].

The secondary branches of the lobular branches
ramify into fine capillaries that branch and ana-
stomose to form a genuine plexus (Figs. 10-15).
There were.neither ‘blind-end’ vessels nor classically
described simple capillary ‘loops’ [1, 2, 8, 9, 27, 39].
Small, thin protrusions which suggested new capil-
lary formation, were seen (see below).

Each glomerular lobule begins as a single short
afferent lobular branch and terminates as a single
short efferent rootlet [2, 9, 32] (Figs. 10-15). Usu-
ally, the relationship between a glomerular lobule
and its afferent and efferent lobular branches is sin-
gular. Occasionally, glomerular lobules were found
to receive accessory branches from adjacent lobular
branches [9] (Fig. 15). Sometimes, lobules drained
into distal segments of the adjacent lobule.

Lobule form and size vary in different glomeruli.
However, the following characteristics are present.
In glomeruli containing more than three lobules, the
lateral lobules are most developed (Fig. 14). These
lobules originate from branches arising laterally
from the sides of the afferent arteriole. The lobules
held between the lateral lobules arise from central
lobular branches that run opposite to the efferent
arteriole. These central lobules are flattened [9, 38].
In the few cases where the glomerular capillary tuft is
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comprised of only two lobules, each is fully de-
veloped and occupies a hemisphere [9].

Each lobule extends to the urinary pole of the
corpuscle where it bends (Figs. 14, 15). The ascend-
ing limb returns towards the vascular pole. Thus, the
lobules can be divided into three segments, proximal
descending limb, the middle turning segment, and
distal ascending limb. The proximal and middle seg-
ments of lateral lobules are usually well developed,
while distal segments are relatively thin. In central
lobules the middle segments occasionally are fully
developed [9]. Distal segments usually are poorly
developed. It is this distal segment where filtration
equilibrium is thought to be reached [42, 43].

Distal segments of lobules in the deep cortical
layer are thicker than in the superficial cortical layer
(Figs. 12, 13). In juxtamedullary glomeruli the distal
segments are well developed as judged by thickness
and number of vessels; thus part of the glomerular
capillary plexus is interposed between the afferent
and efferent arterioles, widening the glomerular
hilus [9] (Figs. 7, 11).

The lobular efferent rootlets join at the vascular
pole medial to the lateral lobular afferent branches
to form the efferent arteriole (Figs. 10, 11). Usually
efferent rootlets from different lobules form a com-
mon trunk that flows into the efferent arterioles.
Occasionally, lobules empty into distal segments of
adjacent lobules [9].

Each lobule flexes near the vascular pole of the
glomerulus leaving a cleft between the afferent and
efferent crura. This cleft is probably occupied by the
mesangium in intact glomeruli [9].

The branching angle of afferent lobular branches
to lateral lobules varies with glomerulus size. In
juxtamedullary glomeruli, which are large and con-
tain a portion of glomerular plexus between the
afferent and efferent arterioles, the branching angle
is much larger than in outer cortical or subcapsular
glomeruli [9].

Hall [32] described glomerular lobules as com-
pletely independent. Scanning electron microscope
observations of microdissected corrosion casts dem-
onstrated that a few vessels usually bridge adjacent
lobules in rat [9], dog [39, 40, 41], man [2], and
rhesus monkey [27]. These translobular [9], or inter-
lobular [40], vessels are fine capillaries which inter-
connect proximal or distal ends of the lobules be-
neath the vascular pole (Figs. 14, 15). Few anasto-
moses occur between lateral lobules, penetrating the
intercalated central lobules. Occasionally lobules
are completely independent, with no translobular
anastomoses [9]. The lateral or large lobules (see
above) sometimes show sublobulations with many

trans-sublobular anastomoses [9].

The morphological features of the glomerular lob-
ule, individual afferent and efferent rootlets, and
translobular vessels being rudimentary and few, in-
dicate that the lobule is an independent functional
and anatomical unit [9]. The ‘capillary loop’ model,
while portraying the glomerulus as composed of
fairly independent vascular units — lobules — fails to
describe these units not as single vessels but as freely
anastomosing capillary plexuses. On the other hand,
the ‘capillary plexus’ model fails to account for the
lobular architecture.

It has been suggested that a few large vessels serve
as preferential pathways for blood flow from af-
ferent to efferent arterioles [32]. Such direct connec-
tions have been reported in rat [24, 25] and man [23].
Most of the recent corrosion casting-scanning elec-
tron microscope studies, however, have not found
any direct channels or main routes in rat [8, 9], dog
[39, 40, 41], man [2], and rhesus monkey [27] (Figs.
12-15). Thus, these channels may be artifacts of
either light microscopy or reconstructions.

4. Development and aging of human glomerular cap-
illary tufts

Recently we have examined a series of human kid-
neys obtained at autopsy from 6-month-old and
10-month-old male fetuses and 45-year-old and
76-year-old men. All specimens were judged normal
by histo-pathological examination. Scanning elec-
tron microscopy of vascular casts has enabled us to
analyze the development and aging of the glomeru-
lar capillary tuft and the findings are herein pre-
sented.

The human fetal kidneys, especially in the
6-month-old fetus, contained many immature or de-
veloping glomeruli interspersed among well de-
veloped ones. The simplest, or first stage immature,
‘glomerulus’ was a single straight vessel, continuous
with the interstitial afferent and efferent vessels
(Fig. 16). This straight vessel underwent marked
dilation and bending, forming a U-shaped capillary
loop. The second stage tuft consisted of a few looped
capillaries. These looped capillaries emitted small,
round or elongated blindly-ending protrusions (Fig.
16). These also were thin self-anastomosing channels
(Fig. 17). The third stage tuft consisted of a primitive
conglomerated network of anastomosing capillaries
(Fig. 17). At this stage, vascular and urinary poles
were easily defined. With further development, the
networks became larger and contained more capil-
laries (Figs. 16-18). Even in these later stages, the



freely-ending protrusions and thin anastomoses
were noted occasionally, though they were restricted
to or near the vascular poles (Fig. 18). The capillary
number in mature or well-developed human fetal
glomeruli (Figs. 10-15, 18) was comparable to ma-
ture adult rat glomeruli (Figs. 5-7).

The glomerular blood vascular tufts of the
45-year-old and 76-year-old men were much larger
and contained many more capillaries (Fig. 19) than
the well-developed fetal glomeruli (Figs. 10-15, 18).
The glomerular capillaries in the 76-year-old man
were very tortuous (Fig. 19). Small, freely-ending
protrusions and thin anastomosing channels, as
noted in developing fetal glomeruli, were occasion-
ally observed in glomeruli of the 45-year-old man,
but only rarely in the 76-year-old man. When pres-
ent, they were restricted, as in the fetus, to or near
the vascular pole.

The marked tortuousness of the aged glomeruli
increases the total surface area of the glomerular
capillary bed. It, thus, may compensate for de-
creased functioning of aged glomerular capillaries.
Such increased tortuousness of the glomerular capil-
laries is also observed in the aged rat (Fig. 20).

Two main theories for the origin of the glomerular
capillary have been proposed, in-growth and in-situ.
According to the in-growth theory, the glomerular
capillary arises directly from an interstitial vessel [44,
45, 46, 47]. The in-situ theory claims that the glome-
rular capillary develops in the lower cleft of renal
vesicle and subsequently connects with neighboring
interstitial vessels [48, 49]. The characteristic loop
formation of immature glomeruli in our studies
strongly supports the in-growth theory. Similar re-
sults have been obtained by our vascular casting-
scanning electron microscope investigations of the
bullfrog kidney [14].

The glomerular capillaries increased in number
from initial development to the aged stage. New
capillaries are formed continuously in developing
and aging glomeruli. The findings suggested at least
one mechanism of capillary formation. Based upon
light microscopic studies of Indian ink-injected spec-
imens, the enfaced capillary endothelial surfaces
were proposed as protruding into the lumen and
producing septa, thus splitting the capillary into sev-
eral daughter capillaries whose lumens are continu-
ous at the septal margins [44, 45, 46]. Small, freely-
ending protrusions were found throughout glomeru-
lar development and aging (Figs. 16-19). These pro-
trusions represented luminal discontinuities. Thus,
glomerular capillaries multiplied, at least in part, by
sprouting daughter capillaries from external sur-
faces.
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The present findings also demonstrated thin ana-
stomosing capillaries. These were considered to be
newly formed capillaries that originated in the
freely-ending protrusions, and which, in time, de-
veloped into thick capillaries [14]. The location of
the anastomoses and protrusions suggested that new
capillary formation occurs preferentially at the vas-
cular pole. Zlabek [50] observed, under light micro-
scopy of Indian ink-injected sectioned samples, simi-
lar thin capillaries in adult rat kidney glomeruli, but
regarded them as preferential channels for blood
serum.

Previous analyses of microdissected casts have
shown that mature kidney glomerular capillary net-
works are lobulated (see above) [9, 10, 27]. The
present findings suggested that these lobulations
were demarcated during an early stage of glomerular
development. Failure of anastomoses between sec-
ond-stage looped capillaries possibly results in for-
mation of completely independent lobules.
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Table 1. Abbreviations in Figures.
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A.
a.

AA.
AV.

B.
b.

ToZyomemozan

afferent vessel of the glomerulus

Afferent rootlet of the glomerular capillary lobule
arcuate artery

arcuate vein

capillary plexus surrounding the renal corpuscle
interlobular or translobular capillary of the glomerulus (or
accessory afferent or efferent rootlet of the glomerular
capillary lobule)

cortex

cortical glomerulus

cortical vein or venule

collecting duct of urinary tubule

efferent vessel of the glomerulus

efferent rootlet of the glomerular capillary lobule
capillary plexus of the renal pelvis

glomerulus

interlobular artery

interlobular vein

juxtamedullary zone or subcortical layer

subcortical branch of the efferent vessel of the juxta-

3205

medullary glomerulus

juxtamedullary or subcortical capillary plexus which sup-
plies the thick ascending and descending limbs of the urin-
ary tubule

juxtamedullary or subcortical glomerulus

lobule of the glomerular capillaries

medulla

medullary branch of the efferent vessel of the juxtameduli-
ary glomerulus

medullary capillary plexus

medullary vein or venule

papilla

medullary capillary plexus (papilla)

stellate vein

subcapsular capillary plexus

subcortical glomerulus

urinary tubule or nephron

ureter

leaked mass of the casting medium or corroded remnant of
the tissue elements

Fig. 1. Diagram of blood supply to the mammalian kidney. See

Table 1 for abbreviations.

Fig. 2. Scanning electron micrograph (SEM) of methyl methacryl-
ate (MMA)-cast and frozen-cut blood vascular beds of adult rat
kidney. Cortico-juxtamedullary layers, x45. See Table 1.
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Fig. 3. SEM of MMA-cast and frozen-cut blood vascular beds of adult rat kidney. Subcortico-medullary layers; x60. Inset A)
Transversely cut surface of the subcortical layer, x60. Inset B) Longitudinally torn surface of the medulla, x60. Inset C) Longitudinally

fractured surface of the papilla, X60. See Table 1.

Fig. 4. SEM of MMA-cast and frozen-cut blood vascular beds of adult rat kidney. Renal pelvis, X80. Inset: Ureter. X48. See Table 1.
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Fig. 5. SEM of frozen-cut surface of MMA-cast cortical vascular beds of adult rat kidney. Cortex, x180. See Table 1.

Fig. 6. Partially injected adult rat kidney. Subcapsular layer, X192. Insct A) Double afferent arterioles, Al and A2, x336. Inset B)
Double efferent arterioles, E1 and E2, x280. Arrowhcads indicate marked constrictions, possibly representing sphincter resistance of
glomerular afferent arteriole against injection pressure of the casting medium. See Table 1.
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Fig. 7. Partially injected adult rat kidney. Cortico-medullary layers, X48.75. Inset: a typical glomerulus in the subcortical or
juxtamedullary layer. X130. See Table 1.

Fig. 8. Partially injected rat kidney showing subcapsular and corticat glomeruli, X84.5. Note. in the inset A. the afferent vessel (A)
branches into five afferent rootlets (a). X227.5. In the Inset B), the afferent vessel (A) branches into four afferent rootlets (a), X 195. See
Table 1.
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Fig. 9. Venously injected rat kidney, x65. Inset A) Stellate veins and subcapsular capillaries. x22.75. Inset B) Subcortical veins and
venules, X65. See Table 1.

Fig. 10. Thoroughly injected subcapsular glomeruli of a 10-month-old fetal human kidney, obtained from a Japanese fetus who was still-
born due to coiling of the umbilical cord, x325. See Table 1.
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Fig. 11. Typical juxta-medullary glomerulus of 10-month-old human fetal kidney, x400. Note marked constrictions in the juxtaglomeru-
lar segments of the afferent arterioles (arrowheads). See Table 1.

Fig. 12. Extended form of an ethanol-substituted juxta-medullary glomerulus of a 10-month-old human fetus kidney. View from the
vascular pole, x320. Inset A) Extended form of a juxta-medullary glomerulus with double efferent arterioles. View from the vascular
pole, x120. Inset B) Extended form of a cortical glomerulus. View from the vascular pole, x160. See Table 1.
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Fig. 13. Extended form of an ethanol-substituted subcapsular glomerulus of the 10-month-old human fetus kidney. View from the
urinary pole, X320. Inset: Extended form of a juxtamedullary glomerulus. View from the urinary pole, X120. See Table 1.

Fig. 14. Extended form of an ethanol-substituted cortical glomerulus of a 10-month-old human fetus kidney. View from the urinary pole,
x400. The glomerular capillary network is subdivided into at least three lobules (L1, L2, and L3). These intercommunicate through a
few interbridging capillaries (b). Inset A) A subcapsular glomerulus subdivided into three lobules (L1, L2, L3). View from the vascular
pole, x192. Inset B) Another example of interbridging capillaries of juxta-medullary glomerulus, X280. See Table 1.
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Fig. I5. Microdissected subcapsular glomerulus of a 10-month-old human fetus kidney. Some lobules were removed by microdissection.
Afferent (ac) and efferent (ec) rootlets of the removed lobules, X880. Inset A) and B) Isolated lobules, X280. See Table 1.

Fig. 16. Developing subcapsular glomeruli of a 6-month human fetal kidney. Abortion was induced because of severe toxemia of
pregnancy. A) First stage immature glomerulus with straight appearance (I). x304. B) Another example of first stage immature
glomerulus (I), x656. C) The intermediate stage immature glomerulus was U-shaped (U), x896. D) Second stage immature
glomerulus, X800. Arrowhead indicates a small protrusion. E) Another example of second-stage glomerulus, X 1,760. Small protrusions
(arrowheads) suggest new capillary formation. See Table 1.
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Fig. 17. Immature subcapsular glomeruli with primitive conglomerated capillary networks. These were observed in a 6-month-old
human fetal kidney. A) A second stage glomerulus, X675. B) Note thin anastomosing channels (arrowhead), x862.5. C) Small
protrusions (arrowhead) also were seen, x577.5. D) A third stage glomerulus, X600. E) Another example of third stage glomerulus,
x1,650. See Table 1.

Fig. 18. Subcapsular glomeruli, in middle and final stages of development. The glomeruli were found in a 6-month-old human fetal
kidney. A) A middle stage glomerulus, X450. B). Note small protrusions and thin anastomosing channels (arrowheads), x525. C)
%x525. D) A final stage glomerulus, X187,5. E) Another example of final stage glomerulus, x600. See Table 1.
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Fig. 19. Subcapsular glomeruli of adult and aged human kidneys. A) and B) Kidney was obtained at necroscopy from a 76-year-old
Japanese male, dying with gastric cancer. The senile capillaries are very tortuous, X142.5. C)-E) Surgically excised kidney from a
45-year-old male Japanese with renal tuberculosis. These glomeruli were isolated from non-affected tissue. Note, in the Figure E), small
protrusions or thin anastomosing channels (arrowheads), X600. C) and D) x142.5. See Table 1.

Fig. 20. Kidney glomeruli of a 5-year-old rat. A) subcortical glomerulus with double efferent arterioles (E1 and E2), x125. B)
subcapsular glomeruli, xX135. C) cortical glomerulus, X256. See Table 1.



CHAPTER 6

Subcellular structure of the renal glomerulus

TSUNEO FUJITA and MASAYUKI MIYOSHI

1. Introduction

It is not exaggerating to say that the essential points
in the submicrostructure of the renal glomerulus
were elucidated by the earliest transmission electron
microscopists like Hall [1], Policard et al. [2] and
Yamada [3] in the middle of the 1950s. Advances in
the study of this field were brought about by the fine
structural and histochemical analysis of glomerular
filtration, including examination of the transfer of
ferritin and other molecular markers across the
blood-urine barrier [4, 5]. Application of scanning
electron microscopy (SEM) in the 1970s intensively
promoted the study by supplementing and extending
the visualization of the glomerular structures
achieved by conventional transmission electron mi-
croscopy (TEM).

The glomerulus is a tuft of anastomosing loops of
arterial capillaries. The lumen of the glomerular cap-
illaries is lined by fenestrated endothelial cells,
whereas their outer aspect is covered by the endfeet
(pedicels) of the processes of podocytes, highly spe-
cialized epithelial cells of the urinary tubule. These
processes also cover the mesangium which, in its
connective tissue elements, contain mesangial cells.
A well developed basement membrane is intercal-
ated between the endothelium and podocyte and
represents the main element of glomerular filtration.
The basement membrane extends also surrounding
the mesangial cells (Fig. 1).

The cellular and intercellular elements of the
glomerulus introduced above will be dealt with in
this chapter with special reference to the correlation
of their fine structures and functions.

2. Endotbhelial cells
2.1. The entire shape of the cell

The glomerular endothelium comprises strongly at-

tenuated cells with slightly flattened nuclei swelling
into the capillary lumen. Adjacent cells are closely
attached by each other, forming undulated boundary
lines.

The early TEM studies had described that the
endothelial perikaryon extended simply as a thin
cytoplasmic plate with densely and uniformly dis-
tributed pores or fenestrae. Hall [1] called this plate
the ‘lamina fenestrata.” The entire structure of the
glomerular endothelium was diagrammatically pro-
posed by Wolff and Merker [6] based on their TEM
observations, and this visualization was later con-
firmed as essentially correct by our SEM study [7].
According to those studies, the nuclear swelling ex-
tends thickened cytoplasmic ridges in several direc-
tions and they, branching into thinner ridges, reach a
crest bordering the cell margin. These radiating and
bordering ridges separate the fenestrated lamina
into larger and smaller portions of oval, polygonal,
or irregular shapes, which we proposed to call
‘areolae fenestratae’ [7] (Figs. 2, 3).

2.2. Microvilli and fenestrae

Both the cytoplasmic crests and the areolae fen-
estratae possess microvilli of different length, occa-
sionally reaching 1 um in length [7] (Figs. 2, 5). The
microvilli may be remarkably numerous in certain
parts of the endothelial surface; they may occur also
on the nuclear swelling. Although TEM pictures of
the glomerular endothelium contained oblique or
crosswise sections of microvilli, researchers either
overlooked or neglected their existence. The func-
tional significance of the endothelial microvilli,
which have been observed by SEM also in other
blood vessels, is unknown.

The pores or fenestrae of the endothelial cell have
been recorded in TEM studies as uniformly round in
shape and measuring 500700 A, or ‘up to 1000 A’ in
the rat and mouse [8]. Since Rhodin [9] in his TEM
study gave the value of 700 A for the diameter of the
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fenestrations in mouse glomerular endothelium and
stated that ‘there is a very slight variation in the
diameter, mostly explained by a slight compression
of the round areas during sectioning,” uniformity in
size of the fenestrations tended to be the general
belief among the TEM researchers. Recent SEM
studies, however, have revealed that the endothelial
pores vary much more markedly in size and shape
than suggested by TEM researchers. In our observa-
tion in the rat [7], the pores measured from 30 to
150nm in diameter, occasionally even exceeding
200 nm; they varied also in shape: oval, angular, or
elongate (Fig. 3).

A thin (60A in thickness) diaphram extends
across the endothelial fenestra of the mouse, and this
membrane is provided with a central knob of about
100A in diameter [9, 10]. Numerous papers have
dealt with the nature and mechanism of formation,
as well as the functional roles of the endothelial
diaphragm and knob, arriving at no generally ac-
cepted explanation. As reviewed by Latta [8], the
diaphragms in the glomerulus are rather infre-
quently present in other animals and they are usually
lacking in the rat. Even if present, they do not seem
to form an effective barrier to intravenously injected
Thorotrast [8], ferritin [4] and peroxidases or cata-
lases [5].

2.3. ‘Pored domes’ and related structures

The luminal surface of the glomerular endothelium
is often provided with dome-like and irregular
shaped swellings formed of a thin cytoplasmic plate
(about 80nm or less in thickness) that is mostly
fenestrated in nature (Figs. 4, 5). The profiles of
such peculiar structures had been encountered in
TEM images of glomerular endothelium but re-
searchers did not like to include them in their pub-
lications, except for Wolff and Merker [6] who cor-
rectly demonstrated electron micrographs of the
structures, which they called ‘pordse Vesikeln’ (por-
ous vesicles).

Our SEM studies in the rat [7] and guinea pig [11]
clearly demonstrated the occurrence and distribu-
tion of the pored domes and other irregular eleva-
tions on the glomerular endothelium (Figs. 4, 5).
They may be remarkably densely populated in some
areas of the endothelium. Their dimension varies
very widely: from inconspicuous swelling with only a
few pores to a large (1 um or more) construction of
complicated shapes. The domes and similar struc-
tures are either empty or sponge-like in their interior
(Fig. 6). The fenestrae and sponge meshes in the
domes are usually identical in size to the ordinary

endothelial pores, but occasionally they may be
larger or coarser than the latter.

Conspicuously enough, pored domes may occa-
sionally occur on the perikaryon (Fig. 4). Also in this
case, the domes cover an empty or spongy space, but
its base is not invaginated.

In our SEM study [7] we noticed that microvilli on
the glomerular surface occasionally were ana-
stomosed into a small net and we could find different
forms suggesting their gradation towards the pored
domes (Fig. 5). It may be reasonable to suggest that
new pored plates are ‘knit’ with the material of mi-
crovilli and, if so, the pored domes may possibly
represent endothelial parts under regeneration. Fur-
ther studies are naturally needed to confirm this
hypothesis.

Whatever their formation mechanism might be, it
is stressed that the pored domes, microvilli, and
other mentioned structures on the glomerular endo-
thelium are not artifacts caused, for example, by
anesthesia or perfusion fixation, but represent nor-
mally occurring constituents of the endothelial lin-
ing. The idea that fenestrae are present only in the
attenuated part of the endothelium for the sake of
substance permeation across it must be revised.
They may occur on the ‘second floor’ of the endo-
thelium and even on the perikaryon. What we can
say at present is only that the pored endothelium has
a tendency or potentiality to form fenestrated plates
at every site of its surface, including the perikaryon.

2.4. Nucleus, perikaryon, and organelles

The endothelial nuclei tend to be located toward the
center of the glomerular lobule; thus the perikarya
often are juxtaposed with the mesangial elements.
The nuclei are often deeply indented or folded in
profile. Nucleoli are inconspicuous.

The perikaryal cytoplasm contains centrioles,
small but distinct Golgi areas, moderate numbers of
elongated mitochondria, and a few cisterns of rough
endoplasmic reticulum (Figs. 7, 8). Polysomes are
numerously scattered. Some cytoplasmic fibrils are
seen. Lysosomes are rare [8]. Small vesicles may be
numerous and are apparently related to pinocytotic
invaginations seen on the luminal and basal aspects
of the endothelium. Wolff and Merker [6] presumed
that these vesicles might be related to the formation
of the fenestrated plates.

Small numbers of mitochondria and other
organelles may occur in the cytoplasmic ridges. The
marginal cell ridges of adjacent cells come close
together and junctional complexes can be occasion-
ally demonstrated there [8].
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Fig. 5A. The endothelial surface of a guinea pig glomerular capillary showing a group of microvilli and pored projections. EP:
endothelial perikaryon. (x12,000). B. Closer view of the endothelial microprojections shown in A. Note that there seem to be gradation
in forms between microvillous projections and pored domes. (x24,000).
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Fig. 8. Endothelial cell with a strongly swollen perikaryon. A centriole (C) and Golgi complex (G) are marked. Endothelial cell
boundaries are indicated with arrows. From a mouse glomerulus. (x7,750).

Fig. 9. Podocyte (P), its primary (P)) and secondary (P,) processes and endfeet in guinea pig glomerulus. Note the long microvilli on the
cell body and processes, which are especially conspicuous in this species. (x10,500).
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3. Podocytes or glomerular epithelial cells
3.1. The entire shape of the cell

The three-dimensional shape of the podocyte was
only incorrectly visualized by TEM observations,
and SEM first made it accurate. The main points are
the mode of branching of the cell processes and the
interdigitation of their endfeet [12, 13]. SEM further
demonstrates microvilli and irregular-shaped micro-
projections on the cell body (perikaryon) and pro-
cesses of the podocyte (Fig. 9). Their functions are
unknown, but it is known that podocyte microvilli
are conspicuously increased in number and length in
certain renal disorders including nephrosis, and un-
der cultured conditions [14].

3.2. Pedicels or endfeet

The endfeet of podocytes are engaged in the forma-
tion of the glomerular filtration membrane. They are
embedded in the outer portion of the basement
membrane with their broadened base. The pedicel
bases, about 100 nm wide, are juxtaposed, leaving
slits 20-50nm (usually 24nm) wide [8]. Pedicels
derived from the same cell are never juxtaposed with
each other [12, 13]. This may imply the alternately
different movement of ‘massaging fingers’ on the
capillary wall.

Podocyte cytoplasm contains large amounts of mi-
crotubules and filaments that are especially con-
densed in the endfeet and run longitudinally in each
pedicel (Figs. 10, 11). Besides intermediate (10 nm)
filaments, microfilaments suspected as actin fila-
ments are densely gathered in bundles, especially in
the upper layer of the endfeet (Fig. 10). The occur-
rence of filamentous structures and the possibility of
their contractility have been dealt with by many
TEM researchers since the early study of Policard
[2]. Recent immunohistochemical and other tech-
niques revealed high concentrations of actin in the
podocyte processes and pedicels. Studies with cyto-
chalasins have suggested that contraction of actin
may lead to flattening of endfeet and closure of the
slits. Relaxation of actin filaments makes the pedicel
bases narrow and widen the slits [815].

The surface of the pedicels, except for their basal
face embedded in the basement membrane, is coated
by an irregular layer of about 12nm thickness (Fig.
12). The coat is composed of polysaccharides and
stained with phosphotungstic acid, ruthenium red,
and colloidal thorium and iron. Neuraminidase
treatment abolishes the stainability of this layer, sug-
gesting that it contains sialic acid [8].

The lateral surface of the pedicel bases are con-
nected by a particular thin membrane, called the slit
membrane [3].

3.3. Podocyte perikaryon and its processes

The nuclei of podocytes are generally oval, some-
times with deep indentations. The nucleolus is not
conspicuous.

The cytoplasm of the perykaryon and major pro-
cesses contains scattered mitochondria, cisterns of
rough endoplasmic reticulum, and many polysomes.
The Golgi apparatus is usually separated into a few
areas in the perikaryal cytoplasm (Fig. 11). Cen-
trioles are occasionally encountered. Smooth sur-
faced vesicles, coated vesicles, and multivesicular
bodies may be numerous [8]. The podocyte cyto-
plasm is characterized by abundant filaments, which
were mentioned in the section 3.2.

4. Glomerular filtration membrane
4.1. Basement membrane

The basement membrane intercalated between the
podocytes and endothelial cells belongs to the for-
mer cell; the latter possesses no basement membrane
in the glomerulus. The basement membrane mea-
sures in thickness about 100 nm in children and 200 -
400 nm in adults. It consists of three layers: an outer
less dense layer termed lamina rara externa; a cen-
tral dense layer, lamina densa; and an inner, less
dense layer, lamina rara interna. The lamina rara
externa is limited by the slit membrane and embed
the lower portion of the pedicels (Figs. 12, 13). The
basement membrane consists mainly of type IV col-
lagen and glycosaminoglycans (acid mucopolysac-
charides); the former is concentrated in the lamina
densa and the latter in the laminae rarae.

4.2. Glomerular filtration

The glomerular filtration mechanism has been and
still is a matter of dispute. Examinations of the pas-
sage of particulate tracers of different sizes have
indicated that the basement membrane stems ferritin
particles (about 100 A in diameter) but does not
interrupt the passage of smaller molecules like cata-
lase and human myeloperoxidase. These are, how-
ever, interrupted by the slit membrane and/or the
pedicel sugar coat mentioned above. Still smaller
particles, e.g., horseradish peroxidase, quickly pas-
ses through all filtration layers [4, 5, 8].
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Fig. 10A, B. Supporting and contractile structures in podocyte processes of the mouse. P: podocyte nuclei; e: endothelium. The
podocyte processes and endfeet (p) possess longitudinally arranged microtubules (small arrows), intermediate filaments (arrowheads),
and bundles of microfilaments (thick arrows). (4: X32,000; B: x44,000). Courtesy of Prof. Harunori Ishikawa, Gunma University
Medical School.
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More recently, the polyanionic nature of glycos-
aminoglycans in the basement membrane has been
estimated as an important factor in the selection of
substances to be filtrated, since it was demonstrated
that ferritin particles, if cationized, could easily per-
meate into and pass through the basement mem-
brane [16, 17] (Fig. 14).

5. Mesangium
5.1. Mesangial cells

Mesangial cells are characterized by irregular pro-
cesses radiated from the cell periphery. The nuclei
are generally ovoid in shape, often with a clear nu-
cleolus. The electron-lucent cytoplasm contains
moderate numbers of elongated mitochondria,
cisterns of rough endoplasmic reticulum, and small
but distinct Golgi areas [8] (Fig. 15). The phagocyto-
tic activity of the mesangial cells has been reported
[cf. 8] to take up large foreign bodies; experimen»
tally-induced India ink or ferritin particles may be
incorporated by the cells.

More characteristic of this cell is the occurrence of
filaments that are especially numerous in the pe-
ripheral cell processes. Immunocytochemical studies
using anti-actin antibodies support the view that this
cell may be contractile in nature with abundant actin
filaments [14, 15]. Andrews [15] stresses that the
filaments frequently insert into an electron-dense
zone adjacent to the plasma membrane, reminiscent
of the dense bodies in smooth muscle cells. The
contraction of mesangial cells, which has been con-
firmed in isolated cells in vitro [cf. 15], has been
postulated to serve in the control of the glomerular
blood stream, but nothing precise is known about
the effects of the contraction.

5.2. Mesangial matrix

The mesangial cells and their processes are embed-
ded in connective tissue matrix consisting of collagen
filaments and amorphous substances (Figs. 7, 15).
The mesangium is limited by the basement mem-
brane, whose lamina rara interna is incorporated in
the mesangial matrix, and only the lamina densa and
lamina rara externa can be identified. Podocyte ped-
icels are studded on the supramesangial basement
membrane.
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6. Summary and conclusion

Subcellular structures, and possible functions sug-
gested from them, of the cellular and intercellular
elements of renal glomerulus were reviewed. In the
endothelial cells, hitherto overlooked fenestrated
domes on their attenuated cytoplasm and perikaryon
were introduced by both TEM and SEM. In the
glomerular epithelial cells or podocytes microfila-
ments of a supporting and/or contractile nature were
the main subject. The glomerular basement mem-
brane was dealt with not only as a simple mechanical
ultrafilter, but also as a negatively ionized barrier.
The mesangial cells were reviewed with special ref-
erence to contractile filaments richly contained in
them.

The mechanism of glomerular filtration is still
largely obscure. Moreover, precise knowledge of
normal structure of the glomerulus, which is essen-
tial for understanding its pathological changes, is
insufficient as yet. TEM, SEM, cytochemistry, and
other cell-biological strategies must be combined to
promote our knowledge in this field.
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Fig. 13. SEM view of the glomerular basement membrane, seen from the epithelial (urinary) side (A) and from the endothelial (hemal)
side (B). The basement membrane (b) appears laminated in Figure A, while granular in Figure B. The podocyte pedicels (p) have left
their footmarks on the basement membrane (arrows). (A: rat, X25,500; B: rabbit, x34,000).
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15

Fig. 14A. Glomerular filtration membrane in a rat 15 min after an intravenous injection of polyetheneimine (PEI) (molecular weight
40,000-60,000). Fixation in 10% glutaraldehyde plus 2% phosphotungstic acid. Aggregated PEI particles, which indicate the anionic
sites in the tissue, are located in the laminae rarae and partly also on the podocyte pedicels. B. In this case the rat kidney was perfused,
via the renal artery, with cationized ferritin (isoelectric point: 9.5) 1hr prior to the injection of PEL Fifteen min after the PEl injection,
the rat was killed and the kidney was fixed as above noted. The ferritin aggregates (arrows), which appear finer than PEI, are mainly
located in the lamina rara interna, but small amounts of them have reached the base of the podocyte endfeet. (Cationized ferritin is
gathered beneath and between the endfeet within 24 hrs.) e: Endothelium; p: podocyte endfeet. (x22,750). Courtesy of Dr. Takashi
Oite, Institute of Nephrology, Niigata University Medial School.

Fig. 15. Mesangial cell surrounded by mesangial matrix (m) from a mouse glomerulus. C: centriole; G: Golgi complexes; ER: rough
endoplasmic reticulum; p: podocyte endfeet; b: basement membrane; e: endothelium. (x6,500).



CHAPTER 7

Recent research on some aspects of proximal tubular transport phenomena

PAUL H. BRAND

1. Introduction

Important themes in the study of the metabolism of
the kidney have included the relationship between
ion transport and energy production, acid-base bal-
ance and the control of renal ammonia production,
and regional differences in metabolic pathways
within the kidney.

The relationship between ion transport and en-
ergy production was investigated in the past pri-
marily by determining the effect on renal oxygen
consumption of varying net renal sodium reabsorp-
tion in vivo, usually in the dog. While such studies
provided some information on the metabolic cost of
sodium transport, quantitative interpretation of
these experiments using the intact Kidney is difficult
[1]. More recently techniques have been developed
which permit investigation of the relationship be-
tween ion transport and metabolism in different
parts of the nephron. The purpose of this chapter is
to describe how such recent technical advances are
providing a better understanding of the relationship
between ion transport and energy production in the
mammalian proximal tubule.

Studies of the metabolism of the proximal tubule
will be emphasized because recent advances in ex-
perimental methodology have allowed the develop-
ment of a quantitative description of the relationship
between active ion transport and oxidative metabo-
lism in this nephron segment. Such recent advances
include development of a proximal tubular suspen-
sion with improved function [2] and utilization of
inhibitors in the isolated, perfused tubule technique.

2. Active cation transport: the ‘pacemaker’ of respi-
ration

Utilization of these new techniques has provided
support for Whittam’s hypothesis [3] concerning the
regulation of renal tubular oxidative metabolism by

changes in the rate of active ion transport (Fig. 1).

Whittman measured the effect of ouabain, or re-
moval of Na* from the incubation medium, on oxy-
gen consumption and Na* and K* transport in slices
of brain and kidney cortex. Since inhibition of ion
transport by these agents inhibited oxygen consump-
tion, Whittam proposed that ‘an ATP-hydrolysing
system associated with active transport of cations
may act as a pacemaker for about half the respiration
of brain and kidney cortex’ [3].

A series of elegant experiments analyzing this hy-
pothesis has been published [1, 4, 5, 6]. These studies
depended on the development of a collagenase-iso-
lated suspension of rabbit proximal tubules with im-
proved function [2]. Although Burg, et al., [7] had
reported the use of a collagenase-isolated rabbit tu-
bule suspension in 1966, the preparation reported by
Balaban, et al., [2] has the distinct advantages that
the lumina of the tubules are patent, and the tubule
segments are predominantly of proximal origin. Pat-
ency of the lumen means that transepithelial ion
transport may continue to occur, with concomitant
metabolism. In contrast, in cortical slices or earlier
tubule preparations, the lumina were variably col-
lapsed, thereby inhibiting transcellular ion trans-
port.

Also, predominance of a single nephron segment
in Balaban et al’s suspension means that complica-
tions in interpretation of data due to the presence of
a mixture of tubule types with different metabolic
and transport characteristics, are eliminated.

In this same paper [2] Balaban et al. described a
chamber for incubation of the tubule suspension
which permitted simultaneous measurement of tu-
bule oxygen consumption, NADH fluorescence, and
rapid analysis of tubule ATP content. Later, a K*
selective electrode was added to the chamber for
determination of extracellular potassium concentra-
tion [6].

Initially, this proximal tubule suspension was used
to investigate the role of the ATP/ADP ratio in the
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Fig. 1. Whittam’s hypothesis as developed by Mandel, that the rate of activity of the Na+ ,K+-ATPase regulates the rate of mitochondrial
phosphorylation via cellular ATP and ADP concentrations. The open circles at the luminal membrane represent the Na+,H* antiport
and the various co-transport mechanisms (Na+,X). From Mandel and Balaban, with permission.

coupling of cellular respiration to cellular ion trans-
port [4]. In addition to monitoring oxygen consump-
tion by the tubules, the redox state of the
mitochondria was determined by microfluorometry
(reduction of NAD to NADH corresponding to an
increase in 450 nm fluorescence).

Under control conditions, oxygen consumption,
the ATP/ADP ratio and fluorescence (representing
the degree of oxidation of NADH) by the tubule
suspension were stable until sufficient oxygen in the
closed chamber had been consumed so that the PO,
decreased to 10mm Hg. At this point, the QO, and
the ATP/ADP ratio decreased abruptly and fluores-
cence (reduced NADH) increased dramatically, de-
monstrating the effects of anoxia on mitochondrial
oxidation and oxidative phosphorylation.

Next, to determine the effect of inhibition of the
Na+*,K*-ATPase, ouabain was added (in fresh, oxy-
genated suspension). Ouabain decreased the oxygen
consumption by 54%, increased the NADH fluores-
cence by 35%, and increased the ATP/ADP ratio by
30%. These changes were interpreted to mean that
inhibition of the Na*,K*-ATPase by ouabain de-
creases the rate of ATP hydrolysis, so that the ATP/
ADP ratio increases. An increase in this ratio then
acts to slow the rate of oxidative phosphorylation,

thereby decreasing the oxygen consumption and
changing the mitochondria to a resting or reduced
state as evidenced by the increased NADH fluores-
cence.

If the tubules became anoxic before addition of
ouabain, then ouabain had no effect on any of the
parameters measured.

To observe the effect of stimulating the Na*,K*-
ATPase, tubules were depleted of K+ by suspension
ina K+ free Ringers, and then the effect of adding K*
was observed. Addition of 5 mM KCl to K* depleted
tubules increased the oxygen consumption by 130%,
decreased NADH fluorescence and decreased the
ATP/ADP ratio. These changes are all in the op-
posite direction to those elicited by ouabain and
indicate that addition of K*, by stimulating active
ion transport, results in an increase in ATP hydro-
lysis via the Na* K*-ATPase which depletes cellular
ATP. The subsequent decrease in the ATP/ADP
ratio then increases the rate of mitochondrial oxida-
tive phosphorylation, NADH is oxidized, (indicative
of a more active mitochondrial state) and oxygen
consumption and ATP production are increased.

Taken together, these results indicate that the rate
of oxidative phosphorylation is under sensitive con-
trol via the rate of ATP hydrolysis by the Na+,K+*-



ATPase. Since, in the renal epithelium, active ion
transport is a major consumer of ATP, changes in
ion transport rate exert control over mitochondrial
respiration via rapid alterations in the ATP/ADP
ratio when ion transport rates change.

2.1. Active cation transport: mitochondrial capacity
and ion transport

From these experiments a correlation had been es-
tablished between proximal tubular ion transport
(Na*,K*-ATPase activity) and mitochondrial oxida-
tive metabolism. In carrying this work further, the
proportion of the total ATP generating capability of
the renal cell which is used in supporting ion trans-
port, was measured in proximal tubular cells. This
was done by determining the maximal mitochondrial
oxidative capacity, and the percentage of this capac-
ity utilized to supply ATP for the Na+,K*-ATPase.
Both the rabbit proximal tubule suspension and a
rabbit kidney cortex mitochondrial suspension were
used in these experiments [5].

To assess the respiratory capacity of the tubules,
oxygen consumption during optimal mitochondrial
phosphorylating activity was determined. Optimal
mitochondrial phosphorylating activity in the tu-
bules was induced by adding ADP after treating the
tubules with digitonin. Digitonin was used to make
the cell membrane permeable to exogenous ADP.
Addition of exogenous ADP to a digitonin-treated
tubule suspension resulted in a four-fold increase in
oxygen consumption and ADP/O ratio of 2.1, close
to the ratio observed in isolated mitochondria. These
results were interpreted to mean that the ADP/O
ratio in the intact cell is similar to the ratio in isolated
mitochondria.

Next, the turnover of cytochrome A during oxida-
tion was compared in the digitonin-treated tubules
to that in mitochondrial suspensions. Cytochrome A
content was measured spectrophotometrically in
each preparation. The oxygen consumption was also
measured during respiration under similar condi-
tions for each preparation. The oxygen consumption
rate divided by the cytochrome content gives the
turnover, in moles of oxygen per cytochrome A. For
proximal tubules the value was 838, and for mito-
chondria, 844. This similarity in cytochrome turn-
over indicates that the digitonin treatment had not
damaged the mitochondria of the tubular supension.

Since the digitonin-treated tubules have intact res-
piratory capability, the maximal respiratory capacity
in the tubules could be compared to that observed in
tubule suspensions under various conditions. For
example, spontaneously respiring tubules in the pre-
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sence of valeric acid, glucose, lactate and alanine
had an oxygen consumption rate of ~50nmol/min
per mg protein which corresponds to an oxygen,
cytochrome turnover of 567 oxygen atoms per min-
ute per cytochrome A. Since the maximal respira-
tory capacity of digitonin-treated tubules under
these conditions corresponds to an 0/cytochrome
turnover of 1,010 0/min per cytochrome A, these tu-
bules were utilizing 56% (567/1010 X 100) of their
mitochondrial oxidative capacity.

Next, in order to maximize the rate of ion trans-
port and its associated metabolism, the effect of
nystatin was examined. Nystatin is thought to in-
crease the permeability of the cell membrane to Na*,
so that cell Na* concentration increases and the
Na*+ ,K*-ATPase is stimulated by internal sodium.
Nystatin increased the oxygen consumption and the
percentage of mitochondrial capacity utilized. In the
presence of nystatin and a short chain fatty acid or
ketone body, 100% of the mitochondrial capacity
was used. If ouabain was also added, then only 30%
of the mitochondrial capacity was used. These data
imply that the maximal oxidative capacity of the
tubular cell may be enlisted in support of ion trans-
port, and that the non-transport metabolism is about
30% of the total oxidative capacity.

If the only exogenous substrates added were
glucose, lactate and alanine, then the oxygen con-
sumption after stimulation by nystatin represented
only 70% of the mitochondrial capacity. Endo-
genous substrates were capable of supporting only
56% of the maximal mitochondrial capacity. Since,
as noted above, in the presence of fatty acids, 100%
of the mitochondrial capacity is used, the authors
suggested that fatty acids or ketone bodies are
needed to provide reducing equivalents for optimal
mitochondrial oxidative phosphorylation.

In summary, spontaneous rates of respiration in
isolated tubules utilize 55% of the cell’s mito-
chondrial respiratory capacity, about half of which is
subsumed by the Na* K+-ATPase. Stimulation of
the Na*,K*-ATPase in the presence of fatty acids
results in an increase in ouabain sensitive respiration
up to 100%, i.e., complete utilization of the cellular
mitochondrial oxidative capacity.

2.2. Active cation transport: stoichiometry

Having described the relationship between ion
transport and oxidative capacity in the tubular sus-
pension, Harris et al [6] next attempted to determine
the stoichiometric relationship between unidirec-
tional active ion transport and oxygen consumption
of the proximal tubular cell.
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As before, proximal tubular suspensions from rab-
bit kidney were used. Extracellular K* concentra-
tion (in the suspending medium) was measured with
a K* electrode. Tubules were depleted of K+ by pre-
incubation in K+ free Ringer’s.

Initially, the rate of K* uptake and the oxygen
consumption were measured after adding K* to K*
depleted tubules. The rate of K* uptake was evalued
from the change in extracellular K+ concenration
after addition of a bolus of KCI to K* depleted
tubules. During the 10 second period of measure-
ment, the rate of K* uptake was linear with time,
indicating that a unidirectional K+ influx was being
monitored. The simultaneously measured oxygen
consumption rate was also observed to be linear with
time. From these linear initial rates, the ratio of K*
transported to oxygen consumed can be measured.
Since the K+ transport being measured represented a
unidirectional flux via the active pathway, this ratio
should directly reflect the coupling of cellular respi-
ration to active ion transport via the Na*K*-
ATPase.

A mean ratio of K* transported to oxygen con-

sumed was determined in 15 tubule suspensions; the
value of the ratio was 10.7. This ratio corresponds
exactly to the expected stoichiometry of the Na* ,K*-
ATPase:
Assuming that 2 K+ are transported per ATP hydro-
lyzed via the Na*,K*-ATPase, and that 3 ATP are
generated per oxygen consumed via NADH linked
oxidative phosphorylation, the predicted value of
the K*/0, ratio is 9 to 11, corresponding very closely
to the observed value of 10.7. This close correspon-
dence between observed and predicted ratios im-
plies that the stoichiometry of the Na* ,K*-ATPase
in vivo is similar to the value in vitro. More impor-
tantly, there is nearly complete coupling between
oxidative phosphorylation and active K* uptake
(and Na* extrusion) in the renal proximal tubular
cell.

The K+*/0, ratio was also determined at different
extracellular K+ concentrations, and was found to be
constant over a 3 to 4 fold range of net K+ uptake.
The constancy of the ratio over this range implies
that there is tight linkage between ion transport and
oxidative metabolism over a wide range of Na* ,K*-
ATPase activities.

How much of the cell’s oxidative capacity is re-
quired to support maximal ion transport rates? The
highest rate of K* transport observed in this study
corresponded to a Na*,K+-ATPase activity of 150
nmol ATP/min per mg protein. This rate is close to
the ATP turnover observed under optimal condi-
tions in freeze-thawed rabbit cortical tubules. Simi-

larly, the oxygen consumption observed during the
maximal rate of K* transport corresponded to the
maximal rate of turnover of cytochrome A pre-
viously found in proximal tubule suspensions. In
other words, the highest rate of active ion transport
requires complete utilization of the ATP-synthesiz-
ing capacity of the tubular cell.

Further analysis of these data [6] indicates that the
rate of ion transport in spontaneously respiring cells
is about one-third of the maximal respiratory capac-
ity. Thus the rate of ion transport under physiologi-
cal conditions equals about one-third of the maximal
transport capacity of the tubular cell, and the cell
uses about one-half of its oxidative capacity to sup-
port this rate.

In summary, these studies [4, 5, 6] have provided
strong quantitative evidence in support of Whittam’s
hypothesis, which provides a mechanistic explana-
tion for the observed dependence of renal cortical
oxygen consumption on active ion transport. Tight
coupling between generation of ATP by mito-
chondrial oxidative phosphorylation, and ATP uti-
lization by the Na* K*-ATPase is provided by
changes in the ATP/ADP ratio of the cytoplasm.
The ATP content of spontaneously respiring proxi-
mal tubular cells is small compared to the rate of
ATP turnover required to support activity of the
Na*,K*-ATPase. Consequently, any change in the
rate of active ion transport results, within seconds,
in a change in cell ATP content and hence in the
cytoplasmic ATP/ADP ratio. Changes in this ratio
then rapidly adjust the state of mitochondrial oxida-
tive phosphorylation appropriately for the new
ATP/ADP ratio.

In addition to demonstrating a tight coupling be-
tween ion transport and metabolism, and the central
role of the ATP/ADP ratio, these studies imply that
maximal rates of active ion transport in the proximal
tubule may be supported solely by oxidative metabo-
lism, in keeping with the high oxygen consumption
of the kidney.

Conversely, the observation that the ratio of K*
transported to oxygen consumed is very close to the
ratio predicted from in vitro observations of the
stoichiometry of the Na*,K*-ATPase, implies that
all of the energy required for proximal tubular Na*
and K* transport is derived from hydrolysis of ATP.
This conclusion is at variance with earlier reports
indicating that non-ATP sources of energy must be
invoked to account for all of proximal tubular active
ion transport. However, other recent studies
provide independent support for this conclusion (see
below).

In addition, since in the proximal tubule, the ac-



tive transport of most other small molecular weight
solutes appears to be dependent on active sodium
transport, the energy for the transport of these other
solutes must also be tightly linked to oxidative phos-
phorylation. Thus, the active reabsorption of sugars,
amino acids, organic acids, phosphate and sulfate
and the secretion of H* in the proximal tubule, are
all energized by co-transport or antiport with Na* [8,
9]. Furthermore, to the extent that bicarbonate reab-
sorption depends on H* secretion via the antiport,
net proximal bicarbonate reabsorption must also be
linked to mitochondrial oxidative phosphorylation
via the ATP/ADP ratio. Transport processes whose
energetics in the proximal tubule are less well under-
stood, and which perhaps may not be linked to the
Na*,K*-ATPase, include secretion of organic acids
and organic cations, and pinocytosis.

Finally, the observed K+*/O, ratio of ~10 in the
proximal tubule corresponds, assuming 3Na*
ejected for each K* taken up, to a Na*/O, ratio of 15.
A Na*/O, ratio very close to 15 has been recently
reported in such diverse preparations as the dog
kidney in vivo [10, 11], and the toad urinary bladder
[12, 13].

These issues will be discussed further below. How-
ever, it is first necessary to discuss other experiments
which appear to contradict, at least partially, some
of the conclusions drawn so far.

3. Inhibitors and proximal tubule ion transport: is
there a non-mitochondrial energy source supporting
ion transport?

Many attempts have been made to determine the
energy sources for proximal tubular fluid reabsorp-
tion, by testing the effect of various metabolic inhibi-
tors on fluid reabsorption in vivo or in vitro. The
underlying assumptions in this work are that proxi-
mal tubular fluid reabsorption depends on active
sodium reabsorption, and that the inhibitors tested
may specifically block certain steps in the generation
of available metabolic energy. Variable results have
been obtained in that some authors have demon-
strated complete inhibition of fluid reabsorption by
metabolic inhibitors, while others have found differ-
ing degrees of partial inhibition. While no attempt
will be made here to completely review this litera-
ture, two recent thoughtful studies will be discussed.

Gyory and Kinne examined the effect on fluid
reabsorption (Jv) of inhibitors of oxidative phos-
phorylation in rat proximal convoluted tubule, using
the split oil droplet technique to measure Jv [14]. The
peritubular capillaries were also perfused, so that
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inhibitors could be applied to the basolateral mem-
brane. In parallel experiments, the Na*,K+-ATPase
activity was measured in a suspension of rat kidney
cortex membranes.

They observed that intratubular application of
oligomycin in the presence of bovine serum albumin
resulted in a steady state inhibition of Jv of 80%.
Antimycin A, again with albumin, also inhibited Jv
by 80% . The necessity to provide albumin to achieve
inhibition with antimycin A and oligomycin was at-
tributed to binding of the inhibitors to albumin and
subsequent uptake of the inhibitor-albumin complex
at the luminal membrane by pinocytosis.

On the other hand, cyanide given intratubularly
did not inhibit volume absorption. This lack of effect
was attributed to very rapid diffusion of CN- away
from the site of action.

Peritubular application of oligomycin or anti-
mycin A produced some inhibition of Jv, but with
very large variability and less effect than intratubular
application. The authors speculate that the vari-
ability may be due to poor ability of the inhibitors to
penetrate cells from the basolateral aspect. How-
ever, since other studies [15] showed a peritubular
effect of antimycin A, another explanation for this
variability may be incomplete perfusion of the per-
itubular capillaries.

Cyanide perfused into the peritubular capillaries
resulted in complete inhibition of Jv within 20 sec-
onds. CCCP, an uncoupler of oxidative phos-
phorylation, had a similar effect to cyanide when
given peritubularly.

Oligomycin maximally inhibited ~85% of the
Na*,K*-ATPase activity in cortical membrane sus-
pensions, whereas antimycin A inhibited Na* K+-
ATPase completely. Neither cyanide nor CCCP in-
hibited Na* ,K*-ATPase in the membrane suspen-
sion.

The complete inhibition of Jv with cyanide and
CCCP was taken to indicate that proximal sodium
transport depends entirely on oxidative phos-
phorylation for its energy. However, since oligo-
mycin inhibited Na*,K*-ATPase in vitro and al-
lowed Jv to continue in vivo at 20% of the control
rate, the authors concluded that the active sodium
transport responsible for 20% of Jv is supported by
some unknown oxidative energy source other than
ATP, and does not occur via the Na* K+-ATPase. If
these data are correct, then there must be some
independent non-mitochondrial oxidative energy
source which supports a portion of active sodium
transport occurring via an undescribed pathway.

To determine if such an independent pathway
exists, the degree of inhibition of Jv in the proximal
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tubule by inhibitors of oxidative phosphorylation
was re-investigated by Gullans et al [15] using the
isolated, perfused rabbit proximal tubule. To clarify
the mechanism of action of the inhibitors, their
effects on oxygen consumption, NADH fluores-
cence and ATP content of a proximal tubular sus-
pension was also measured as were phosphate and
glucose reabsorptive transport rates.

Two inhibitors of oxidative phosphorylation, ro-
tenone and antimycin A, were tested and found to
produce a dose-dependent inhibition of 85-88% of
the oxygen consumption. In fact, antimycin A re-
duced cellular ATP content by 94%, an effect signifi-
cantly greater than the 85% inhibition of oxygen
consumption.

Rotenone, in addition, increased NADH fluores-
cence in the tubule suspension, an effect which ac-
cords with its role as a site I inhibitor of oxidative
phosphorylation. (The effect of antimycin A on fluo-
rescence could not be determined for technical rea-
sons).

Rotenone and antimycin A at concentrations that
maximally inhibit mitochondrial respiration com-
pletely inhibited proximal tubular volume absorp-
tion, phosphate reabsorption and most of glucose
reabsorption.

The effects of rotenone and antimycin A on corti-
cal tubular suspensions are similar to their effects in
other studies on mitochondrial suspensions. The fact
that whith antimycin A, cellular ATP content de-
creased indicates a mitochondrial site of action
rather than inhibition of Na* , K*-ATPase. Inhibition
of Na+ ,K*-ATPase would produce an increase in
cellular ATP content such as is seen with ouabain.

The more complete inhibition of Jv and other
transport processes observed in this study was at-
tributed to technical improvements both in the mea-
surement of Jv and in the application of the inhibi-
tors to the proximal tubule. Gullans found [15] that
albumin increased the K* of these inhibitors, making
the drugs less available, and that the inhibitors did
act from the peritubular side, in contrast to other
results [14].

Gullans et al then concluded that, in the proximal
convoluted tubule, there is a close correlation be-
tween oxygen consumption, cellular ATP content,
mitochondrial redox state, and net sodium and water
reabsorption. Inhibition of mitochondrial oxidative
phosphorylation completely inhibits net sodium re-
absorption and therefore, Jv. Inhibition of glucose
and phosphate reabsorption would be expected as
these transport processes depend on the electro-
chemical sodium gradient. Residual glucose reab-
sorption could be energized by glycolysis. No evi-

dence was found for any non-mitochondrial, ATP-
independent energy source for proximal tubular so-
dium transport.

3.1. Inhibitors and proximal tubule ion transport: two
pumps?

A hypothesis that bears on the Whittam model as
described above is that of Whittembury [16], who
postulated the existence of two different modes of
Na* transport in the proximal tubule on the basis of
studies primarily in slices of renal cortex. According
to Whittembury’s hypothesis, one mode of Na*
transport involves net Na*, Cl- and water extrusion
from cells, and is refractory to ouabain but inhibited
by ethacrynic acid. Whittembury speculated that this
mode may be primarily responsible for net NaCl
reabsorption in the proximal tubule. If so, then vol-
ume absorption should be insensitive to ouabain.
The second mode of sodium extrusion was thought
to be a ouabain sensitive exchange for K*, and to
occur without any change in cell volume.

Whittembury’s hypothesis of two modes of so-
dium transport is contradicted by the numerous ob-
servations in the isolated, perfused rabbit proximal
tubule that administration of ouabain both inhibits
net volume reabsorption completely, and causes cell
swelling [17].

Linshaw [18] recently re-examined one aspect of
Whittembury’s hypothesis, that there is a ouabain-
insensitive mechanism responsible for regulation of
renal proximal tubular cell volume. The effect of
several inhibitors on cell volume was measured using
isolated, nonperfused rabbit proximal tubules. Prox-
imal straight tubules from rabbit renal mid-cortex
were dissected and held with both ends crimped shut
between micropipets. Outer tubular diameter (with
the lumen collapsed) was measured and tubule vol-
ume calculated assuming that the tubule shape can
be approximated by a cylinder. Inhibitors were ap-
plied in the bath and the tubule outer diameter mea-
sured every minute to observe the time course of
changes.

Tubules in ouabain, 2,4-dinitrophenol (DNP),
cyanide or azide all swelled to a similar degree.
Addition of DNP plus ouabain produced no further
increase in volume above that seen in ouabain alone.
The cell volume in tubules treated with ouabain,
DNP and cyanide together was also not different
than the cell volume in tubules treated with ouabain
alone.

The lack of an additive effect of ouabain and other
inhibitors argues against the existence of a distinct,
ouabain-insensitive mechanism for regulation of cell



volume, as does the observation that ouabain alone
causes cell swelling.

4. Glucose transport and metabolism

The effect of glucose on oxygen consumption by the
rabbit proximal tubule is a good example of the
tightness of coupling between sodium transport and
metabolism in this segment. Gullans et al. [19] inves-
tigated the question of whether the stimulatory
effects of glucose on sodium transport seen in the
perfused kidney [20, 21] are due to a direct metabolic
effect of glucose, or are secondary to co-transport of
glucose and sodium into the cell and subsequent
increased availability of sodium for basolateral ac-
tive extrusion.

Suspensions of rabbit proximal tubules were used.
Oxygen consumption was determined polaro-
graphically, and NADH fluorometrically.

Results showed that removal of glucose from the
suspension decreased oxygen consumption by about
20%, whether or not butyrate was present. Since
butyrate is readily oxidized by renal cortex, the limi-
tation on oxygen consumption with removal of
glucose is not due to decreased availability of ox-
idizable substrate.

Substitution of alpha-methyl glucose for glucose
had no effect on oxygen consumption, with or with-
out butyrate. Oxygen consumption with nystatin was
the same with or without glucose, and in the pre-
sence of ouabain, was low and unaffected by glu-
cose. On the other hand, phloridzin decreased oxy-
gen consumption by 10%, but only in the presence of
glucose or alpha-methyl glucose. Addition of glu-
cose or alpha-methyl glucose resulted in oxidation of
NADH, consistent with an increased activity of the
Na+*,K*-ATPase and an increased rate of oxidative
phosphorylation.

In this study it was concluded [19] that the effect of
glucose on oxygen consumption occurs via increased
sodium entry by co-transport with glucose, which
stimulates the Na* ,K+-ATPase, thereby increasing
ATP hydrolysis. Changes in the ATP/ADP ratio
then activate the mitochondria, oxygen consumption
increases and NADH is oxidized.

This conclusion, that the effect of glucose on oxy-
gen consumption is secondary to glucose, Na* co-
transport, is consistent with the picture of tight coup-
ling of oxidative metabolism to sodium transport in
the proximal tubule described above. However, the
conclusion does not satisfactorily explain observa-
tions on the effect of glucose on net sodium reab-
sorption in the intact kidney. For example, Frega et
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al. [20] found that addition of glucose to the perfu-
sate increased net sodium reabsorption by the iso-
lated, perfused rat kidney. This effect could not be
mimicked by transported but non-metabolized anal-
ogues of glucose, even though the analogues them-
selves did undergo net reabsorption. Furthermore,
both Frega et al. [20] and Gregg et al. [21] calculated
that the observed increase in net sodium reabsorp-
tion upon addition of glucose to the perfused kidney
was too large to be accounted for by sodium-glucose
co-transport.

In the isolated proximal tubule addition of glucose
primarily stimulates sodium uptake and thereby oxy-
gen consumption, but in the intact kidney there are
additional incompletely understood metabolic
effects of glucose on sodium transport and on glo-
merular filtration rate and perfusate flow rate as well
[20, 21]. These effects of glucose in the intact kidney
may occur both in the proximal tubule and some
more distal segments. While experimentation with
an isolated proximal tubule suspension has provided
important insights about coupling of transport to
metabolism, extrapolation of these results to the
intact kidney must be done with caution.

The recent studies with the isolated perfused tu-
bule and proximal tubule suspensions have provided
strong evidence for an extended version of Whit-
tam’s hypothesis that active cation transport sets the
pace of oxidative metabolism in the renal proximal
tubule. These data indicate that changes in sodium
transport rate in this segment are rapidly translated
into changes in oxygen consumption. The absolute
changes in transport rate and oxygen consumption
that occur correspond closely to the changes that
may be predicted on the basis of the stoichiometry of
oxidative phosphorylation in mitochondrial suspen-
sions, and of the stoichiometry of the renal Na*,K*-
ATPase as revealed by the activity of the isolated
enzyme. The quantitative description of metabo-
lism-transport coupling in the proximal tubule which
has derived from these studies represents a major
ddvance in our understanding of renal physiology.

5. Ion transport and oxygen consumption in vivo

Kiil’s group [10, 11] has attempted to examine the
question of coupling of active sodium transport to
oxygen consumption in different nephron segments
by measuring these parameters in the dog kidney in
vivo under the influence of various inhibitors.

Net renal sodium reabsorption and renal oxygen
consumption were measured in dogs receiving a15%
mannitol infusion [10]. To observe the effect of
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changes in sodium transport on oxygen consump-
tion, glomerular filtration rate (GFR) was decreased
in stepwise fashion by gradual aortic constriction.
Observations of sodium transport and oxygen con-
sumption were made at the different levels of GFR
obtained. The ouabain was infused into the renal
artery and the maneuvers repeated, so that the rela-
tionship between net sodium reabsorption and oxy-
gen consumption could be observed before and after
ouabain.

Infusion of hypertonic mannitol by itself reduced
fractional sodium reabsorption to 0.78, so that a
massive natriuresis was established before deter-
mination of the Na*/O, ratio. During stepwise re-
duction of GFR, net sodium reabsorption and oxy-
gen consumption were proportionately reduced, as
expected. By combining these results with those ob-
tained after administration of ouabain, the Na*/O,
ratio for ouabain-sensitive transport was calculated.

Before discussing the ratio observed, some of the
complications in interpretation of these experiments
should be mentioned. The animals had been subject
to extracellular fluid volume expansion combined
with the diuretic effect of mannitol. Net proximal
and loop sodium reabsorption were decreased pre-
sumably due to increased passive sodium backflux
plus the development of a limiting sodium concen-
tration gradient. An increased backflux of sodium
should produce an increased recycling of sodium
between peritubular capillary and lumen in the prox-
imal tubule. Sodium recycling would be expected to
increase oxygen consumption without affecting net
sodium reabsorption, and should thereby decrease
the Na*/O, ratio.

Other complications in interpretation of this kind
of experiment abound. Even in the presence of oua-
bain, fractional sodium reabsorption was 0.46, in-
dicating a sizeable rate of continued sodium trans-
port. The inhibitory effect of ouabain will be exerted
in all portions of the nephron which show Na* ,K*-
ATPase activity, i.e., all segments except the thin
limbs of the loop of Henle [22]. Determination of the
Na*,K*-ATPase activity in cortical and outer me-
dullary homogenates obtained from the kidney at
the end of these experiments showed that ouabain
inhibited the enzyme by 70%. Therefore, the per-
sistent sodium transport during ouabain infusion
probably represents continued activity of the par-
tially inhibited Na*,K+-ATPase.

The observed Na*/O, ratio then represents a mini-
mal value obtained from partial inhibition of Na*,
K*-ATPase activity, averaged for all segments of the
nephron, with variable degrees of recycling of so-
dium perhaps occurring.

Surprisingly, despite the many complications, the
observed Na*/O, ratio was 14.5, very close to the
ratio predicted for isolated proximal tubule suspen-
sions (see above). It seems unlikely that observation
of a stoichiometric ratio so close to the theoretical
value could be coincidental. One conclusion that
seems likely then, is that the underestimation of the
ratio due to purported sodium recycling, as de-
scribed above, cannot be too great.

Observation of a Na*/O, ratio so close to that
obtained in isolated proximal tubules means either
that the net sodium reabsorption in these in vivo
experiments is dominated by proximal tubular func-
tion, or that the Na*/O, ratio is similar in all nephron
segments.

In the face of mannitol diuresis and ouabain ad-
ministration in vivo, it is difficult to estimate the
proportion of the net sodium reabsorption which
could be due to proximal versus loop or distal
nephron function. However, the possibility that
similar Na*/O, ratios may obtain in different
nephron segments is supported by recent observa-
tions of similar values for the Na+/CO, ratio in am-
phibian urinary bladder, an epithelium often used as
a model for distal nephron function (see below).

An attempt to more specifically evaluate the Na*/
O, ratio in the proximal tubule of the dog kidney in
vivo was made by Mathisen et al. [11]. In these ex-
periments, anaesthetized dogs subject to a large vol-
ume expansion were given ethacrynic acid. This di-
uretic was administered to attempt to block NaCl
reabsorption in the loop of Henle.

Under these conditions, net renal Na* reabsorp-
tion and oxygen consumption were measured during
either hypercapnia (increased inspired PCO,) or
hypocapnia (hyperventilation). Plasma bicarbonate
concentration was maintained at a constant level by
bicarbonate infusion. Because ethacrynic acid was
also administered, most of the net sodium reabsorp-
tion occurring in these experiments was thought to
be occurring in the proximal tubule.

Since net renal bicarbonate reabsorption is depen-
dent on arterial PCO,, in these experiments, the
relationship between net Na* reabsorption and oxy-
gen consumption could be determined at various
rates of bicarbonate reabsorption.

Changing bicarbonate reabsorption during hyper-
capnia produced nearly proportional changes in net
sodium reabsorption and small, disproportionate
changes in oxygen consumption. The ratio of the
change in net sodium reabsorption to the change in
oxygen consumption was ~54. However, if only
changes in sodium bicarbonate reabsorption were
considered, the NaHCO,/O, ratio was 18-20.



Mathisen et al. (11) interpreted their data to mean
that the NaHCO,/O, ratio reflects primarily proxi-
mal tubular active NaHCO, transport dependent on
the activity of the Na* K+*ATPase. Proximal
NaHCO; reapsorption is dependent primarily on the
Na*,H* antiport, and the energy for this antiport
ultimately derives from the Na* K+-ATPase. The
similarity in value of the NaHCO,/O, ratio to the
Na*/O, ratios observed in isolated proximal tubules
certainly supports this conclusion. Mathisen et al.
then speculate that the osmotic force generated by
active reabsorption of each mole of NaHCO, is suf-
ficient to cause passive, paracellular reabsorption of
two moles of NaCl in the proximal tubule. This
hypothesis would account for the observation that
the Nat/O, ratio was 50-54, approximately three
times greater than the NaHCO,/O, ratio. In other
words according to Mathisen et al. , approximately Y/,
of the reabsorbed sodium is transported actively via
the Na* ,K+-ATPase and two thirds passively.

Although these data are internally consistent, they
are difficult to reconcile with other observations.
Even assuming that virtually all of the sodium reab-
sorption occurring in Mathisen et al.’s experiments
[11] is in the proximal tubule, there are other modes
to account for active sodium reabsorption in this
segment besides NaHCO, reabsorption.

Co-transport of sodium with organic solutes will
account for a small proportion of the Na*,K+-AT-
Pase dependent net sodium reabsorption in the prox-
imal tubule. However, given the relatively low con-
centration of organic solutes in the glomerular fil-
trate, further diluted by the large volume expansion
in these experiments, the amount of sodium trans-
ported in association with these organic solutes may
have been too small to detect.

There is direct evidence from isolated perfused
tubule studies for the existence of simple, active Na*
transport independent of H* secretion (bicarbonate
reabsorption) or organic solutes, in proximal straight
[23] and perhaps, in proximal convoluted tubules
[24] which should contribute to proximal Na* reab-
sorption in vivo. In fact, in a recent review, Berry
and Rector [24] estimated that about 80% of the
sodium reabsorption in the proximal tubule occurs
by active transport by all modes [24]. Many of the
studies cited in this review were carried out in iso-
lated rabbit proximal tubules, or using the rat
kidney.

The estimate by Mathisen et al. [11] that only !/, of
proximal sodium reabsorption in the dog kidney is
active could perhaps be due in part to a species
difference. In addition, the unusual conditions of
Mathisen et al.’s experiments could have resulted in
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exaggeration of the relative contribution of the
Na*,H* antiport to net sodium reabsorption while
perhaps minimizing the detectable contribution of
other sodium transport processes.

In any case, these in vivo studies both lend some
support to the hypothesis that there is a close coup-
ling between active sodium transport and oxidative
metabolism in the proximal tubule, and illustrate
both the need for, and the difficulty of studying renal
sodium transport and metabolism in vivo.

6. Na*/O, ratios in the toad bladder

As mentioned above, Nat*/O, ratios near 15 have
been found recently in the toad urinary bladder in
vitro, during continuous measurement of metabolic
CO, production with spontaneous [12] or induced
[13] changes in active sodium transport. Assuming a
respiratory quotient of 1.00, a Na*/CO, ratio has the
same significance as a Na*/O, ratio. Demonstration
of Na*/O, ratios of 15-18 in the toad bladder [12]
suggests a tight coupling between oxidative metabo-
lism and ion transport in this preparation as in the
proximal tubule. Additionally, to the extent that the
toad bladder represents a model for distal nephron
function, the similarity of the Na*/O, and Na*/CO,
ratios suggests that the same fundamental stoichio-
metry between oxidative metabolism and Na* K*-
ATPase dependent active transport may obtain in
various nephron segments. Of course, given the dif-
ferences in mechanisms of ion transport and in the
net electrochemical gradients opposing transport in
different nephron segments, this tentative con-
clusion awaits extensive experimental verification.

7. Summary

Recent studies have provided a detailed description
of the relationship between active ion transport and
oxidative metabolism in the renal proximal tubule.
Strong evidence has been provided that there is a
tight coupling between mitochondrial oxidative
ATP generation and ATP utilization by the Na* ,K*-
ATPase responsible for active ion transport. The
rate of hydrolysis of ATP by the Na*,K*-ATPase
sets the cellular ATP/ADP ratio, and this ratio in
turn determines the rate of mitochondrial oxygen
consumption. Since the ATP content of proximal
tubular cells is small compared to the rate of ATP
turnover via the Na*,K+-ATPase, changes in ion
transport very rapidly (within seconds) induce ap-
propriate changes in the oxygen consumption rate.
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At least in the proximal tubule, it appears that all of
the active sodium transport is energized by oxidative
metabolism. This mechanism accounts for the inter-
dependence of oxygen consumption and ion trans-
port in this nephron segment.

Questions that remain to be answered include: is
the fundamental stoichiometry of transport and me-
tabolism quartitatively similar in different nephron
segments? How do changes in the electrochemical
gradient opposing transport affect the stoichiometric
ratio? How are organic anion and cation secretion
energized? How is H* secretion in the distal nephron
energized? How can the conclusions described in
this chapter, based largely on in vitro studies, be
reconciled with sometimes contradictory con-
clusions from in vivo studies?
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CHAPTER 8

Immunologic aspects of renal transplantation

DAVID SENITZER

1." Introduction

Renal transplantation has been accepted as therapy
for end-stage renal failure. However, over the last
ten years renal graft survival has not really im-
proved. Recently, major advances in the immuno-
genetics of rejection and new modes of therapy sug-
gest that we may be on the threshold of a significant
breakthrough in renal transplantation.

Itis nearly a quarter of a century ago since the first
clinical organ-grafting experiments were done. Mor-
bidity and mortality among renal transplant recip-
ients have declined sharply. Patient mortality within
the first year posttransplant, during which most
deaths occur, is at present less than 5% in most
transplant centers. Graft survival at one year re-
mains approximately 70-90% for living-related do-
nor and 40-60% for cadaveric renal transplants.
These levels of patient and graft survival have been
achieved due, in large part, to less vigorous immu-
nosuppressive therapy and sacrifice of the kidney to
rejection rather than the recipient’s life to fatal infec-
tions.

Immunologic rejection has been and still is the
major stumbling block to the survival of renal trans-
plants. There are two ways by which immunologic
rejection can be diminished or controlled. Deter-
mining the best biologic match between donor and
recipient pretransplantation would preclude en-
countering problems of rejection posttransplanta-
tion. There is some difficulty in finding good
matches between unrelated individuals. The major
histocompatibility complex (MHC) of humans (the
HLA system) has been identified, and matching for
the HLA system plays a significant role in allograft
survival when donor and recipient are siblings. How-
ever, the HLA system is highly polymorphic, making
the discovery of unrelated individuals who share one
or more HLA haplotypes difficult at best. That
HLA-A and HLA-B matching does improve kidney
allograft survival has been grudgingly accepted.

Recently, several factors other than HLA-A and
HLA-B matching alone have been recognized as
significantly influencing kidney allograft survival.
We will divide these into pretransplantation and
posttransplantation for purposes of discussion. Pre-
transplant blood transfusion and HLA-DR matching
have a beneficial effect on kidney allograft survival.
This constitutes the pretransplant approach to en-
hanced kidney allograft function. The second ap-
proach would be to develop the ability to diagnose
rejection at an early stage before renal function is
impaired and implement more rational protocols of
immunosuppression for reversing or preventing the
injury caused by the immune response.

That lymphocytes consist of a heterogeneous
group of subpopulations has been recognized by the
discovery of differential expression of cell surface
antigens on lymphoid cells. In addition, a close cor-
relation between the expression of these antigens
and the functional capabilities of cells bearing these
antigens has been found. Hybridoma technology,
together with the analytical and separation capabili-
ties of fluorescence-activated cell sorting has re-
sulted in the classification of lymphocytes into de-
fined subsets. The survival or destruction of a kidney
allograft depends upon the interactions between
effector lymphocyte subsets and regulatory lympho-
cyte subsets. Our knowledge of these interactions
has enabled a more rational approach toward man-
aging the renal allograft recipient. Two of the more
promising approaches to posttransplant manage-
ment of immunologic rejection are the monitoring of
lymphocyte subsets and the use of immunosuppres-
sive agents designed to interfere with the subset
interaction necessary to generate an immunologic
response.

L.J.A. DiDio and P.M. Motta (eds), Basic, Clinical, and Surgical Nephrology. ISBN 0-89838-689-5.
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2. Pretransplantation
2.1. Transfusions

Transfusions for symptomatic relief of anemia in
patients with chronic renal failure were fairly com-
mon until 1966. In 1966 two cases of hyperacute
rejection were attributed to the presence of lympho-
cytotoxic antibodies in the pretransplantation serum
of the recipients [1]. The widespread adoption of
restrictive blood transfusion policies for transplant
candidates did not produce the desired effect of
increasing allograft survival. In fact many studies
demonstrated that recipients who received pre-
transplant transfusions had as much as a 40% higher
allograft survival rate than that of recipients who
were not transfused [2, 3]. Figure 1 depicts the results
from an international collaborative effort to deter-
mine the effect of pretransplant blood transfusion on
renal allograft survival.

Immunologic responses to red cell transfusions are
not yet clearly defined. Antibody responses to HLA
antigens does occur since these antigens are found in
lymphocytes, granulocytes, and platelets, all of
which are contained in whole blood, red blood cells,

and even white blood cell poor blood transfusions.
The role of these antibodies in precluding transplan-
tation or in affecting allograft survival are critical
considerations.

Microlymphocytotoxicity tests employed for the
detection of antibodies have yielded somewhat con-
fusing results. There were reports that lympho-
cytotoxic antibodies were [4, 5] and were not [6, 7, 8]
adversely affecting allograft survival. However, all
studies did not employ the same methodology. The
variables are numerous and have been demonstrated
to be important in distinguishing different types of
lymphocytotoxic antibodies and their effect on renal
allograft survival. Furthermore, the sensitivity of the
final donor lymphocyte crossmatch technique can
affect the determination of the presence or absence
of irrelevent antibodies.

The presence of antibodies may or may not be
deleterious. Most will agree that the presence of
antibodies reactive with T cells at 37°C are a con-
traindication to transplantation. Antibodies to B
cells that react at 4° C may enhance graft survival [9]
while warm (37° C) B cell reactive antibody may be
harmful [8, 10]. Table 1 summarizes these results. In
addition, it has been demonstrated that the anti-
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Table 1. Antibodies that may be elecited by blood transfusion and
their effect on kidney grafts.

Effect on
graft

Type of antibody Temperature

of reactivity

Reactive with T cells 37°C Destructive
4°C Destructive
Reactive with B cells 37°C Destructive
4°C Enhancing?

bodies induced by transfusion appear and disappear
within the same patient in an unpredictable manner.
Testing sera at different times in an individual pa-
tient is likely to produce widely different results. It is
interesting to note that lymphocytotoxic antibodies
detected after transplantation seem to fluctuate less
often than those elicited by transfusion [11].

The rate of exclusion from transplantation due to
sensitization resulting from transfusions has been a
legitimate concern. Sensitization rates of as high as
50% were expected in multiply transfused patients.
Opelz et al. |12] found that after 10 transfusions,
fewer than 16% of patients had lymphocytotoxic
antibodies against more than 90% of a 30 cell panel.
It would be reasonable to conclude from these data
that the danger of sensitizing large numbers of trans-
plant candidates is minimal. This is especially true
when compared with the increases in graft survival
that are obtained in multiply transfused recipients.

The concept of using donor-specific transfusions
(DST) arose from the difficulty in obtaining good
graft survival in patients with a one-haplotype
matched living related donor. Such donors may also
produce a strong mixed lymphocyte culture (MLC)
respone. Seventy percent of patients who underwent
DST prior to transplantation received a renal al-
lograft from their blood donors. However, in pa-
tients who had already rejected a previous trans-
plant, the sensitization rate was about 70%. Sensi-
tization was defined as having either warm T and/or
warm B cell antibody cytotoxic for blood donor lym-
phocytes [13, 14]. Graft survival was significantly
enhanced (about 30% at 12 months posttransplant)
in those patients who received the graft from the
planned donor [15].

There are several possible mechanisms to explain
the results achieved with either random or donor-
specific transfusion therapy. Simple selection is an
easily recognized explanation. Renal transplanta-
tion is never performed when there is a positive
crossmatch (donor specific lymphocytotoxic anti-
body). Blood transfusions, by eliciting such anti-
bodies, select out those who synthesize donor-spe-
cific antibody from receiving a renal allograft that
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they would have rejected. The induction of specific
unresponsiveness to the antigens presented in trans-
fusion can also be theorized. Induction of unrespon-
siveness by activation of suppressor T cells by blood
transfusions has been reported [16, 17]. Yet another
possible explanation was presented by Dr. Terasaki
at the 1983 annual meeting of the Transplantation
Society of Michigan. The usual protocol of immu-
nosuppressive therapy is to start with a high dose of
immunosuppressive drug at the time of transplanta-
tion and gradually decrease the dose of the immu-
nosuppressive drug with time. A transfused recip-
ient who would mount a secondary immune re-
sponse, but would do so at a time when the dose of
immunosuppressive drug is high. Thus, a rejection
response would be rendered difficult. In an unsen-
sitized recipient, rejection would occur via a primary
immune response; i.e. somewhat later than that ex-
pected for a secondary response. The primary re-
sponse would therefore occur at a time when a lower
dose of immunosuppressive is being administered.
The immune response would be better able to over-
come the lower dose of immunosuppressive drug
and cause more graft injury. These relationships are
shown in Figure 2. Thus, the explanation of the
transfusion effect on graft survival could very likely
be the result of the immunosuppressive drug pro-
tocol adhered to by most transplant centers. Resolu-
tion of the mechanism(s) involved in the enhancing
effect of blood transfusions on renal allograft sur-
vival must await further research.

2.2. DR matching

Serologic determination of histocompatibility anti-
gens led to the application of leucocyte typing for
matching donors and recipients of renal transplants.
Two series of MHC antigens in man (HLA) were
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Fig. 2. Correlation of amount of immunosuppressive drug with
time of secondary (2°) and primary (1°) immunologic response.
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initially shown to be controlled by two loci on chro-
mosome 6 (HLA-A and HLA-B). Extensive studies
of matching for HLA in both living related and in
cadaver transplantation were performed in an effort
to enhance kidney graft survival.

Family genotyping for HLA allows a precise de-
termination of HLA identity of a recipient and po-
tential donor. The success of intrafamilial kidney
grafts correlate with the genetic similarity in HLA
between donor and recipient. In contrast, cadaveric
kidney transplantation began to show little correla-
tion. The consensus reached was that grafts well
matched for HLA-A and HLA-B showed about a
10% better graft survival at one year than poorly
matched grafts.

Recently, it was recognized that reactivity of
lymphocytes from two different individuals in vitro
(MLC) was not determined by differences in
HLA-A and HLA-B between the cell donors, but by
differences at a separate locus with the MHC, sub-
sequently named HLA-D. The strong response
often seen in MLC between cells identical for
HLA-A and HLA-B could now be attributed to
disparity of HLA-D. In addition, the MLC resulted
in the production of cytotoxic T lymphocytes di-
rected against the cells which stimulated the re-
sponding population in the first place. Obviously this
seemed to be an in vitro model of immunologic
rejection. These results quickly led to the use of the
MLC for selecting donor and recipient and for pre-
dicting the outcome of cadaveric kidney transplanta-
tion, but with confusing results.

Homozygous typing cells, in one way MLC, were
used to define a number of HLA-D determinants.
Antisera were soon developed that were either de-
tecting the same HLA-D determinants or very
closely linked antigens, hence their being called
HLA-DR (D related) antigens [18]. HLA-D typing
for kidney transplantation with homozygous typing
cells has not been widespread because results of the
test can not be obtained prospectively in cadaveric
kidney donor transplants. Serologic recognition of
HLA-DR antigens is believed to represent a good
approximation of the same HLA-D antigen.

If the MLC is accepted as an in vitro model for
compatibility it is clear why matching for HLA-DR
is conceptually pleasing. HLA-DR matching is di-
rected at the induction phase of the immune re-
sponse, whereas matching for HLA-A and HLA-B
is directed at the effector arm of the immune re-
sponse to the kidney graft. This is the rationale for
the studies undertaken to determine the effects of
HLA-DR matching on renal allograft survival.

In single-center analyses of the influence of HLA-

DR matching on renal allograft survival the results
have been encouraging. An improvement of 15% in
graft survival at 12 months was reported by Morris
and Ting [19] in transplants with 0 HLA-DR incom-
patibilities compared to those with 2 HLA-DR in-
compatibilities. Similar improvements in kidney
graft survival have been reported by many transplant
centers [20]. HLA-DR matching can significantly
improve the survival of cadaveric kidney transplants,
even in multiply transfused recipients [21].
International studies, unfortunately, have not
confirmed the results from single-center analyses
[22]. There was no correlation of kidney graft sur-
vival with the number of HLA antigens mismatched
or shared between recipient and donor at the
HLA-A and HLA-B loci or at the HLA-DR locus in
first transplants. In second transplants HLA-DR
matching was significantly correlated with kidney
graft survival; there was as much as a 30% improve-
ment in 0 HLA-DR mismatched transplants com-
pared with 2 HLA-DR mismatched transplants.

3. Posttransplantation
3.1. Introduction

Humoral as well as cellular immunologic mecha-
nisms have been demonstrated in the pathogenesis
of renal allograft rejection [23, 24]. Matching for the
MHC antigens HLA-A, HLA-B, and HLA-DR has
increased allograft survival somewhat. In addition,
the widespread use of deliberate blood transfusions
prior to transplantation has contributed to better
graft survival. Nevertheless, the central obstacle to
successful kidney transplantation remains even to-
day, that of immunologic rejection.

Improved graft survival could be achieved if
therapeutic protocols were designed to provide
effective immunosuppression with only minimal
compromise of the recipient’s ability to protect
against infections. Such protocols would have to
precisely regulate the immune response based on
data regarding the current state of responsiveness of
the recipient. New technologies coupled with a bet-
ter understanding of immunologic responses have
shown a great deal of promise in realizing this goal.

This section shall deal with the emerging use of
monoclonal antibodies to monitor immunologic re-
sponsiveness and as immunosuppressive modalities
in the treatment of graft rejection. In order to ac-
complish these goals we will first briefly discuss the
interactions among lymphocytes that result in an
immunologic response, the monoclonal antibodies



used in identifying lymphocyte subpopulations, and
flow cytometry which is used in the high speed quan-
titation of these cells.

3.2. Lymphocyte interactions

The human immune response is a very complex sys-
tem involving many different cell types interacting in
a highly regulated fashion. Initiation of the immu-
nologic response begins with the introduction of
antigen, and results in the synthesis of specific anti-
body molecules and in the generation of ‘effector’
lymphocytes specific for the stimulating antigen. The
central steps in this process are activation of com-
petent lymphocytes, proliferation and differentia-
tion of these cells, and the regulation of these pro-
cesses. We will deal primarily with the latter.

In the normal immune response the antigen is
bound to the surface of adherent cells which are
usually macrophages. The macrophages bearing the
antigen then present the antigen to the T lympho-
cytes capable of producing lymphokines, helper T
lymphocytes, and proliferating T lymphocytes. The
suppressor T lymphocytes seem to be capable of
recognizing free (soluble) antigen. Although sup-
pressor T lymphocytes may not require cellular in-
teractions for their priming, their functions are en-
tirely dependent on such interactions.

Suppressor cells function to diminish or even pre-
vent antibody synthesis by B lymphocytes and to
limit the generation of effector T lymphocytes. They
are able to accomplish these functions by interacting
with other T cells, either by direct cell-cell contact or
through the production of soluble factors that inhibit
the positive functions of helper and regulator T cells.
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There is now convincing evidence that suppressor
cells participate in both positive and negative ‘feed-
back’ loops. Thus, even suppressor cells are them-
selves highly regulated.

3.3. Monoclonal antibodies

The production of monoclonal antibodies specific
for T cell subpopulations has initiated a new era in
the evaluation of T cell subsets in a variety of experi-
mental and clinical settings. In the recent past, the E
rosette (sheep red blood cell binding) test and its
variants, anti-T cell xenoantisera and the Ty and Ty
have allowed for the quantitative evaluation of T
cells. Correlation of functions with these methods
was very poor. Many investigations were based upon
the evaluation of data from stimulation of cultured
lymphocytes with mitogens, soluble antigens, or al-
loantigens, as well as the cell-mediated cytotoxicity
assay and the study of helper and suppressor cells
after conconaval in A or pokeweed mitogen activa-
tion. These methods are very cuambersome and diffi-
cult to employ on the large scale required for human
studies.

The development of monoclonal antibodies spe-
cific for functionally distinct subsets of human lym-
phocytes has allowed for the analysis of the immune
response [25]. The E rosette test may soon be aban-
doned. However, the other cellular assays men-
tioned above will no doubt remain essential for de-
termination of the relationship between surface
antigen and cellular function. Table 2 is a listing of
some of the more useful monoclonal antibodies.

Monoclonal antibodies that identify T cells in gen-
eral include the OKT1, OKT3[26], OKT11A [28],

Table 2. Selected monoclonal antibodies to human leucocyte subpopulations.

Name Class T cell B Cell Monocyte NK Ref
Helper Suppressor  Cytotoxic
OKTI IgG1 + + + (CLL) - 26
Leul I1gG2a + + + (CLL) - 27
OKT3 IgG2a + + + - - - 26
Leu4 + + + - - - 27
OKTI11A IgG2 + + + - - + 28
OKT4 IgG2b + - - - - - 26
Leu3a IgG1 + - - - - 27
OKTS8 IgG2a - + + - - - 29
OKTS5 IgG1 - + + - - - 30
Leu2a IgG1 - + + - - 27
OKM1 I1gG2b - - - - + + 31
OKIal IgG2 —* —* = + + 32
HNK1 IgM - - - - - + 33

* not detectable unless activated.
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Leul [27], and Leu4 [27] antibodies. It is worth men-
tioning that different monoclonal antibodies recog-
nizing the same cell type may not be reacting with the
same cell surface molecule or even the same anti-
genic determinant on a single molecule. Therefore,
one should not assume that subset antibodies are
interchangeable. The helper subset is recognized by
the OKT4[26] and Leu3a [27] antibodies. Note that
the suppressor and cytotoxic subsets are not separa-
ble, both are identified by OKT8 [29], OKTS5 [30],
and Leu2a [27]. Monocytes are detected by OKMI
[31], which also reacts somewhat with human Natu-
ral Killer (NK) cells. The antibody HNK1 has been
reported to react with NK cells exclusively [33].
OKIal detects an antigen on resting B cells, some
monocytes, and on activated T cells, not resting T
cells [32].

3.4. Flow cytometry

Recently there has been a great deal of interest in the
application of flow cytometry to the analysis of im-
munologic responsiveness in a variety of patients. In
this subsection we will discuss what flow cytometry
is, and then in the next section how it and the mono-
clonal antibodies have been applied to human
kidney transplantation.

3.4.1. Basic concepts

The basic concept of flow cytometry depends upon
the ability to move cells single file through a light
beam and measure the fluorescence emitted by indi-
vidual cells. Scattered light from the beam can also
be simultaneously measured. Modern flow cytome-
try uses a laser light source because of it locally high
intensity. Fluorescein is the most commonly used
dye for attachment to monoclonal antibodies, and
therefore an argon ion laser set at a wavelength of
488nm is an excellent choice. The emitted fluor-
escent and scattered light is detected by photo-
multiplier tubes appropriately placed around the de-
tection chamber (Fig. 3).

The laser beam is focused on the cells as they flow
single file in a narrow sheath of fluid. Particles (cells)
passing through the laser beam scatter the light in all
directions. Light scattered in the forward directions,
with respect to the laser beam, can be correlated
with size of the cells passing through the laser beam.

The emitted fluorescence is detected at 90° to the
laser path. Scattered laser light is excluded from
detection by a filter which only allows light of wave-
lengths longer than 488nm to pass to a photo-
multiplier tube, i.e. only the scattered fluorescent
light is detected by the photomultiplier tube.
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Fig. 3. Schematic diagram of the optical system of a flow cyto-
meter.

A third signal that can be detected is laser light
scattered at 90° from the laser. A third photo-
multiplier tube detects this 90° scattered laser light
after filters have removed the emitted fluorescent
light. This signal has a good correlation with the
surface and interior complexity of the cells being
analysed. Cells with an abundance of granules (e.g.
neutrophils) will scatter the laser light in the 90°
direction much more so than cells of similar size but
with few granules.

These three light signals are transformed into elec-
trical pulses, amplified, and converted into a digital
signal for computer analysis and storage. The results
are stored as a histogram, which displays the number
of cells counted with a given amount of fluorescence
(Fig. 4). Data can be acquired at the rate of 300,000
cells per minute.

3.4.2. Gating

One powerful feature of the modern flow cytometer
is its ability to correlate several signals simul-
taneously. A selected or ‘gated’ population of cells
can be defined based on their light scatter signals.
The fluorescence emitted by this gated population
can be separately analysed. If one wanted to mea-
sure the fluorescence of a lymphocyte population,
one would record only the fluorescence signals from
the cells with the lower range of light scatter while
ignoring those from all other cells. The gates are
selected by a two dimensional plot of forward and 90°
scatter for each cell, such as the one shown in Figure
5.

Analysis of peripheral blood buffy coat cells gives
four discrete clusters of cells separated on the basis
of their forward and 90° light scatter (Fig. 5). These
clusters have been identified as debris (red cell
ghosts, platelets), lymphocytes, monocytes, and
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Fig. 4. Fluorescence histogram of lymphocytes stained with an
anti-mouse IgG antibody (A) and a monoclonal antibody OKT3
(B). Cell number is plotted on the vertical axis, fluorescence
intensity in linear fluorescence units on the horizontal axis.

neutrophils [34]. Thus, the direct analysis of lympho-
cytes in buffy coat or even whole blood can be ac-
complished without a Ficoll-hypaque separation
step, which would be a saving of time and cells.

3.4.3. Sensitivity

The level of sensitivity reached by flow cytometers is
beyond that of fluorescence microscopes. Approx-
imately 3,000 molecules per cell can be detected.
This is equivalent to 0.4 femtograms (4 X 10~ gm)
of antibody (at a F/P ratio of 2), a level that is also
beyond most radioimmunoassays [35]. This means
that a population of positive cells that are 1% of the
total population can be reliably detected. In ad-
dition, there are the advantages of objectivity and a
marked (10-100 fold) increase in the number of cells
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Fig. 5. Two parameter histogram of 90° light scatter (horizontal
axis) vs forward angle light scatter (vertical axis) of peripheral
blood buffy coat cells. Each dot represents one or more cells. L,
lymphocytes; M, monocytes; N, neutrophils; D, red blood cell
ghosts, platelets, debris.

counted (rate of analysis at 1-3,000 cells per second)
compared with fluorescence microscopy. Results
from different groups of patients can be compared
with greater statistical accuracy.

3.4.4. Lymphocyte subset analysis

One of the most useful applications of flow cytome-
try is the analysis of lymphocyte subsets. To obtain
this kind of data mononuclear cells may be obtained
as a whole blood, buffy coat, or Ficoll-hypaque pu-
rified preparation. The cells are incubated at 4°C in
the presence of the desired monoclonal antibody,
which binds to the specific lymphocyte subset [36].
After an incubation period to allow binding of the
monoclonal antibody to the subset of cells to be
analysed, the cells are washed to remove exces
monoclonal antibody. The cells are then exposed to
a second antibody which is a fluorescein conjugated
anti-mouse antibody. Let us say we are trying to
evaluate the number of helper cells, then the mono-
clonal antibody of choice would be OKT4 or Leu3a
(binds only to helper cells). The second antibody
would bind all cells having OKT4 or Leu3a bound,
and would render all the helper cells fluorescent as
measured in the fluorescence microscope. However,
due to the tediousness and subjectivity of micro-
scopic evaluation it is easier and more accurate to
analyze the cell preparation by flow cytometry.
Analysis of a sample from a patient is shown in
Figure 6. This is a three dimensional histogram
which depicts the log fluorescence intensity on the X
axis and the light scatter intensity on the Y axis. The
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cell number is on the Z axis which extends out of the
plane of the paper.

The next step is to determine the percentage of
helper (OKT4 or Leu3a positive) cells in the total
population. In order to accomplish this the operator
merely integrates the number of cells in the peak
containing the lymphocytes and divides by the total
number of cells analyzed (see Fig. 6). This kind of
analysis can be run quite easily with a great deal of
precision using a flow cytometer.

3.5. T subset monitoring

Interactions between immunologic effector and sup-
pressor mechanisms ultimately determine the out-
come of kidney transplantation. There is general
agreement that cytotoxic T cells, helper T cells,
especially those producing interleukin-2, and macro-
phages activated by lymphokines are responsible for
graft destruction, while suppressor T cells and anti-
idiotypic immunization play protective roles. Immu-
nosuppressive therapy is not antigen-specific, and
certainly leads to increased risk of infection, and
possibly neoplasia. The immunologic events occur-
ring after kidney transpantation remain poorly
characterized. In addition, the precise effect of may
immunosuppressive agents on these events is still a
matter of intense investigation.

In those recipients with good graft survival in-
duced by nonspecific immunosuppression one can
only speculate on the mechanism of specific unre-
sponsiveness responsible. In view of the number of
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Fig. 6. Two parameter histogram of log integrated green fluor-
escence (horizontal axis) vs forward angle light scatter (vertical
axis). Each dot represents one or more cells. L, lymphocytes
staining with OKT3; N, autofluorescing neutrophils; D, red blood
cells ghosts, platelets, debris.

such poorly defined factors, the notion of in vitro
monitoring of the immunologic status of kidney graft
recipients, suggests a very complex undertaking. In
fact, the investigation of cytotoxic T cells in graft
recipients has proved to be disappointing [37]. Only
isolated reports have reported success in the search
for blocking factors or suppressor T cells [38, 39].
Evaluation of lymphocyte subsets by E rosette tests
has not proven to be a reliable parameter of rejec-
tion [40]. Finally, despite the enormous gain in basic
knowledge about allograft immunity, most trans-
plant centers still rely excessively upon the clinical
signs and symptoms of kidney failure to establish the
diagnosis of rejection.

3.5.1. Results of monitoring immunologic status

In normal individuals the percentage of OKT4-posi-
tive (helper) cells is twice that of the percentage of
OKT8-positive (suppressor-cytotoxic T) cells. The
sum of these two subsets usually will equal the per-
centage of OKT3-positive cells.

Cosimi et al. [41] sequentially monitored 24 recip-
ients of HLA-nonidentical kidney grafts. They eval-
uated 16 rejection episodes in these patients. The
number of OKT3-positive cells and the ratio of
OKT#4 to OKTS were found to correlate with a high
probability of allograft rejection. Nine of 11 patients
in whom the OKT4/OKTS ratio was greater than 1.3
experienced acute rejection during the first six
weeks posttransplantation. The diagnosis of rejec-
tion was reached in only two of the 11 patients with a
low OKT4/OKTS8 ratio, due to high proportion of
OKTS8-positive cells. All of these patients received
immunosuppressive therapy of azathioprine and
prednisone with (15 patients) or without (9 patients)
anti-thymocyte globulin (ATG).

It is quite interesting to note there is a clear cor-
relation of the OKT4/OKTS ratio at the onset of
clinical rejection and the irreversibility of injury to
the graft [42]. In those patients who experienced the
onset of clinical rejection with an OKT4/OKTS ratio
>1.0, 93% were reversible. However, if the OKT4/
OKT8 ratio was <1.0 only 22% were reversible. Our
experience at MCO confirms and extends the cor-
relation of the OKT4/OKTS8 ratio and the rever-
sibility of rejection. As can be seen in Figure 7 the
OKT4/OKTS ratio is responsive to standard pulse
therapy for rejection with Solumedrol. We found
that the numerical value of the OKT4/OKTS ratio is
not as valuable as reported by others, but that a
change in the ratio is significant. It is important to
realize that we monitor the T cell subsets on a daily
basis beginning with the day of transplant, unlike
that of many others who perform T subset analysis
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Fig. 7. Clinical course of renal allograft recipient whose T lymphocytes were monitored on a daily basis. OKT4/OKTS8 ratio decreased

with pulse therapy. but rebounded one or two days later.

every 2 or 3 days or even once per week. On the days
Solumedrol was administered the ratio declined
sharply, and then it began to recover usually the very
next day. The ratio continued to increase until an-
other dose of Solumedrol or ATG therapy was in-
stituted. This pattern of recovery of the OKT4/
OKTS ratio following pulse therapy is indicative of
the failure of the pulse therapy.

A point worth mentioning is that the OKT4/OKT8
ratio often begins to rise before clinical signs of
rejection appear and before the serum creatinine
levels increase. This pattern is more easily seen in
Figure 8. It can be seen that the OKT4/OKTS ratio
increases from as much as 1 to 2 days before serum
creatinine levels rise. Others have reported similar
increases in the ratio by as much as 5 days preceeding
diagnosis of rejection [43]. This relationship has not
been observed in every instance of rejection, and
increases in OKT4/OKTS8 ratio may not precede re-
jection in any given individual patient [44, 45].
Therefore, the interpretation of the T subset ratio
must be made with caution.

In patients being treated with low dose cortico-
steroids and azathioprine the OKT4/OKTS8 ratios
are sensitive indicators of the success or failure of
subsequent treatment for rejection. It has been re-
ported [46] that OKT4/OKTS8 ratios >1.6 before the

start of rejection therapy correlated with reversible
rejection episodes and that OKT4/OKT8 ratios <1.6
correlated with irreversible rejection. In our experi-
ence to date, the numerical value of the OKT4/
OKTS ratio is not as important as whether or not
there is decrease in the ratio after administration of
rejection therapy or a rebound in the ratio once
therapy is discontinued.

There are several explanations for the variety of
results one finds in the current literature. One of the
first is the effect of nonlymphoid cells on the inter-
pretation of the results. The percentages of mono-
clonal antibody positive cells would be greatly af-
fected by contaminating nonlymphoid cells. This
problem can be alleviated by ensuring the purity of
the cell preparations and by better standards of gat-
ing durng flow cytometric analysis.

A second more serious problem is that of the
doubly labelled cell. In peripheral blood from nor-
mal volunteers there is no overlap between OKT4
and OKTS cells. Thus, the use of the OKT4/OKT8
ratio is a valid measure of the balance between the
helper/suppressor cytotoxic subsets. In kidney graft
recipients on immunosuppressive therapy the pre-
sence of doubly labelled cells (OKT4 and OKT8
positive) makes the interpretation of the ratio diffi-
cult [47]. The immunologic significance and their
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Fig. 8. Correlation of OKT4/OKTS ratio with serum creatinine levels. Same patient as in Fig. 7. Increases in creatinine level usually was
accompanied or preceded by a rise in the OKT4/OKTS ratios (days 22, 27, 29).

correlation with particular clinical events is specula-
tive. A suggested solution is simply to ignore the
results when such doubly labelled cells are encoun-
tered.

3.6. Treatment with monoclonal antibody

The rationale behind the use of monoclonal antibody
against T cell subsets is derived from the desire to
better regulate the immune response of transplant
recipients. As we have previously discussed, the
regulation of immunologic responsiveness lies at the
level of interaction of effector and regulatory sub-
populations of lymphocytes. Renal allograft rejec-
tion involves both humoral and cellular immunologic
mechanisms. It has been shown that the cells infil-
trating a graft undergoing rejection are predomi-
nantly T cells (41), the majority of which were, in one
report, OKT8 positive (48).

Currently used immunosuppressive agents result
in nonspecific suppression of the recipient’s immune
system. The availability of monoclonal antibody spe-
cific for human T cell subsets makes it possible to
suppress selected subsets rather than the entire pop-
ulation of proliferating cell types. One of the first
human studies employed OKT3 antibody rather

than antibody specific for a subset of T cells (49).
This antibody was chosen to ensure that adequate
immunosuppression would be obtained (Fig. 9). It
was employed for the treatment of acute rejection.
The most encouraging result was the initial reversal
in all cases of the established rejection episode with-
out the use of any other therapy than the OKT3
antibody and despite the continued reduction of the
dose of steroid. ATG is often used to treat rejection
but patients have developed antibody against the
horse proteins contained in the ATG. It should be
noted the dose of OKT3 antibody (17 to 56 mg total)
was much lower than that of ATG (50 to 100 mg/
kg/day). The rate of sensitization to the monoclonal
antibody protein should be much less compared to
the rate for ATG. Use of the monoclonal antibodies
for rejection therapy would produce less of a prob-
lem of hypersensitivity reactions.

A recent study employed monoclonal OKT12 anti-
body for treatment of acute rejection [50]. OKTI12
antibody reacts with all postthymic T cells. The re-
sults suggest that OKT12 is of use in the treatment of
cellular rejection, but is not effective when humoral
mechanisms have caused significant vascular
damage.

Together these studies have demonstrated the



Fig. 9. Histopathological picture of renal allograft biopsies before
(left) and after (right) OKT3 monoclonal antibody therapy. Al-
most complete disapppearance of interstitial mononuclear infil-
trate and reversal of endothelial damage was noted after treat-
ment. Cosimi et al., Transpl. 1981 (with permission).

safety of therapy with monoclonal antibodies. Fur-
thermore, they both reported favorable results with
such therapy. The treatment of acute renal allograft
rejection with more specific monoclonal antibodies
can now be anticipated with the hope for ever in-
creasing Success.

4. Summary

During the last 10 years, several concepts have had a
significant impact on renal allograft transplantation.
We have discussed several of these in relation to the
timing of transplantation, i.e. pre- and posttrans-
plantation. Pretransplantation, the two concepts
have been multiple blood transfusions and HLA-DR
matching.

Blood transfusion has a beneficial effect on renal
allograft survival in one haplotype matching living
related donors, and especially on cadaveric graft
survival. There is no general agreement on the influ-
ence of different variables such as the exact number
of blood transfusions, composition of the transfu-
sate, and the time interval between transfusion and
transplantation. In addition the mechanisms under-
lying this beneficial effect of blood transfusions on
renal allograft survival remain open to speculation.

One of the most consistent observations in the

133

published literature is that HLA-DR matching does
have a beneficial impact on renal allograft survival in
nontransfused recipients, while the correlation is
much less clear in transfused patients. HLA-DR
typing is a notoriously difficult procedure, note that
DR matching with currently available antisera does
not always ensure low MLC reactivity. Combined
HLA-A,HLA-B, and HLA-DR matching does hold
the promise of better long term allograft survival.
Better HLA-DR typing reagents are needed if this
promise is to be fulfilled.

Recent studies into the mechanisms of graft rejec-
tion have highlighted the complexity of this re-
sponse. Although current immunosuppressive
therapies are crude, many studies on the mecha-
nisms of graft rejection have demonstrated the
efficacy of various approaches which may assist in
the early diagnosis of rejection, in the prognosis of a
rejection episode, in the assessment of the rever-
sibility of rejection, and in the development of more
specific therapy to prevent and treat rejection. Even
now the monitoring of T cell subsets in blood and
graft infiltrates is of considerable value. The use of
monoclonal antibodies directed against T cell sub-
sets is already in use, and as more specific monoclo-
nals become available ever more specific and subtle
immunosuppressive therapies will result. In the long
term, the goals are induction of specific immunologic
unresponsiveness to the graft, the development of
more refined techniques to assess adequacy of im-
munosuppression and detect the presence of specific
unresponsiveness.

References

1. Kissmeyer-Nielsen F, Olsen S, Petersen VP, Fjeldborg O: Hyperacute
rejection of kidney allografts, associated with pre-existing humoral
antibodies against donor cells. Lancet 2: 662-665, 1966.

2. Persijn GG: Blood transfusion in renal transplantation. Ann Clin Res
13: 215-223, 1981.

3. Opelz G, Terasaki PI: International study of histocompatibility in renal
transplantation. Transplantation 33: 87-95, 1982.

4. Patel R, Merrill JP, Briggs WA: Analysis of results of kidney trans-
plantation: comparison in recipients with and without preformed anti-
leucocyte antibodies. N Engl J Med 285: 274-276. 1971.

5. Morris PJ, Dumble LD: Use of lymphoblastoid cell lines in determin-
ing responsiveness in cadaveric renal transplantation. Lancet 2: 16-18,
1973.

6. Opelz G, Terasaki PI, Graver B, Cohn M, Chun C: Blood transfusions
and renal transplantation. Transplant Proc 11(4): 1889-1891, 1979.

7. Iwaki Y, Terasaki PI, Heintz, Cardman L, Hermes M: Enhancing
antibody in human renal transplantation. Transplant Proc 11{4): 1899-
1902, 1979.

8. Opelz G, Terasaki PI: Dominant effect of transfusions on kidney graft
survival. Transplant 29(2): 153-158, 1980.

9. Ayoub G, Park MS, Terasaki PI, Iwaki Y, Opelz G: B-cell antibodies
and crossmatching. Transplant 29(3): 227-229, 1980.

10. Soulillou JP, Bignon JD, Peyrat MA, Guimbretiere J, Guenel J:
Systematic transfusion in hemodialized patients awaiting graft. Kinctic



134

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

of anti-T and -B lymphocyte immunization and its incidence on graft
function. Transplant 30(4): 285-289, 1980.

Ayoub GM, Terasaki PI, Iwaki Y, Park MS: Presensitization tests for
potential transplant recipients. Dial Transplant 7: 496-504, 1978.
Opelz G, Graver B, Mickey MR, Terasaki PI: Lymphocytotoxic anti-
body responses to transfusion in potential kidney transplant recipients.
Transplant 32: 177-183, 1981.

Salvatierra O, Iwaki Y, Vincenti F, Amend W, Terasaki PI, Garavoy
M, Duca R, Hopper S, Feduska N: Update of the University of
California at San Francisco experience with donor-specific blood trans-
fusions. Transplant Proc 14: 363-366, 1982.

Schweizer R, Bow L, Generas D, Bartus S: Serologic considerations in
donor-specific transfusion therapy for kidney transplantation. Trans-
plant Proc 14: 374-377, 1982.

Anderson CB, Gregorio A, Sicard MD, Etheredge EE: Pretreatment
of renal allograft recipients with azothioprine and donor-specific blood
products. Surgery 92: 315-321, 1982.

Van Es AA, Terasaki PI: Blood transfusions and kidney allograft
survival. Transplant Proc 13: 1284-1287, 1981.

Fischer E, Lenhard V, Seifert P, Kluge A, Johannsen R: Blood trans-
fusion-induced suppression of cellular imunity in man. Hum Immunol
3: 187-194, 1980.

Bodmer WF, Batchelor JR, Bodmer JG, Festenstein H, Morris, PJ:
Histocompatibility testing 1977. Munksgaard, Copenhagen, 1978.
Morris PJ, Ting A: Studies of HLA-DR with relevance to renal trans-
plantation. Immunological Reviews 65: 105-131, 1982.

Madsen M, Graugaard B, Fjeldborg O, Petersen VP, Hansen HE,
Kissmeyer-Nielsen F: The impact of HLA-DR antigen matching on the
survival of cadaveric renal allografts. Transplant 36: 379-383, 1983.
Vanrenterghem Y, Vandeputte I, Lerut T, Roels L, Gruwez J,
Michielsen P: Importance of HLA-DR matching in polytransfused
cadaveric kidney transplant recipients. Transplant 36: 384-387, 1983.
Opelz G, Terasaki PI: International study of histocompatibility in renal
transplantation. Transplant 33: 87-95, 1982.

McPhaul JJ, Stasney P, Freeman RB: Specificities of antibodies eluted
from human cadaveric renal allografts. J Clin Invest 67: 1405-1414,
1981.

Strom TB, Tilney NL, Carpenter CB, Busch GJ: Identity and cytotoxic
capacity of cells infiltrating renal allografts. N Engl J Med 292: 1257
1263, 1975.

Reinherz EL, Schlossman SF: The differentiation and function of
human T lymphocytes. Cell 19: 821-827, 1980.

Kung PC, Goldstein G, Reinherz EL, Schlossman SF: Monoclonal
antibodies defining destructive human T-cell surface antigens. Sci 206:
347-349, 1979.

Ledbetter JS, Evans RL, Lipinski M, Cunningham-Rundles G, Good
RA, Herzenberg LA: Evolutionary conservation of surface molecules
that distinguish T-lymphocyte helper/inducer and cytotoxic/suppressor
subpopulations in mouse and man. J Exp Med 153: 310-323, 1981.
Lanier LL, Engelman EG, Gatenby P, Babcock GF, Warner NL,
Herzenberg LA: Correlation of functional properties of human lym-
phoid cell subsets and surface market phenotypes using multiparame-
ter analysis and flow cytometry. Immunol Rev 74: 143-160, 1983.
Reinherz EL, Kung PC, Goldstein G, Levey RH, Schlossman SF:
Discrete stages of human intrathymic differentiation: analysis of nor-
mal T-lymphocytes and leukemic lymphoblasts of T-cell lineage. Proc
Natl Acad Sci 77: 1588-1592, 1980.

Reinherz EL, Kung PC, Goldstein G, Schlossman SF: A monoclonal
antibody reactive with the human cytotoxic/suppressor T-cell subset
previously defined by a heteroantiserum termed TH,. J Immunol 124:
1301-1307, 1980.

Beard J, Reinherz EL, Kung PC, Goldstein G, Schlossman SF: A
monoclonal antibody reactive with human peripheral blood mono-

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

cytes. J Immunol 124: 1943-1948, 1980.

Reinherz EL, Kung PC, Pesando JM, Ritz J, Goldstein G, Schlossman
SF: Ia determinants on human T-cell subsets defined by monoclonal
antibody: activation stimuli required for expression. J Exp Med 150:
1472-1482, 1979.

Abo T, Blach CM: A differentiation antigen of human NK and K cells
identified by a monoclonal antibody (HNK-1). J Immunol 127: 1024
1029, 1981.

Salzman GC, Growell JM, Martin JC, et al.: Cell classification by laser
light scatterings: Identification and separation of unstained leucocytes.
Acta Cytol 19: 374-377, 1975.

Herzenberg LA, Herzenberg LA: Analysis and separation using the
fluorescence activated cell sorter (FACS). In: Handbood of Experi-
mental Immunology, Weir DM (ed), Oxford, Blackwell Sci Publ, 1978,
Ch 22.

Reinherz EL, Kung PC, Breard J. Goldstein G, Schlossman SF: T-cell
requirements for generation of helper factor in man: Analysis of the
subsets involved. J Immunol 124: 1883-1887, 1980.

Stiller CR, Sinclair NRSC, McGirr D, Jennikar A, Ullan RA: Diag-
nosis and prognosis of donor-specific posttransplant immune re-
sponses: clinical correlates and in vitro variables. Transplant Proc 10:
525:530, 1978.

Quadracci LJ, Hellstrom IE, Striker GE, Marchioro TL, Hellstrom
KE: Immune mechanisms in human recipients of renal allografts. Cell
Immunol 1: 561-566, 1971.

Liburd EM, Parderka V, Kotihavongs T, Dossetor JB: Evidence for
suppressor cells and reduced CML induction by the donor in transplant
patients. Transplant Proc 10: 557-561, 1978.

Tursz T, Fournier C, Kreis H, Crosnier J, Bach JF: T-lymphocytes in
kidney allograft recipients. Br Med J 1: 799-801, 1976.

Cosimi AB, Colvin RB, Burton RC, et al.: Use of monoclonal anti-
bodies to T-cell subsets for immunologic monitoring and treatment in
recipients of renal allografts. N Engl J Med 305: 308-314, 1981.
Colvin B, Cosimi AB, Burton RC, et al.: Circulating T-cell subsets in
72 human renal allograft recipients: The OKT4+/OKT8* cell ratio
correlates with reversibility of graft injury and glomerulopathy. Trans-
plant Proc 15: 1166-1169, 1983.

Ellis TM, Lee HM, Mohanakumar T: Alterations in human regulatory
T-lymphocyte subpopulations after renal allografting. J Immunol 127:
2199-2203, 1981.

. Guttman RD, Poulsen RS: Fluorescence activated cell sorter analysis

of lymphocyte subsets after renal transplantation. Transplant Proc 15:
11601162, 1983.

Keiman RH, Van Buren CT, Payne W, Flechner S, Kahan BD:
Monitoring of T-cell subsets and immune events in renal allograft
recipients. Transplant Proc 15: 1170-1172, 1983.

Van Es A, Tanke HJ, Baldwin WM, Oljans PJ, Ploem JS, Van Es LA:
Ratios of T-lymphocyte subpopulations predict survival of cadaveric
renal allografts in adult patients on low dose corticosteroid therapy.
Clin Exp Immunol 52: 13-20, 1983.

Chatenoud L, Chkoff N, Kreis H, Bach JF: Interest in and limitation of
monoclonal anti-T cell antibodies for the follow-up of renal transplant
patients. Transplant 36: 45-50, 1983.

Platt JL, LeBien TW, Michael F: Interstitial mononuclear cell popula-
tions in renal graft rejection. Identification by monoclonal antibodies
in tissue sections. J Exp Med 155: 17-3, 1982.

Cosimi A, Burton RC, Colvin RB, et al.: Treatment of acute renal
allograft rejection with OKT3 monoclonal antibody Transplant 32:
535-539, 1981.

Kirkman RL, Araujo JL, Busch GJ, et al.: Treatment of acute renal
allograft rejection with monoclonal anti-T12 antibody. Transplant 36:
620-626, 1983.



CHAPTER 9

Current concepts of glomerular diseases

AMIRA F. GOHARA and PETER J. GOLDBLATT

Introduction

The main objective of this chapter is to provide the
reader with a review of current concepts of glomeru-
lar diseases including the classification of glome-
rulonephritis with associated clinical picture, dif-
ferential diagnosis, laboratory findings, course and
complications. Since it is very important to know the
normal to be able to understand the pathologic pro-
cesses, we have included in our discussion a brief
review of the anatomy, physiology and biochemistry
of the glomerulus including its ultrastructure as well
as an update of the mechanisms of glomerular injury
and how they lead to the morphologic patterns seen
in the various types of glomerulonephritis. Each
kidney is made up of a cortex which contains the
glomeruli and proximal and distal convoluted tu-
bules and a medulla made up of the collecting tu-
bules. Both cortex and medulla have a very rich and
intricate blood supply which is very important for the
normal function of the glomerulus, the latter being
the cornerstone of normal renal function.

1. Structure and function of the glomerulus
1.1. Structure

A few important features of glomerular structure
will be presented for emphasis. For a more extensive
discussion, see Chapters 6, 7, 13.

Each normal glomerulus contains six to eight lob-
ules, each of which is composed of anastomosing
capillaries supported by a mesangial matrix.

The glomerulus is made up of capillaries sur-
rounded by Bowman’s capsule. It receives its blood
supply from an afferent arteriole that enters the
capsule then divides into several branches which
coalesce to form the efferent arteriole which exits
from the capsule. The glomerular capillaries are sup-
ported by a mesangial matrix. Each capillary loop

has a basement membrane lined on its inner aspect
by endothelial cells and on its outer aspect by epi-
thelial cells. Using electron microscopy the base-
ment membrane appears to have three zones: a cen-
tral lamina densa bounded by a lamina rara externa
and a lamina rara interna. The total thickness of the
basement membrane is 3000-3500 A.

In addition to the basement membrane of the
capillaries the glomerulus has three cellular ele-
ments:

The mesangial cells, which act as macrophages
and possess phagocytic abilities. They also contain
contractile elements and appear to play a role in
regulating blood flow through the glomerulus.

The endothelial cells which line the internal sur-
face of the basement membrane. On electron micro-
scopy they reveal regularly spaced 500-1000 Ang-
strom fenestrations.

The epithelial cells, or podocytes, which form the
external component of the capillary loop. On EM
they appear to branch repeatedly terminating in foot
processes which attach to the outer aspect of the
glomerular basement membrane. The podocytes are
separated by filtration pores bridged by a thin filtra-
tion slit membrane. In each glomerulus the capillary
tufts are surrounded by Bowman’s capsule which is
lined by flattened parietal epithelial cells. The high-
est concentration of glomeruli is in the outer cortex
of the kidney. Each kidney contains 1 million glo-
meruli with a total filtering surface of roughly one
half a square meter/kidney.

1.2. Physiology and biochemistry [1]

The main function of the renal glomerulus is filtra-
tion of water and solutes. Roughly 25,000 mEq of
sodium ion are filtered every 24 hours. Active filtra-
tion of potassium also takes place through the
glomerulus. The normal glomerulus acts as a barrier
against the spillage of large amounts of protein per-
mitting a maximum of 200 mg/24 hours in the urine

L.J.A. DiDio and P.M. Motta (eds), Basic, Clinical, and Surgical Nephrology. ISBN 0-89838-689-5.

© 1985, Martinus Nijhoff Publishers, Boston.



136

of a normal individual. In glomerular diseases, this
balance is disturbed and protein as well as RBCs and
large quantities of RBC casts appear in the urine.
The biochemical integrity of the capillary basement
membrane is very important in maintaining the nor-
mal function of the glomerulus.

Chemical analysis of the glomerular basement
membrane indicates that it is composed of two dis-
tinct types of glycopeptides: a nonpolar collagen-like
component rich in glycine and hydroxyproline and a
polar non-collagenous fraction rich in tyrosine and
aspartic acid with a high content of sialic acid.

Further assessment of the glomerular basement
membrane using cationic stains indicates that the
lamina densa are neutral and have a high concentra-
tion of nonpolar collagen-like moiety, while the lam-
inae rarae contain the polar non-collagen compo-
nent and have a negative charge. The latter plays a
major role in filtration in both normal and diseased
states. For example, under normal conditions al-
bumin molecules do not go through the basement
membrane because of electrostatic repulsion.

Changes in the metabolic constituents of the capil-
lary basement membrane lead to increased per-
meability to macromolecules and result in pro-
teinuria [2].

In addition to the factors mentioned above hemo-
dynamic flows and pressures play a major role in
glomerular filtration. Therefore in trying to explain
filtration abnormalities in disease states all factors
have to be considered.

2. Mechanisms of glomerular injury
2.1. Mechanisms of glomerular diseases

Although glomerular diseases can be caused by im-
munologic infectious, metabolic and as yet unknown
mechanisms, the majority of the glomerular diseases
appear to be immunologically mediated. In this re-
view we will concentrate on the immunologic mecha-
nisms that initiate glomerular injury.

2.2. Antiglomerular basement membrane antibody

Glomerular injury is due to the formation of anti-
bodies to an antigen fixed to the capillary basement
membrane. The antigen could either be a constituent
of the basement membrane or a foreign antigen fixed
to the basement membrane. The interaction be-
tween the antigen and the antibody activates the
complement cascade which releases chemostatic fac-
tors. The latter initiate an acute inflammatory re-

sponse with release of lysosomal enzymes from the
polymorphonuclear leucocytes and results in glo-
merular damage. The example of this mechanism in
humans is Goodpasture’s syndrome.

2.3. Immune complex diseases mediated by circulat-
ing immune complexes [3]

The patient develops circulating antigen, antibody
immune complexes which deposit in the glomerular
basement membrane, activate complement, release
chemostatic factors and initiate the inflammatory
response which leads to tissue damage through the
release of lysosomal enzymes and the release of
vasoactive amines. In this type of glomerular injury
the following factors play an important role.

3. Important factors in immune mediated injury
3.1. The size of the complex

Only complexes formed with a moderate excess of
antigen can cause damage. These usually have a
molecular weight of approximately 1,000,000.
Larger complexes are removed by the reticulo-
endothelial system. Smaller complexes are removed
by filtration.

3.2. The titer of the complexes

The presence of vasoactive amines: In experimental
studies the use of histamine antagonists in the pre-
sence of immune complexes prevent the deposition
of the complexes in the glomerulus. Examples of
immune complex glomerulonephritis in man include
acute poststreptococcal glomerulonephritis and sys-
temic lupus nephritis.

3.3. Activation of the alternate complement pathway
in glomerular diseases

In this setting there is cleavage of C, bypassing C,, 2
and 4. The cleavage of the third component of com-
plement leads to tissue damage through its lytic
effect and also through initiation of the inflamma-
tory response. Examples of diseases mediated
through this mechanism are IgA nephropathy and
Henoch-Schonlein purpura.

3.4. Cellular immunity in glomerulonephritis [4]

The role of cellular immunity in the initiation of
glomerular damage is still unclear although some



experimental studies seem to indicate a possible role
of lymphokines in glomerular diseases.

3.5. Monocyte involvement in crescent formation [5]

In several studies investigators have assessed the role
of the monocyte in crescent formation in anti-
glomerular basement membrane and immune com-
plex diseases using cytochemical stains for mono-
cytes and electron microscopy. The results indicate
that monocytes participate actively in crescent for-
mation in antiglomerular basement membrane dis-
ease but appear to be of minor importance in im-
mune complex diseases associated with crescents.

4. Alternative mechanisms of glomerular injury

Although less important than the ones discussed
previously, they include:

4.1.

Trapping or binding of antibodies to the capillary
basement membrane resulting in alterations of its
physical and chemical characteristics which leads to
changes in permeability.

4.2. Kinin mediated injury.

The coagulation system appears to play a major role
in glomerular diseases.

4.3.

IgE and histamine mediated injuries have been stud-
ied in animal models but their role in human diseases
is not clear.

5. Special techniques and definitions used in the study
of glomerular diseases [5]

Optimal interpretation of renal biopsy requires an
adequate sample appropriately prepared for com-
bined examination by light microscopy, immuno-
fluorescence and electron microscopy. The needle
core is usually split longitudinally into three seg-
ments:

5.1

For light microscopy the tissue is fixed in 10% buff-
ered formalin solution, then routinely processed and
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embedded in paraffin, then serial. 2-4 micron sec-
tions are cut and the following stains are routinely
used, hematoxylin and eosin, periodic acid-Schiff
(PAS) to assess the mesangial matrix; trichrome
stain to assess the amount of fibrosis, as well as the
presence of deposits, which appear as bright red
spots; Jones silver stain to assess the capillary base-
ment membrane. Additional stains could be added if
needed, e.g. Congo red stain for amyloidosis. The
slides are then scanned, the glomeruli counted and
assessed for the type as well as the distribution of the
lesion. The following terms are commonly used in
describing the light microscopic features of glomeru-
lar diseases: Focal = means some glomeruli are in-
volved and some are not. Segmental = means only
parts of the glomerulus are involved. Diffuse =
means the entire glomerulus is involved. Gener-
alized = means all the glomeruli are involved. Cres-
cent = means proliferation of the cells lining the
Bowman’s capsule.

5.2. Immunofluorescence (IF)

The core is rapidly frozen in liquid nitrogen, then
multiple sections are cut and monospecific fluores-
cein, conjugated antihuman IgG, IgA, IgM, C,, C,,
properdin, fibrinogen and albumin are used to stain
the sections to assess the presence as well as the type
and location of immunoglobulin and complement
deposits.

5.3. Electron microscopy (EM)

The tissue is minced and fixed in gluteraldehyde,
then dehydrated and embedded in Epoxin, then mi-
cron sections are prepared as well as thin 600-000
Angstrom’s sections. The micron sections are
stained with Toluidine blue. The thin sections are
stained with uranyl acetate and examined with the
transmission electron microscope. The value of scan-
ning electron microscopy in the study of glomerular
diseases is still under investigation.

6. Specific diseases of the glomerulus

Glomerular diseases can be classified in a variety of
ways based on morphology, clinical presentation,
pathogenesis and associated diseases. In this chapter
we will use the following classification:
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6.1. Primary glomerular diseases

6.1.1. Nephrotic syndromes

The nephrotic syndrome consists of

— proteinuria — due to leaky capillary basement
membrane, secondary to changes in the chemistry
and electric charge of the basement membrane.

— hypoproteinemia — due to spillage of protein in
urine.

- edema — due to decreased oncotic pressure.

— hyperlipidemia — the mechanism of which is un-
clear. It could be due to increased synthesis of
lipoprotein in the liver or excessive loss in the urine
of factors that regulate lipoprotein synthesis and
disposal. The following diseases are associated with
nephrotic syndrome.

6.1.1.1. Lipoid nephrosis. Incidence — 60-80% of
cases of primary nephrotic syndrome occur in chil-
dren. 20-30% of cases of primary nephrotic syn-
drome present in adults. Male to female ratio - 2.5:1
in children; — 1:1 in adults. Peak age incidence — 1-5
years.

Clinical presentation: Nephrotic syndrome with
highly selective proteinuria (albuminuria). 10% of
the patients tend to have recurrent episodes of
nephrotic syndromes.

Pathogenesis: Not known.

Diagnostic features: Light microscopy - no
changes.

Immunofluorescence — negative.

EM - fusion of the foot processes and swelling of
the epithelial cells. These changes are nonspecific
and disappear.

Course: 90-98% of children respond to steroids.

66-77% of adults respond to steroids.
10% recurrence.
7% mortality

Differential ~ diagnosis: Early membranous
nephropathy may be misdiagnosed as lipoid
nephrosis by light microscopy but IF and EM reveals
deposits in membranous nephritis.

6.1.1.2. Focal glomerulosclerosis. Incidence: second
most common cause of nephrotic syndrome in chil-
dren. Approximately 10% of primary nephrotic syn-
drome.
3:1 female predominance. Age range 5-45 years.
Clinical presentation: 60-80% nephrotic syn-
drome, 30-60% of the patients have azotemia,
20-40% of the patients are hypertensive. The pro-
teinuria in focal glomerulosclerosis is nonselective.
The disease does not respond to steroids. Focal
glomerulosclerosis recurs in renal allograft. Some

patients have microscopic hematuria.

Pathogenesis: It was thought that focal glo-
merulosclerosis represents an advanced stage of
lipoid nephrosis but recent investigations indicate
that they are two different diseases.

Diagnostic features: Light microscopy —focal mes-
angial sclerosis starting in the juxtamedullary
glomeruli and spreading superficially as the disease
progresses [8§].

Immunofluorescence: large focal mesangial IgM
deposits. Occasional focal mesangial C, and C, de-
posits.

Electron microscopy: Wrinkling of the basement
membrane. Endothelial cell degeneration. Focal in-
crease of mesangial matrix. Electron dense deposits
in sclerotic segments. Lipid droplets in mesangial
cells.

Course: The disease usually progresses to renal
failure.

Differential diagnosis: If the biopsy does not in-
clude the juxtamedullary glomeruli, it could be mis-
interpreted for lipoid necrosis.

6.1.1.3. Membranous glomerulonephritis. Incidence:
Membranous nephropathy represents approx-
imately 1-9% of childhood cases of nephrotic syn-
drome and about 20% of adult cases of primary
nephrosis. Male:Female — 1.5:1. Mean age — 35
years.

Preceding illness: Several preceding illnesses have
been reported with membranous nephritis includ-
ing: poison oak, chronic hepatitis B antigenemia,
syphilis, malaria, Guillain-Barre syndrome, sys-
temic lupus, renal vein thrombosis and extra renal
tumors namely lymphoma and GI cancer. Gold
therapy for rheumatoid arthritis has also been associ-
ated with membranous nephritis.

Clinical presentation: Cases present with nephro-
tic syndrome with 10-50% of the cases associated
with hypertension and azotemia at the onset of the
disease. The proteinuria is nonselective, serum C,
level is normal except in membranous nephropathy
asssociated with systemic lupus.

Pathogenesis: This disease appears to be a chronic
immune complex disease. The antigens include gold,
treponemata, tumors, renal tubular antigen in ex-
perimental models and hepatitis B surface antigen.
In some cases there is no identifiable antigen, and
these cases are referred to as idiopathic membranous
nephritis [9, 10].

Diagnostic features: Light microscopy: uniform
diffuse thickening of the capillary basement mem-
brane. Occasional small subepithelial ‘spikes’ on sil-
ver (Jones) stain.
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Immunofluorescence: Diffuse, peripheral granu-
lar IgG and complement.

EM: 4 stages: 1- epimembranous electron dense

deposits.

2 —intramembranous deposits with
spikes.

3 — intramembranous deposits.

4 —intramembranous clear areas at
the site of deposits.

Course: Thirty-eight percent of the patients de-
velop renal failure in <5 years. Twenty-five percent
develop chronic renal failure in 15-20 years. Eight to
15% go into complete remission, but there is a 35%
recurrence rate. The prognosis in children is better.

6.1.1.4. Membranoproliferative glomerulonephritis.
There are three types of membranoproliferative
glomerulonephritis. Type I is also known as mes-
angiocapillary glomerulonephritis [11, 12, 13].

Incidence: 5-20% of cases of primary nephrotic
syndrome. There is a slight female predominance.
Age: 4-65 median age at onset, 13 years.

Clinical presentation: Nephrotic syndrome and
hypocomplementemia are present in 80% of the
cases; C, is normal but C, shows fluctuations.

Pathogenesis: The pathogenesis of membrano-
proliferative glomerulonephritis may involve both
classical and alternate pathways. In addition, the
sera of many patients with this type of nephritis
contain the C,; nephritic factor which initiates the
alternate complement pathway.

Diagnostic features: Light microscopy: The glo-
meruli reveal mesangial cell proliferation and in-
crease in mesangial matrix with lobular accentua-
tion. Silver stains reveal splitting of the capillary
basement membrane.

Immunofluorescence: The glomeruli show C, de-
posits in a peripheral lobular distribution. Some
cases also reveal properdin deposits.

Electron microscopy: Reveals a split double con-
toured basement membrane due to extension of the
mesangial cells with the capillary loops giving them a
‘train track’ appearance.

Course: The disease usually follows a chronic pro-
gressive couse and it tends to recur in allografts.

Type 11 is also called dense deposit disease [14].

Incidence: Less frequent than Type I and no sex
predilection.

Clinical presentation: Nephrotic syndrome, hy-
pertension with or without hematuria. Complement
studies reveal low C;, normal C, and oftentime
shows C; nephritic activity.

Pathogenesis seems to be due to activation of the
alternate complement pathway.

Diagnostic features: Light microscopy: diffuse
mesangial cell proliferation with increased mes-
angial matrix and thickening of the capillary loops.

Immunofluorescence: Segmental linear C, depos-
its.

Electron microscopy: Segmental ribbon-like elec-
tron dense deposits in the lamina densa.

Course: Chronic progressive with recurrence in
transplanted kidneys.

Type 11I. Incidence: 3-8% of cases of primary
nephrotic syndrome. Age range 3-15 years. No sex
preponderance.

Clinical presentation is the same as Types I and II.

Pathogenesis: unknown.

Diagnostic features include on light microscopy
mesangial cell proliferation with thickening of the
capillary basement membrane. On immunofluores-
cence there is a mixture of peripheral and mesangial
deposits of IgM and C,. Electron microscopy reveals
subepithelial and subendothelial electron dense de-
posits as well as disruption of the lamina densa [15].

Differential diagnosis: Membranoproliferative
glomerulonephritis Type I, the differentiating fea-
tures being the hypocomplementemia and double
contour basement membrane in the Type I, both of
which are absent in the Type III.

Course: Favorable course with possible complete
remission.

6.2. Hematuria syndromes

6.2.1. Acute post-infectious glomerulonephritis
Incidence: Approximately 0.2/1000/year in children
between 5-14 year of age, usually following an
episode of streptococcal pharyngitis due to beta he-
molytic streptococcus type 12. The glomerulo-
nephritis usually occurs 10-12 days post-pharyngitis.

Clinical presentation: Sudden onset of periorbital
edema, dark urine 10-12 days following a streptococ-
cal pharyngitis or tonsillitis.

Pathogenesis: This disease represents an immune
complex process.

Physical examination: There is moderate hyper-
tension. The urinalysis shows RBCs, RBCs casts and
mild proteinuria. Additional laboratory finding in-
clude:

- elevated ASO titers >500 Todd units

— elevated anti-DNASE B

— decreased CHj, and C,, they return back to nor-
mal in 12 weeks

— Moderate azotemia

- 5% of the patients present with nephrotic syn-
drome.

Diagnostic features: Light microscopy: Diffuse
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Fig. 5. Light microscopy of membranoproliferative glomerulonephritis showing mesangial cell proliferation of lobular pattern of the

mesangial matrix. X97.50.

Fig. 6. Electron micrograph showing mesangialization of the capillary basement membrane in a case of membranoproliferative

glomerulonephritis, Type I. x3.250.

proliferation of mesangial cells, swelling of endo-
thelial cells and few scattered polymorphonuclear
leucocytes within the mesangial matrix.

In the rapidly progressive type of acute post infec-
tious glomerulonephritis the renal biopsy reveals
crescent formation, in addition to all of the above
findings.

Immunofluorescence: reveals diffuse, lumpy,
bumpy, coarse granular peripheral deposits of 1gG,

and C,. Occasionally C, and IgM deposits are pres-
ent.

Electron microscopy: reveals multiple subepi-
thelial electron dense deposits or humps.

If the renal biopsy is obtained late in the course of
the disease the deposits are more prominent in the
mesangium in contrast to the peripheral deposits in
the acute stage.

Course: In children 80-95% cured; in adults
50-70% cured.
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Fig. 7. Electron micrograph showing ribbon-like dense deposits in lamina densa in dense deposit disease. x3,250.

Fig. 8. Light microscopic picture showing diffuse mesangial cell proliferation and scattered polymorphonuclear leucocytes within the
glomerulus in a patient with acute proliferative poststreptococcal glomerulonephritis. X97.50.

Differential diagnosis: Other types of post infec-
tious glomerulonephritis. Example: glomerulo-
nephritis associated with SBE has a very similar
morphology to post streptococcal nephritis except
on electron microscopy the glomeruli appear to con-
tain subendothelial deposits [16, 17].

6.2.2. IgA Nephropathy (Berger’s disease) [18]:
Incidence: This disease represents approximately
15% of all primary chronic glomerulonephritis. The

mean age is 35 years. There is a male predominance.
Male: female is 2:1.

Clinical presentation: Usually it is preceded by an
upper respiratory tract infection. Recurrent gross or
microscopic hematuria with or without mild pro-
teinuria may appear.

Pathogenesis: Two major hypothesis have been
used to explain IgA nephropathy.

Immune complex disease (with the complexes
being rich in IgA).
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Fig. 9. Immunofluorescence picture of lumpy bumpy deposits of IgG and C; in acute poststreptococcal glomerulonephritis. X97.50.

Fig. 10. Electron micrograph showing multiple subepithelial electron dense deposits *humps’ in acute poststreptococcal glomerulo-

nephritis. x7,500.

Activation of the alternate complement pathway.
This is supported by the fact that in IgA nephropathy
immunofluorescence reveals mesangial deposits of
C, but not C, or C,,.

Diagnostic features: Light microscopy: Variable
findings including normal appearing glomeruli, focal
mesangial cell proliferation, diffuse mesangial cell
proliferation, focal necrosis and occasional cres-
cents.

Immunofluorescence: Diffuse mesangial IgA and

C, deposits, occasional IgG.

Electron microscopy: Variable findings including
multiple mesangial electron dense deposits, thining
of the capillary basement membrane and occasional
subendothelial deposits.

Course: Benign in children. In adults, 30% of the
patients develop hypertension and 20% go into
chronic renal failure. The disease tends to recur in
renal allografts.
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Fig. 11. Light microscopic picture showing segmental mesangial cell proliferation from a patient with IgA nephropathy. x97.50.

Fig. I2. Diffuse mesangial IgA deposits in Berger’s disease. X97.50.

6.2.3. Benign recurrent hematuria
Incidence: Median age 10 years, range infancy — 65
years.

Clinical presentation: Recurrent episodes of mi-
croscopic and gross hematuria.

Pathogenesis unknown. It is a familial disease and
its mode of transmission is not clear.

Diagnostic features: The diagnostic morphologic
features of this disease include normal appearing
glomeruli on light microscopy, negative immuno-
fluorescence and diffuse thinning of the capillary

basement membrane on electron microscopy, some-
times as thin as 500 A.

Course: The course of the disease is usually benign
but whether benign recurrent hematuria represents
a stage in the spectrum of Alport’s syndrome or is a
disease entity is still under investigation.

6.2.4. Alport’s Syndrome: Hereditary nephritis [19,
20]

Incidence: To date there have been approximately
100 families described with this syndrome.
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Fig. 13. Electron micrograph showing multiple intramesangial electron dense deposits from a case of IgA nephropathy. X3,250.

Fig. 14. Electron micrograph showing segmental thinning of the capillary basement membrane in benign recurrent hematuria. x2,275.

Age: The disease is usually detected in the first
decade. Females tend to have a milder form while
males usually have a more fulminant course.

Clinical presentation: The early renal manifesta-
tions of this syndrome are variable. They include
hematuria following upper respiratory tract infec-
tion in 25% of the patients, mild proteinuria in 40%
of the patients, microscopic hematuria in 80% of the
cases. Fifty percent of the patients have deafness,
20% of the patients have ocular abnormalities and
there is an increased incidence of toxemia and spon-

taneous abortions. Male patients usually progress to
chronic renal failure.

Pathogenesis: The exact mode of genetic transmis-
sion is not clear. Three possible modalities have
been suggested:

1. autosomal dominant;
2. preferential segregation;
3. partial X-linked dominant.

Diagnostic features: Light microscopy: variable in
females. In males with early disease, the glomeruli
are within normal limits. The interstitium shows ag-
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Fig. 15. Electron micrograph showing lamellar splitting of the capillary basement membrane in Alport’s syndrome. x4 875.

gregates of foam cells and focal fibrosis.

As the disease progresses the glomeruli become
sclerotic, more interstitial scarring develops as well
as tubular atrophy and vascular sclerosis.

Immunofluorescence: Negative.

Electron microscopy: Splitting of the lamina de-
nsa giving the capillary basement membrane a
lamellated appearance. Segmental thinning of the
basement membrane is also noted.

Course: Males develop renal failure by the fourth
decade. In some families some females have also
progressed to renal failure.

Differential diagnosis: Benign recurrent hema-
turia which shows thinning of the capillary basement
membrane but no splitting.

7. Glomerular diseases associated with systemic dis-
eases

7.1. Nephrotic syndrome

7.1.1. Diabetes
The development of nephropathy in diabetes is re-
lated to the duration and severity of the disease. In
the majority of the cases the patients are diabetics
for 10 to 12 years before they develop the renal
disease.

Incidence: 35% in juvenile diabetes and 12% in
adult onset diabetes.

Clinical presentation: In nodular glomerulo-
sclerosis the patient presents nephrosis and hyper-
tension. In diffuse glomerulosclerosis the patient has

proteinuria, hypertension and azotemia.

Pathogenesis: The underlying change in diabetic
nephropathy is capillary microangiopathy.

Diagnostic features: Light microscopy: The glo-
meruli reveal two different patterns of sclerosis, a
diffuse pattern and a nodular pattern also known as
Kimmelsteil Wilson syndrome. The tubules show
thickening of their basement membrane and vac-
uolation of their epithelial lining. The interstitium is
fibrotic. The afferent and efferent arterioles are
hyalinized. Other arterioles are also sclerotic.

Immunofluorescence: Diffuse linear IgG without
complement in the capillary and tubular basement
membrane.

Electron microscopy: reveals diffuse thickening of
the lamina densa and large insulative lesions that
appear as granular electron dense deposits in a sub-
endothelial location.

Course: patients with diabetic nephropathy usu-
ally have a downhill course.
Differential ~ diagnosis:

sclerosis and amyloidosis.

Nodular glomerulo-

7.2. Amyloidosis

Incidence: Renal amyloidosis is more common in
secondary amyloidosis and less frequent in primary
amyloidosis. It is also seen in association with multi-
ple myeloma in 33% of the cases. There is a slight
male preponderance. This is also seen in 14% of
patients with Mediterranean fever.

Clinical presentation: Nephrotic syndrome.

Pathogenesis: Although the exact etiology of
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Fig. 16. Electron micrograph showing focal nodular increase of mesangial matrix from a patient with diabetic nephropathy. x2.275.

Fig. 17. Arteriole with multiple intramural hyaline deposits and thickening of the wall from a case of diabetic nephropathy. X2,275.

amyloidosis is unknown, it is important to know that
there are at least two chemical types of amyloidosis.
LA related to the variable fragment of monoclonal
immunoglobulin light chains. This type is seen in
myeloma and macroglobulinemia. The second type
known as AA is seen in familial forms of amyloidosis
and it represents a more immunoglobulin protein.
Diagnostic features: Light microscopy: Nodular
mesangial deposits. Also deposits in the arterioles.
The congo red reaction is positive and if congo red
stained slides are examined under polarized light the

amyloid deposits reveal an apple green birefringence
[21].

Immunofluorescence: Occasional monoclonal
light chain deposits in glomeruli vessels and inter-
stitium.

Electron microscopy: Nonbranching 70-80 A di-
ameter aggregates of fluid in the mesangium as well
as in the capillary basement membranes and vessel
walls.

Course: Progressive course to chronic renal
failure with persistent heavy proteinuria.
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Fig. 18. Electron micrograph showing marked thickening of the capillary basement membrane ‘microangiopathy’ in diabetes. x2,275.

Fig. 19. Electron micrograph showing intramembranous and intramesangial amyloid fibrils from a case of renal amyloidosis. x4,875.

Differential diagnosis: Diabetic nephropathy and 8. Hematuria syndromes
focal glomerulosclerosis.
8.1. Goodpasture’s syndrome [22]
7.3. Membranous glomerulonephritis in systemic

lupus Incidence: Approximately 3% of glomerular dis-
eases. Usually in males: male to female ratio 4:1. The

See membranous nephritis. age range is very wide from 15-70 years. The patient
usually has a preceding upper respiratory tract infec-
tion.

Clinical presentation: In a majority of the pa-
tients, pulmonary involvement occurs at the same
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Fig. 20. Light microscopic picture from a case of Goodpasture’s syndrome showing massive glomerular necrosis and mesangial ccll

proliferation. xX97.50.

Fig. 21. Electron micrograph from a patient with Goodpasture’s syndrome showing massive necrosis. x3,250.

time or precedes the renal disease, sometimes as
early as one year prior to the onset of the renal
manifestations. In a small percent of patients, ap-
proximately 15%, renal involvement occurs first.
The patient usually presents with hemoptysis,
cough, dyspnea and hematuria. Serologic tests for
lupus and streptococcal disease are negative. Serum
complement studies are all normal.

Pathogenesis: Antiglomerular basement mem-
brane antibodies.

Diagnostic features: Light microscopy: The glo-

meruli reveal a mixture of mesangial cell prolifera-
tion, necrosis and fibrin thrombi within the capil-
laries and large crescents.

Immunofluorescence: Diffuse linear IgG depos-
its, less frequently C, deposits, fibrin deposits in the
crescents. Linear IgG deposits along the alveolar
septa.

EM: Crescents — collapse of the capillary base-
ment membrane and swelling of the endothelial
cells, fibrin deposits in the crescents as well as fibrin
and platelet thrombi within the capillaries.
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Course: Rapidly progressive course, most of the
patients develop fatal pulmonary hemorrhage.

Differential diagnosis: Rapidly progressive post
streptococcal glomerulonephritis.
— Wegener’s granulomatosis.
— Angitis.

The diagnostic feature in Goodpasture’s syn-
drome being the linear deposits seen with immu-
nofluorescence.

8.2. Wegener’s granulomatosis

Incidence: Very rare, only 0.1% of renal biopsies.
Slight male preponderance.

Clinical presentation: Characterized by a triad of
sinusitis, pneumonitis and nephritis. The patho-
genesis of the disease is not clear. Inmune com-
plexes, hypersensitivity as well as cellular immuno-
deficiency have been implicated.

The majority of the patients have hematuria with
or without mild proteinuria.

Pathogenesis: Possible hypersensitivity, angitis.

Diagnostic features: Light microscopy: In the kid-
neys include focal proliferation of mesangial cells
with necrosis and crescent formation. This is usually
associated with a necrotizing vasculitis with occa-
sional intramural giant cells. The interstitium usually
contains scattered granulomas.

Immunofluorescence: Fibrin deposits in the cres-
cents.

Electron Microscopy: Variable.

Course: Very poor, rapidly fatal course.

8.3. Henoch-Schonlein purpura

Also known as anaphylactoid purpura with glome-
rulonephritis [23].

Incidence: Mostly children.

Clinical presentation. The syndrome usually fol-
lows an upper respiratory tract infection and is
characterized clinically by renal, gastrointestinal and
cutaneous manifestations. The renal manifestations
vary from microscopic hematuria to acute nephritic
syndrome.

Pathogenesis: The pathogenesis of the disease is a
diffuse vasculitis, most probably secondary to a tran-
sient immune complex reaction.

Diagnostic features: Features on light microscopy,
immunofluorescence and electron microscopy and
very similar to IgA nephropathy.

Skin biopsy in patients with Henoch-Schonlein
purpura have IgA deposits at the dermal epidermal
junction.

Course: The disease tends to recur in 20-40% of

the patients. The course depends on the severity of
renal involvement with approximately 25% develop-
ing renal failure.

8.4. Periarteritis nodosa

Incidence: 0.5% of routine renal biopsies.

Clinical presentation: Systemic disease charac-
terized by involvement of the renal, GI, musculo-
skeletal, CNS, pulmonary and cardiovascular sys-
tems as well as the skin.

The onset is usually in the fourth to sixth decade
with a marked male preponderance, 15:1.

Pathogenesis: The pathogenesis of the disease is
thought to be a chronic immune complex disease.
30% of the cases have been associated with per-
sistent hepatitis B antigenemia.

Diagnostic features: Light microscopy: Multiple
stages of the disease are usually present in the same
biopsy. Acute necrotizing lesions alternating with
old scarred vessels. The lesion of the blood vessels is
characteristically segmental with involvement of
large and medium sized arteries in the classic type. In
the microscopic form of PAN the glomeruli and
small vessels reveal focal areas of fibrinoid necrosis
in the acute stage. The vessels involved reveal
fibrinoid necrosis and intramural and perivascular
inflammatory cells. Long standing lesions reveal
scarring.

Immunofluorescence: Reveals intramural and
focal mesangial fibrin deposits.

Electron microscopy: Reveals endothelial cell
swellings, crescents and fibrin deposits.

The clinical picture is very variable and depends
on the location, number and size of the involved
vessels.

Renal manifestations include hematuria and mild
proteinuria.

Course: Generally a progressive disease with de-
ath resulting from renal failure or hypertension and
its complications.

8.5. Systemic lupus nephritis [26]

Incidence: This is an immune complex disease with
50-80% of the patients developing renal disease.
The disease has a predilection to middle age females.

Clinical presentation: Renal manifestations are
variable depending on the underlying renal lesion.
They include mild hematuria and proteinuria,
nephritic syndrome, nephrotic syndrome and renal
failure.

Serologic findings include ANA high titers, high
Anti-DNA titers, and low CH,, and C, in the active
disease.
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Fig. 22. Light microscopy picture showing glomerulus with focal necrosis from a case of periarteritis nodosa. x97.50.

Fig. 23. Immunofluorescence picture showing intramural fibrin deposits in the arterioles in a case of periarteritis nodosa. x97.50.

Pathogenesis: Immune complex disease.

Diagnostic features: Light microscopy variable.
Focal mesangial proliferation. Patients with this le-
sion will present clinically with mild hematuria and
proteinuria.

Diffuse mesangial proliferation characterized
clinically by gross hematuria, moderate proteinuria
and azotemia.

Membranous nephropathy characterized clini-
cally by nephrotic syndrome.

Necrosis with crescent formation and hematoxylin

bodies. In addition to the glomerular lesions, pa-
tients with SLE have tubular necrosis, vasculitis and
interstitial inflammation.

Immunofluorescence: The extent and intensity of
the glomerular deposits of immunoglobulin and
complement components usually correlates with the
histologic features. The diffuse proliferative lesions
are usually associated with diffuse mesangial IgG,
IgA and complement. Immunoglobulin deposits are
also seen in the tubular basement membrane and in
the vessel walls. Fibrin deposits are seen in the nec-
rotizing variety.
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Fig. 24. Electron micrograph showing a blood vessel with swollen endothelial cells and intramural lymphocytic infiltrates from a case of

periarteritis nodosa. X2.275.

Fig. 25. Light microscopic picture showing diffuse mesangial cell proliferation from a patient with systemic lupus nephritis (diffuse

proliferative type). x97.50.

Electron microscopy: Multiple mesangial, intra-
membranous and subendothelial electron deposits
with occasional paracrystalline (fingerprint pattern).
In addition, viral-like particles have been described
in the endothelial cells. Electron dense deposits have
also been seen in the tubules, Bowman’s capsule and
blood vessels.

Course: Depends on the histologic feature and the
degree of renal involvement.

9. Oliguric and hypertensive syndromes
9.1. Progressive systemic sclerosis (Scleroderma)

Incidence: Also known as scleroderma is a systemic
disease with between 45% of patients developing
renal disease. There is a female predominance.
Clinical presentation: Patients usually have the
systemic manifestations of the disease before they
develop the renal manifestations. The latter include
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Fig. 26. Immunofluorescence micrograph showing diffuse mesangial and peripheral fluorescence with IgG in a patient with active lupus

nephritis. X97.50.

Fig. 27. Electron micrograph from a patient with active lupus nephritis showing multiple large subendothelial and intramesangial

electon dense deposits. X3,250.

proteinuria, hypertension and renal failure.

Pathogenesis: The pathogenesis of the disease is
not clear but appears to be secondary to a disorder in
collagen, metabolism and although there are no spe-
cific serologic tests for progressive systemic sclerosis,
patients with this disease have positive anti-ANA
low titers especially nucleolar pattern. Some pa-
tients also have low RA titers.

Diagnostic features: Light microscopy: The ar-
terioles reveal marked thickening of their walls with

intimal hyperplasia and focal fibrinoid necrosis. Sec-
ondary sclerosis of the glomeruli, tubular atrophy
and interstitial scarring are present.
Immunofluorescence: variable
Electron microscopy: No specific findings.
Course: rapidly progressive renal failure.

9.2. Hemolytic uremic syndrome

Incidence: Postpartum. Children <1 year after viral
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Fig. 28. Arteriole showing marked intimal hyperplasia and focal endothelial cell swelling from a case of scleroderma. x2,275.

Fig. 29. Electron micrograph from a patient with hemolytic uremic syndrome showing subendothelial and mesangial fibrin deposits.

X6.500.

diseases, particularly viral gastroenteritis.

Clinical presentation: Oliguria, renal failure, he-
molytic anemia, thrombocytopenia, bleeding tend-
encies.

Pathogenesis: Intravascular coagulation. This is
supported by the fact that coagulation studies reveal
decreased platelets and increased fibrin split prod-
ucts.

Diagnostic features: Light Microscopy: Cortical
necrosis, glomerular necrosis with intracapillary

fibrin thrombin, fibrinoid necrosis of the arterioles
and intraluminal fibrin and platelet thrombin.

Immunofluorescence: Fibrin deposits in the mes-
angium and in the arteriolar walls.

Electron microscopy: Disrupted basement mem-
brane and subendothelial and mesangial fibrin de-
posits.

Course: 40% of the patients die in the initial stage
of the disease. The remainder develop renal failure
and hypertension.
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Fig. 30. Light microscopic picture from a case of crescentic glomerulonephritis showing crescents and marked mesangial cell

proliferation. xX97.50.

Fig. 31. Electron micrograph showing a crescent from a patient with crescentic glomerulonephritis. %3,250.

9.3. Crescentic glomerulonephritis

Many glomerular diseases are associated with cres-
cent formation (proliferation of the cells lining Bow-
man’s capsule). These include poststreptococcal
glomerulonephritis, IgA nephropathy, malignant
hypertension, Alport’s syndrome, membrano-
proliferative glomerulonephritis, Wegener’s
granulomatosis, Goodpasture’s syndrome and even
diabetes. The presence of large numbers of crescents

is associated clinically with a rapidly progressive
course. In some instances the patient presents with a
crescentic nephritis with no underlying identifiable
glomerular disease. These cases are referred to as
idiopathic crescentic glomerulonephritis or primary
crescentic glomerulonephritis.

Diagnostic features: Light microscopy reveals
multiple crescents with or without necrosis.
Immunofluorescence reveals a variable pattern but a
constant finding is the presence of fibrin deposits
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within the crescents. Electron microscopy reveals
variable findings plus the presence of epithelial cres-
cents.

The clinical course of crescentic nephritis is usu-
ally very rapidly progressive leading to renal failure.

10. Concluding remarks

From the above review of glomerular diseases it is
clear that there are several questions unanswered in
relationship to glomerulonephritis, the major and
most important one being the pathogenesis of
immunologically mediated glomerular diseases and
the role of circulating immune complexes versus the
formation of in situ deposits, delayed hypersen-
sitivity reaction and the role played by HLA
haplotypes and other host factors that predispose to
glomerular diseases.

In most patients with glomerulonephritis it is very
difficult if not impossible to identify the antigen
which initiates the immune complex process leading
to glomerular damage.

The second limitation in the study of glomerular
diseases is the fact that there are no unique diagnos-
tic morphologic changes characteristic of each dis-
ease because there are only few limited histologic
and subcellular patterns which the glomerulus ex-
hibits in response to injury, and although in most
instances there is a good correlation between the
histologic picture of the glomerulus and the clinical
course of the disease with the current techniques
available for the study of glomerular diseases we
cannot identify, specific morphologic changes for
each clinical syndrome.

In this chapter we have attempted to summarize
the current concepts of glomerular diseases and we
hope that advances in immunologic, cytochemical
and ultrastructural techniques will help resolve soon
some of the answered problems in the study of glo-
merular diseases.
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CHAPTER 10

Renal vascular diseases: Their relationship to hypertension

PETER J. GOLDBLATT and AMIRA F. GOHARA

1. Introduction

1.1. Relationship of hypertension to renal vascular
disease

Since the initial observations of Richard Bright
(1832) [1] an increasing body of knowledge has estab-
lished a firm relationship between changes in the
renal vasculature and the presence of systemic hy-
pertension. The predominant view, which is essen-
tially that expressed in the late 1800’s by Mahom-
mad, [1] is that persistent hypertension through a
mechanism which is as yet incompletely understood,
causes widespread pathologic changes in the structure
of arteries and arterioles. These include athero-
sclerosis of the major elastic vessels such as the aorta
and its principal branches, and arterial and arteriolar
sclerosis, in vessels throughout the body. With par-
ticular reference to the kidney, arterial and arterio-
lar sclerosis with scarring of the parenchyma
(nephrosclerosis) of some degree is virtually always
present in human cases of essential hypertension [2].
The well known experiments of Harry Goldblatt
beginning in the early 1930’s [3] established that
constriction of the main renal artery, even to a single
kidney, resulted in systemic hypertension closely
simulating essential hypertension in man. These ex-
periments led him to postulate that the raised blood
pressure was the result of changes in the renal vas-
culature, rather than the cause. Stemming from
those investigations, a great deal of experimentation
has established a humoral mechanism (renin-angio-
tensin-aldosterone, see Figures 1 and 2), which is
acknowledged to play an important role in some
types of hypertension.

Despite the demonstration of a pressor mecha-
nism that could be initiated by constriction of the
main renal artery, investigations directed towards
the establishment of the sequence of vascular
changes in the kidney have generally resulted in
conflicting hypotheses. The early work of Moritz

and Oldt [3] established beyond question the preva-
lence of intrarenal vascular disease in individuals
with essential hypertension. The continuing studies
of Castleman and associates [4, 5] in differing stages
of hypertension, emphasized the lack of morpho-
logic changes in what they characterized as an early
stage of essential hypertension. Even these studies
documented the presence of moderate to severe in-
tra-renal vascular disease in the vast majority of
hypertensive human beings. A series of investiga-
tions in the rat by Byrom, Dodson and Wilson [6, 7]
are widely quoted as establishing the ‘vicious circle’
of hypertension. These investigators and others as-
serted that constriction of a renal artery and other
modes of inducing hypertension, cause widespread
vascular disease which then results in the perpetua-
tion of the hypertensive state. Constriction of a main
renal artery, it is alleged, ‘protects’ the renal micro-
vasculature distal to the constriction from the effects
of hypertension [7].

While this view has become so dominant that the
alternative is rarely discussed, there are many in-
stances, such as the appearance of hypertension fol-
lowing the development of intra-renal vasculitis,
which show clearly that disturbance of intra-renal
hemodynamics can initiate systemic hypertension.
Then too, restoration of normal circulation to a
kidney with compromised extra-renal vessels has
frequently been shown to lower the blood pressure
of affected individuals. In the subsequent discussion
we shall present some of the pathologic and pa-
thophysiologic changes seen in the most important
vascular diseases affecting the kidney, with the em-
phasis on extra-renal and intra-renal arterio-
sclerosis, and then return briefly to a consideration
of the ‘chicken vs. egg’ controversy as we consider
directions for future research. The literature is volu-
minous and sometimes conflicting so the interested
reader is urged to explore further.

L.J.A. DiDio and P.M. Motta (eds), Basic, Clinical, and Surgical Nephrology. ISBN 0-89838-689-5.

© 1985, Martinus Nijhoff Publishers, Boston.
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1.2. Important aspects of intra- and extra-renal vas-
culature

The renal vasculature has been discussed in other
sections of this book (see Chapters 1, 2 and 6) so that
only brief comment will be made here for emphasis.
The extra-renal arterial supply is somewhat variable,
but consists of one or more arteries which are elastic
in type at their origin from the aorta, and become
musculo-elastic vessels as they enter the kidney and
arborize further. The inter-lobular vessels are mus-
cular arteries which give rise to arterioles (afferent)
which have specialized granular cells in their muscle
walls as they approach the glomeruli they supply.
The specialized endocrine function of the granules
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2. Blood pressure and autoregulation of renal blood
flow

The kidney receives over 20% of the cardiac output
under physiologic conditions. As a high pressure
filtration system with selective secretion and reab-
sorption mechanisms, it must be able to closely reg-
ulate the pressure and flow of blood to and from the
glomeruli, as well as the various divisions of the
tubular system. Thus, the ability to autoregulate
appears to be well developed in the kidney and both
anatomic and physiologic mechanisms are present to
permit primarily cortical or medullary blood flow.
The principal mechanisms are the pressor (cortical)
and depressor (medullary) substances which reside
within the kidney.

2.1. Renal pressor (vasoconstrictor) systems

The principal vasoconstrictor system of the kidney is
the renin-angiotensin system. This multi-enzyme
system generates the most powerful pressor sub-
stance known, but has even greater importance be-
cause of its interrelationships with other systems for
control of extra-cellular fluid volume and vascular
tone (see Figures 1 and 2). It is now recognized that
the system is considerably more complex than the
initial postulations [3]. It appears that a precursor
molecule, preprorenin, of 50,000 daltons is con-
verted first in the endoplasmic reticulum to inactive
prorenin (‘big’ renin, 48,000 m.w.) which then is
converted to active renin, a proteolytic enzyme of
40,000 daltons [8]. The latter conversion is poorly
understood, but may involve a neutral serine pro-
tease and/or kallikrein and Hageman factor. Active
renin splits a leucyl-leucyl bond in its substrate, an-
giotensinogen, a 58,000 dalton a, globulin produced
by the liver [9]. This produces angiotensin I, a de-
capeptide which is then further split by a chloride
requiring converting enzyme (kininase IT) which is in
high concentration in lung and blood, to form the
active vasoconstrictor octapeptide, angiotensin II.
Further degradation by aminopeptidases was ini-
tially thought to inactivate the molecule, but it is now
felt that the des-aspartyl angiotensin II (Angiotensin
IIT) may be a regulatory factor for aldosterone secre-
tion [9, 10].

While mounting evidence supports the notion that
the granules of the juxtaglomerular afferent ar-
teriole are renin, the control of their release, and
their site of action is less well established [10-12].
Local activation of Angiotensin IT was thought to be
precluded, until converting enzyme was demon-
strated in renal lymph [13]. Release appears to in-
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volve baroreceptor, neural or sodium sensing mech-
anisms [12]. Surface contact between the macula
densa and the arteriole with their common basal
lamina has been proposed [14]. Although it seems
likely that angiotensin is important in regulation of
glomerular filtration, it would obviously work antag-
onistically if it constricted the afferent arteriole
rather than the efferent vessel. This is not a trivial
problem, and it creates a problem of interpretation
of experiments in which angiotensin is infused, since
it would reach the afferent vessel primarily. It may
also act on glomerular mesangial cells [15]. Then,
too, renin may reside in blood vessel walls, [16], and
thus measurement of circulating levels of these sub-
stances may be misleading in elucidating their local
effects. Finally, the concentrations necessary to pro-
duce a response in experimental systems (phar-
macologic doses) may exceed those necessary to pro-
duce a profound effect under physiologic conditions
[19]. Much remains to be learned about this system
and in particular its relationship to other vasoactive
substances (see below). Among the vasoconstrictors
which are important, vasopressin (ADH) must be
mentioned, not only for its role in water reabsorp-
tion, but because it may also play a significant part in
abnormal vascular reactivity in hypertension [19].

2.2. Renal anti-pressor (vasodilator) systems

Soon after the major pressor system of the kidney
was elucidated, evidence of an anti-pressor role was
produced (renoprival hypothesis) [19]. A number of
vasodilator substances have now been demonstrated
to exist in the kidney, particularly the medulla, to
have significant effects on renal blood flow, or to
have interrelationship with the renin angiotensin
system. In particular, the prostaglandins are in high
concentration in the medulla, and production of
prostaglandin E, may in part be regulated by the
angiotensin converting enzyme [20]. A similar rela-
tionship to bradykinin has been postulated [21]. The
possibility that bradykinin works together with renin
as a ‘cofactor’ has also been suggested [22]. These
interrelationships are shown in Figures 1 and 2.

2.3. Other renal pressor and depressor substances

As mentioned above, in addition to the renin-an-
giotensin system, vasopressin as a vasoconstrictor,
and bradykinin as a vasodilator may play a partin the
regulation of renal blood flow. The principal kinins
are bradykinin and lysyl-bradykinin which are for-
med by the enzymatic action of kallikrein on the
kininogens which are a, globulins. Of the two types
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of kallikrein (plasma and glandular) the circulating
plasma forms may be inactive (prekallikrein) and
require activation by Hageman factor [21]. Brady-
kinin is inactivated in the lungs by kininase II an
enzyme which appears to be identical to angiotensin
converting enzyme. Interconversion of lysylbrady-
kinin to bradykinin takes place in the kidney via an
aminopeptidase. Bradykinin has been postulated to
act as a ‘co-factor’ in the renin-angiotensin system,
to antagonize the action of angiotensin, although this
remains to be proved [22].

A number of other factors have been identified in
the kidney. These include nephrotensin [23], reno-
pressin [24] and tonin [25]. Their role in renal hyper-
tension and vascular diseases remains to be eluci-
dated.

2.4. Renal volume regulation in relation to hyperten-
sion

There are only two mechanisms by which sustained
arterial hypertension can be achieved: vasoconstric-
tion and intra-vascular volume expansion. The for-
mer appears to be responsible for the majority of
human hypertension, since the latter has not been
conclusively demonstrated. However, itis clear that,
since the kidney’s major role is to regulate extra-
cellular fluid volume and composition, disturbances
in its function could easily result in volume expan-
sion. While this obviously does occur in renal failure,
the majority of the fluid leaves the vascular compart-
ment, and thus its contribution to the hypertension
that co-exists with most primary renal disease (sec-
ondary hypertension) has not been satisfactorily
demonstrated. Although the kidney is listed as the
major cause of secondary hypertension, the mecha-
nism by which the blood pressure is elevated is still
not agreed upon [3, 9, 11, 26].

Since sodium is a major determinant of extra-
cellular fluid volume, and mineral corticoids are in-
volved in its re-absorption, the renal-adrenal axis,
through the renin-angiotensin system’s ability to reg-
ulate aldosterone secretion is clearly involved in de-
termining the sodium concentration of body fluids.
Even in primary aldosteronism, however, it has been
difficult to demonstrate intra-vascular fluid ac-
cumulation as the primary event in the accompany-
ing hypertension. Among those who ascribe a cen-
tral role to volume regulation as a principal player in
the pathogenesis of hypertension, Guyton’s [26]
analysis of renal function has contributed the clear-
est evidence of a probable contribution from even
minor extra-vascular fluid expansion. Although his
argument is complex, and his approach has required

computerization, it appears to be leading to new
insights into the central role of the kidney in both
essential (primary) and secondary hypertension.

3. Diseases of extra-renal vessels

As indicated above, the kidney usually has one main
renal artery which is a principal branch of the aorta,
although separate polar arteries are also frequent.
The draining veins rapidly coalesce as they reach the
capsule and emerge to form a single renal vein out-
side the renal parenchyma (see Chapter 2).

The vessels supplying the kidney are prone to all
the diseases which affect similar sized arteries and
veins throughout the body, but there are some dis-
eases which are more or less unique to these vessels.

3.1. Atherosclerosis of main renal arteries

Atherosclerosis is a disease of the intima affecting
large elastic and musculo-elastic vessels. It should be
distinguished from arteriosclerosis which affects the
media of muscular arteries and arterioles, although
the two are undoubtedly related, in part, patho-
genetically. The latter term is unfortunately often
used loosely to denote both diseases. The role of
lipids in the pathogenesis of atherosclerosis appears
to be central, and they are richly deposited in the
intimal plaque which is the hallmark of the disease
(Plate 1, panels 1-3). They may be the principal
mitogenic stimulus for myointimal cell proliferation
[27]. Several recent references may be consulted for
a more extensive discussion of this important subject
[27, 28].

Atherosclerosis is the principal disease of the ex-
tra-renal arteries, and is usually found to be most
severe at or immediately past the origin of these
vessels from the aorta. Turbulence of flow is proba-
bly a factor in this distribution, as it is thought to be
in other sites. Unquestionably, atherosclerosis is
more prevalent in individuals with long standing
hypertension. It is also established that significant
stenosis of the main renal artery by an atherosclero-
tic plaque (Plate 1, panels 1-3) can produce hyper-
tension, which can then be reversed by relieving or
bypassing the obstruction [11, 29]. What is not clear,
is how frequently this is the cause of hypertension, or
how often it contributes significantly enough to war-
rant intervention. The newer techniques of angio-
graphy [30] and less invasive approaches to angio-
plasty [31] may yield an answer in the future. It must
be mentioned that thrombi propagating in the aorta
(Plate 1, panel 1) or emboli of various types may
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Plate 1. (1) Gross photograph of aorta and kidneys of elderly hypertensive female. The aorta has been opened posteriorly showing
marked atherosclerosis with mural thrombosis. The left kidney is atrophic as a result of virtually complete atherosclerotic stenosis of the
left main renal artery. (2) Histologic preparation of left main renal artery from case illustrated above stained with Weigert's elastic stain.
Note intimal plaque virtually occluding lumen. Internal elastic lamella is darkly stained. (X25; bar equals 1000 u (3) Adjacent ring of
same renal artery processed by critical point drying for scanning electron microscopy. Note irregular narrowing of lumen by
atherosclerotic plaque. Internal elastic lamella is faintly visible as irregular wavy area on surface. (1200 u wide; bar equals 500 w).
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partially occlude the main renal artery and occasion-
ally lead to acute hypertension.

3.2. Fibromuscular dysplasia (hyperplasia)

This disorder of the extra renal vasculature is now
recognized to have several variants (Figure 3) which
can be separated from one another on the basis of
natural history and morphology, particularly with
reference to the vascular coat which is most severly
affected (intima, media or adventitia). Overall,
these disorders account for 32% of patients with
renovascular hypertension. As shown in the table
taken from Gaspar the intimal form of the disease is
rare and affects children primarily. There is ac-
cumulation of loose fibrous tissue in the intima, but
lipid is not present, and inflammatory changes are
not seen. In the adult there is only fibrosis of the
intima, but the elastic lamellae may be affected in
children. Limb vessels and interstitial arteries may
be affected in both adults and children. A secondary
form of intimal fibroplasia is seen in endstage renal
disease such as pyelonephritis, and affects the distal
branches of the extra-renal arterial system. The lat-

Figure 3. Fibromuscular dysplasia.*

ter’s relationship to the primary disorder, and to the
genesis of hypertension, is unclear.

The most frequent and characteristic form of the
disease is medial hyperplasia, which may also take
several forms. A rare form, affecting young women
predominantly, involves hyperplasia of a short seg-
ment of the media with consequent significant reduc-
tion in luminal diameter. The most frequent form,
usually seen in the distal two thirds of the artery, and
also affecting young women most frequently, is pro-
duced by fibromuscular ridges alternating with thin-
ned areas of the arterial wall. This gives the charac-
teristic radiologic appearance of a ‘string of sausages’
or ‘string of beads’. This disorder is frequently bilat-
eral. The internal elastic lamina of the vessel is lost in
the thinned areas, and this may be important in the
pathogenesis of the disease [11,29]. Perimedial fibro-
plasia is the second most frequent form. It is also
seen in young women and may be bilateral.

Peri-arterial fibroplasia is the least common vari-
ety of the disorder. Here the adventitia is affected
and the fibroplasia sometimes extends to the sur-
rounding fibro-fatty tissue of Gerota’s fascia. The
disorder may be related to idiopathic retroperitoneal
fibrosis [11, 29, 31].

Inci- Sex & Pathology Location X-ray film Progres- Bilateral Throm-
dence age sion bosis
Intimal Fibroplasia 1-2% Children Fibrous material inside Orificial or ~ Smooth focal Yes Yes Yes
internal elastic lamina  major
branches
Medial Fibromuscular 98%
Dysplasia
Medial fibroplasia  60-70% Women Stenotic ridges formed Distal 2/3 and *String of Mild 40-60% Rare
25-50 by loose collagen major beads’ (beads
replacing muscle with  branches larger than
thinning of muscle normal
between ridges artery)
producing aneurysms
Medial hyperplasia 5-15%  Women Hyperplasia of media Main artery  Smooth Yes Yes Rare
10-30 and fibrous tissue and branches linear
Men
35-45
Perimedial fibroplasia 15-25% Women Thick fibroplasia of Main artery  Stenosis and  Yes Yes Yes
15-30 outer half of media and branches ‘beads’ not  (Note: may have rapid
larger than  increase in blood pressure)
main artery
Medial dissection 5-10%  Channel
in outer
1/3 of
media
Adbventitial fibroplasia Rare Fibroplasia in
(less adventitia and
than periarterial fibrofatty
1%) tissue

From: Gaspar, MR (MD) in barker WF (MD). Peripheral Arterial Disease, Volume IV, Major Problems in Clinical Surgery, 1981,
Saunders, Philadelphia, reprinted with permission of authors.



While each of these disorders is relatively rare,
their prevalence in young women is significant in
that they represent a curable form of hypertension.
A recent report of spontaneous remission of hyper-
tension after several years with documented fibro-
muscular hyperplasia of both main renal arteries
may also have important implications with regard to
the thesis that prolonged hypertension in and of
itself is the cause of vascular disease [33].

4. Intra-renal arterial and arteriolar sclerosis

Hyalinization and hypertrophy of the media of the
muscular arteries and arterioles of the kidney is the
most important vascular problem in relationship to
hypertension. Grossly, the kidneys may be of normal
size, or sometimes, their mass may be significantly
reduced. In the latter case, there is loss of renal
parenchyma with atrophy of the tubules, narrowing
of the cortex and interstitial fibrosis which produces
punctate scars. The scarring gives the kidney a peb-
bled or finely granular appearance when the capsule
is stripped away. At times, the capsule adheres to
these foci of scarring. Additionally, there are protein
casts in renal tubules, sometimes resulting in areas of
‘thyroidization’. That is, flattened atrophic tubular
epithelium surrounding colloid-like pink protein
casts which give a resemblance to thyroid follicles.
Usually, significant interstitial inflammation is lack-
ing, as is scarring and inflammation of the renal
medulla. These features distinguish the scarring of
primary renal vascular disease from that seen in
pyelonephritis. When scarring of the parenchyma is
significant the term arterial (or arteriolar) nephro-
sclerosis is used. This may appear to be a trivial
distinction, but since arterial and arteriolar sclerosis
can occur in older individuals in the absence of hy-
pertension, and usually without significant nephro-
sclerosis, while the latter is almost always present in
individuals with essential hypertension, the distinc-
tion may have value. Further, since the changes
described above closely resemble those of pyelo-
nephritis, it is important to separate nephrosclerosis
from the infectious or inflammmatory diseases. In up
to 50% of individuals with chronic pyelonephritis,
even when severe, significant hypertension is lacking
[11, 15]. Since chronic pyelonephritis may greatly
reduce renal mass this lack of association with hyper-
tension may support the notion that renal disease in
association with hypertension is more likely to be
due to pressor substances than the lack of depressor
influences, (renoprival hypertension). We shall first
discuss arterial and arteriolosclerosis, and then
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nephrosclerosis in relation to hypertension.
4.1. Arterial and arteriolosclerosis of the kidney

The changes in muscular arteries which are agreed to
contribute light microscopic evidence of arterio-
sclerosis include adventitial fibrosis, medial thicken-
ing which is due both to hypertrophy and some hy-
perplasia of medial smooth muscle cells, and hyaline
changes (increased eosinophilia or acidophilia with
glass-like opacity) and fraying or splitting of the
internal elastic lamella (Plate 2, panels 4, 5). While
intimal fibrosis may also be present, intimal lipid
deposition as is blood pressure [39]. Little has, as
yet, appeared correlating the severity of intra-renal
vascular disease in long standing hypertension with
the degree of control.

Hyaline arteriolosclerosis involving the afferent
arteriole is characteristic of benign nephrosclerosis
in association with essential hypertension (Plate 2,
panels 6, 8; Plate 3, panel 12). The vascular pole of
the glomerulus may also become encased in a col-
lagenous proliferation which is said to begin within
the Bowman’s space [11]. Ultimately, ischemic atro-
phy and sclerosis of the glomerular tuft is also seen
[11]. Curiously, the efferent arteriole is virtually
never involved in this hyalinizing process. However,
in Diabetes Mellitus, (Plate 3, panel 10) hyaline
change of a similar degree to that seen in the afferent
arteriole is frequently present in the efferent vessel
as well. This change is so characteristic as to be
useful as a differential diagnostic feature when dia-
betic renal disease is suspected. Further, diabetic
glomerulosclerosis accompanied by severe intra-re-
nal vascular disease may frequently be seen in the
absence of significant hypertension. This can be used
first as evidence that intra-renal vascular disease
does not always cause hypertension, but secondly it
appears to support the notion that vascular disease,
even of the severe hyalinizing type, can develop
independent of hypertension, and therefore hyper-
tension is certainly not the only cause of arterio-
sclerosis. The possibility that the efferent vascular
disease significantly alters either the signal for renin
release, or the response to the renin-angiotensin
mechanism, aborting further renin secretion, ap-
pears to have received little attention in the litera-
ture thus far. It is interesting that the nephrotic
syndrome (loss of volume control) is frequent in
diabetic glomerulosclerosis.

Immunofluorescence studies of the vascular dis-
ease in benign nephrosclerosis have indicated that at
least some of the hyaline material is derived from
components of plasma proteins, presumably leaking
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Plate 2. (4) Photomicrograph of interlobar vessel from kidney of patient with history of benign essential hypertension. Note the
reduplication of the internal elastic lamella in this elastic stained section (X400; bar equals 25 u). (5) Electron micrograph of similar
sized vessel from kidney of hypertensive individual. Note reduplication of elastic lamellae (less dense, wavy area). There is also
proliferation of adventitial cells and an increased amount of basal lamina material surrounding the vessel. (X1,500; bar equals 10 u). (6)
Low magnification photomicrograph showing glomerulus in individual with benign essential hypertension. Arrowhead to left indicates
delicate efferent arteriole. Arrowhead to right points to thickened afferent arteriole. The vascular pole of the glomerulus most
frequently is affected in nephrosclerosis, sometimes showing fibrosis beneath Bowman'’s capsule, which is not scen here. (X100, bar
equals 100 w). (7) Photomicrograph of medium sized artery from individual with malignant hypertension. The media is thinned, and
there is subintimal fibroplasia with a suggestion of ‘onion skin' change. The intima also shows mucoid degeneration. (x800; bar equals
25 ). (8) Electron micrograph of renal arteriole from. patient with benign essential hypertension. Note increased amount of basal
lamina-like material (x1,000; bar equals 10 ). (9) Photomicrograph of small artery in kidney of individual with malignant hypertension.
The lumen shows hyaline thrombus, and the wall shows fibrinoid necrosis. Note that there is little or no perivascular inflammation.
(x800: bar equals 25 ).
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Plate 3. (10) Electron micrograph of glomerular capillary from diabetic individual. Note intense hyaline deposition (insudative lesion).
Compare density with hyaline change in Figure 12 below. (X4,000; bar equalss 5 ). (11) Electron micrograph of glomerular capillary in
individual with malignant hypertension. There is fibrin deposition both in the lumen and in Bowman's space. Fibrinoid change
(necrosis) is commonly seen in the smaller arteries and arterioles, but also in glomerular capillaries in malignant hypertension. ( x4.000;
bar equals 5 u). (12) Electron micrograph of pre-glomerular arteriole from individual with benign nephrosclerosis. There is an increase
in fibrous collagen and intense hyaline change with deposition of material with the density of basal lamina. The lumen is virtually
obliterated. (X3,500; bar equals S u).
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into the vessel wall through an altered endothelium.
Although additional studies are needed, IgM, and C,
have been demonstrated in the wall of arteriosclero-
tic vessels in one study [40] and fibrinogen, IgG,
IgA, and IgE have been seen, in addition, in other
investigations [41].

While it is logical to assume that increased vascu-
lar tone, like exercise, might lead to muscular hyper-
throphy, the stimulus to endothelial fibroplasia,
elastic reduplication, and the exact nature of the
hyaline change remain to be elucidated. Evidence
from investigations in experimental animals will be
discussed briefly below (6.0).

4.2. Malignant nephrosclerosis

Since the early 1900’s when Volhardt and Fahr [3, 11]
classified hypertension into primary and secondary
types, it has been recognized that some hypertensive
patients have an accelerated disease which, if un-
treated, is relentlessly progressive and results in
death in weeks to months, usually from renal failure.
Some of these, more frequently black males in the
United States, appear de novo without an apparent
antecedent raised blood pressure. Others have a
documented benign essential hypertension which
suddenly progresses to show manifestations of se-
vere retinopathy and deteriorating renal function.

In patients whose blood pressure was not docu-
mented to be in the hypertensive range prior to the
development of malignant hypertension, the kidneys
are usually of normal size and have a smooth capsu-
lar surface. There are punctate hemorrhages in the
cortex, corresponding to areas of fibrinoid necrosis
of small arteries and arterioles, but the vascular scars
described above (4.0, 4.3) are not seen. They are
present only in patients with a clear-cut history of
benign essential hypertension in whom the malig-
nant phase has developed. It therefore would seem
better to refer to these two pathologic pictures as
malignant vasculopathy, and nephrosclerosis with
malignant vasculopahty, to distinguish a probably
different pathogenesis. None-the-less, the term ma-
lignant nephrosclerosis (flea-bitten kidney) is in-
grained in the literature.

The vascular lesions which are characteristic of the
malignant phase of hypertension are seen in both
instances, though there is also significant hyaline
arteriosclerosis in kidneys which show nephro-
sclerosis grossly. The two lesions which accompany
the accelerated phase are an endoproliferative pro-
cess in medium sized and larger vessels termed
‘onion skin’ change because of its resemblance to the
concentric layers of a sliced onion, sometimes ac-

companied by mucoid degeneration, and fibrinoid
necrosis which is seen in smaller arteries and ar-
terioles (Plate 2, panels 7, 9; Plate 3, panel 11). There
are other, perhaps more precise descriptive terms for
the latter such as plasmatic arteriolosis [11], and
others, which indicate that the lesion is due to in-
sudation of plasma proteins into the wall of the ves-
sel. The exact nature of these two vascular reactions
to injury, and their relationship to hypertension, is
still a matter of some debate. Neither of these is
unique to malignant hypertension, and both can ap-
parently be seen under clinical circumstances where
high blood pressure may not have been documented
(see below, 6.0). In malignant hypertension there is
the distinct impression from the literature that the
height of the blood pressure, and the presence of
renal failure, may be important in their pathogenesis
[3, 11]. The latter has led to a search for a ‘toxic’
principal which may directly injure the endothelium.
Although several candidates have been suggested,
conclusive evidence is lacking. Among the agents
which have been suggested is renin itself. Raised
renin levels appear to be a consistent feature of the
malignant phase, whereas in benign essential hyper-
tension the renin concentration is often low or within
the normal range [42]. Laragh’s group has brought
forth evidence that the renin level may correlate with
the presence and severity of vascular disease in both
the benign and the malignant phase [42].

The mitogenic stimulus for the endoproliferative
reaction in medium and larger muscular arteries is
unknown. The very similar change seen in sclero-
derma and a mucinous degeneration of the intima
which is sometimes seen late in pregnancy simulate
the vascular lesions of malignant hypertension (6.0).
As pointed out by Heptinstall [11], these divisions of
the renal vascular tree are proximal to the arterioles
and would be expected to be subjected to the full
force of the hypertension. However, as they become
narrowed by the endothelial proliferation the effect
would appear to diminish blood pressure and flow
more distally. Thus, it becomes difficult to under-
stand how both this lesion and the fibrinoid change
in arterioles relate to hypertension. The vascular
lesions of the retina, including focal hemorrhaging
and exudates which accompany the malignant phase
of hypertension have been suggested to be a visible
counterpart of the changes occurring in small renal
vessels. On the other hand, as pointed out by Picker-
ing (personal communication), they may also be
seen following massive gastrointestinal hemorrhag-
ing accompanied by hypotension.

The lesions of malignant hypertension in humans
have received some detailed ultrastructural and im-



munologic study [11, 37, 41] (Plate 3, panel 11). These
are summarized in the general references given [11,
37, 41] and indicate that fibrinogen is present in
glomeruli, arteries and arterioles. C; is also fre-
quently present, and IgM, IgG and IgA as well as
IgE have been demonstrated in scattered reports
[11]. Electron microscopic studies have detailed a
large number of changes. Wrinkling of the basement
membranes of capillaries, visible at the light micro-
scopic level, is also seen in the electron microscope.
Reduplication of the basal lamina, electron dense
deposits within the basal lamina and beneath endo-
thelial cells, which are often swollen, have been
seen. In areas of fibrinoid necrosis, fibrin tactoids
are seen (Plate 3, panel 11) and platelets may also be
found on occasion [11, 37, 41].

5. Other forms of renal vascular disease

The kidney is susceptible to all of the forms of vas-
culopathy which affect arteries or arterioles through-
out the body. The evidence favors the notion that
vasculitis such as that seen in scleroderma, lupus
erythematosus and polyarteritis nodosa (periar-
teritis) are primary, and the hypertension which de-
velops in association with these conditions is seen
only when and if there is significant compromise of
the renal circulation. This appears to be unequivocal
evidence for the contention that vascular compro-
mise can precede and initiate hypertension of renal
origin. Again, the mechanism has not been totally
elucidated, but there is evidence that the renin-an-
giotensin mechanism may be involved [11].

Three forms of vascular disease are worthy of
some further comment because of their resemblance
to the lesions of the malignant phase of essential
hypertension. These are the lesions of scleroderma,
those sometimes seen following pregnancy, and the
so-called hemolytic-uremic syndrome.

In each case, patients may begin with normal or
only slightly elevated blood pressure and end with
severe hypertension. They are associated with evi-
dence of intra-vascular coagulation and so-called
microangiopathic hemolytic anemia in which there is
a negative Coombs’ test and fragmentation of red
blood cells producing forms such as helmet cells and
burr cells. The vascular lesions in post-partum acute
renal failure, scleroderma and hemolytic-uremic
syndrome include the gamut of those seen in the
malignant phase of hypertension. These include:
mucinous endovascular degenerative and onion skin
change, in large and medium vessels, and fibrinoid
change in arterioles and glomeruli. So similar are the
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changes that the pathogenesis must involve similar
mechanisms. The primacy of intra-vascular coagula-
tion has been suggested, and raised circulating renin
levels may play a role [11].

6. Experimental studies of vascular disease and hy-
pertension

Much of the controversy over the relationship be-
tween hypertension and the pathogenesis of vascular
disease stems from the lack of an experimental ani-
mal which develops vascular lesions identical to
those seen in human essential hypertension, either in
the benign or the malignant phase. While fibrinoid
change without accompanying inflammation occurs
in the dog, the endoproliferative lesion is not seen
[43]. Interestingly, the early observation by H. Gold-
blatt of fibrinoid changes in vessels throughout the
body, but not in the kidney distal to a clamp on the
main renal artery [44] has led to the concept of the
‘protected kidney’. That is, that hypertension is nec-
essary to produce the vascular changes, and that they
are more severe on the side that is not protected by
renal artery stenosis. Goldblatt himself suggested
that the lesions of malignant hypertension appeared
to require at least normal perfusion pressure [44].
How this relates to the lesions of benign essential
hypertension (arterial and arteriolar sclerosis) is not
clear and has led to some confusion. Clarity has not
been gained from studies of the rat (see below).
Neither the dog nor the rat develops a lesion simulat-
ing hyaline arteriosclerosis in man. The dog may
show medial hypertrophy [43] in small and medium
sized vessels, but does not develop significant
hyaline change [43]. The lesion seen most frequently
in the rat, particularly in salt or steroid induced
hypertension is an inflammatory arteritis simulating
periarteritis nodosa in man [6, 7, 11, 45]. This lesion
does not resemble those of the malignant phase in
man, and certainly has little similarity to benign
arteriosclerosis. Because some authors have failed
to recognize this lack of similarity, much confusion
has been generated.

Despite these objections, there have been some
significant studies of lesions induced by experimen-
tal hypertension. The early studies of Byrom and
associates [6, 7] are often cited as establishing the
vicious circle of hypertension. Several strains of rats
which develop hypertension, such as the Kyoto,
SHR and Dahl strains have been developed [11]. The
latter is especially important since Rapp [45] has
inbred both a salt sensitive animal (S) which develop
rapidly progressive hypertension, and a salt resistant
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strain (R) which does not get raised blood pressure
on a similar level of salt intake. The availability of
the control animals will be extremely important in
unraveling the factors which are most important in
the pathogenesis of the vascular lesions which have
only been partially characterized to date.

It appears from numerous studies that more than
one mechanism is operative in the pathophysiology
of experimental renal hypertension [9, 11]. These are
typified by so-called two-kidney Goldblatt hyperten-
sion, in wich raised renin levels probably play a
major role, and one-kidney Goldblatt hypertension,
in which renin levels are low, and other factors are
felt to predominate [9, 11]. The literature is volu-
minous and confusing. There is a need to be some-
what cautious about interpreting failure of phar-
macologic agents, such as converting enzyme in-
hibitors, to abrogate the hypertension as meaning
that the renin angiotensin mechanism is not in-
volved. It is naive to assume that pharmacologic
agents act monospecifically, act identically under
different physiological conditions, and finally, the
effect could still involve the renin system indirectly
through one of its multiple interrelationships. Much
work remains to finally establish the relationship of
the kidney to the pathogenesis of essential hyperten-
sion.

7. Summary and future directions

We have discussed the principal forms of intra and
extra-renal vascular disease and their probable rela-
tionship to hypertension. Itis clear that when there is
significant compromise of the lumen of the main
renal artery, whether it be from atherosclerosis or
fibromuscular dysplasia, that hypertension follows
and can be cured by nephrectomy or correction of
the stenosis. The pathogenetic relationship between
intra-renal arteriosclerosis and hypertension is not as
clear. It appears that either can exist without the
other, but when severe, they almost invariably co-
exist. The renin-angiotensin mechanism appears to
be related to the development of the vascular lesions
in malignant hypertension, but its relationship to
renal hypertension, arteriosclerosis and essential hy-
pertension is still not entirely delineated. Future
studies need to be carried out to firmly establish the
relationship of hypertension to vascular disease.
This is very difficult because an animal model is
lacking at present. Moreover, many compensatory
reactions, so subtle as to be undetectable, may take
place in in vivo experiments, and mislead investiga-
tors. The development of an in vitro model may be

essential before all variables can be controlled. Fi-
nally, the balance between depressor and pressor
substances, and the role of volume expansion in the
generation of high blood pressure require further
elucidation.
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CHAPTER 11

Renal biopsies: glomerular subcellular features

SILVIA CASANOVA and RENZO LASCHI

1. Introduction

Electron microscopy is nowadays a routine method
in the study of renal biopsies. The doubts existing
some years ago about the true validity of such a
method, which was considered too sophisticated and
too expensive, are now definitively overcome by the
accurate analysis of the cost/benefit ratio.

The increased skill of pathologists in interpreting
the information inherent in electron micrographs
leads more and more to the distinction among le-
sions which earlier seemed to be totally superim-
posable, and at the same time to a better understand-
ing of the findings of light and fluorescence
microscopy. Moreover, the simplification of the
preparation procedures allows a considerable short-
ening of the times of processing of the specimens and
thus a particularly quick report to the clinician.

Therefore the analysis of the subcellular and par-
ticularly glomerular features assumes a precise in-
equivocal clinical meaning in the course of renal
disease and should possibly be performed regularly
on each renal biopsy in parallel with the conven-
tional light and immunofluorescence microscopy.

In this chapter, we describe only those ultrastruc-
tural lesions of the various glomerular components
which, in our experience, are of a precise patholog-
ical significance at the present state. Other lesions
with a still imprecise significance and uncertain eval-
uation were deliberately neglected.

2. Alterations of endothelial cells

The endothelial cells line the inner surface of glo-
merular capillaries with a thin lamina of fenestrated
cytoplasm coated by a layer of negatively charged
glycoproteins. The glycocalix can retard the filtra-
tion of some circulating cationic proteins such as
albumin and repels the circulating cells. Blood group
antigens (ABO) and histocompatibility antigens

(class 2DR) can be found on the endothelial surface.
Moreover, the endothelium performs important co-
agulation control functions by means of the secretion
of procoagulative and fibrinolytic factors. Under
pathological conditions the endothelium may detach
from the basement membrane and desquamate in
the lumen; this phenomenon is often associated with
coagulation disorders. The endothelial cells can pro-
liferate in order to repair the interruptions, as dem-
onstrated by the presence of mitosis.

In the course of some proliferative glomerulo-
nephritides, circulating monocytes may infiltrate the
glomerulus, contributing to the glomerular hyper-
cellularity. This monocytic infiltration can be dem-
onstrated either by means of histochemical tech-
niques or by electron microscopy. The latter
method, however, presents some limits because of
the reduced sampling and the lack of definite mor-
phological identification features of the monocytes.

Various alterations of the endothelial cells can be
observed at the electron microscope in the course of
different nephropathies, but they seldom are spe-
cific, especially if they are of modest degree. The
honeycomb transformation of the endothelium
seems to be detected frequently also in normal glo-
meruli [1] (Fig. 1). The swelling of the endothelium
occurs in response to a wide range of stimuli and only
in toxaemia of pregnancy it is particularly evident
(endotheliosis). Occasional endothelial foam cells
can be observed in toxaemia of pregnancy, and in
other nephropathies (Fig. 2).

Tubuloreticular inclusions in the cisternae of the
endoplasmic reticulum can be found frequently in
the course of systemic lupus erythematosus (Fig. 3].
Initially they were considered as paramyxoviruses,
but in fact they are nuclease and RNAse resistant.
They seem to contain mucoproteins. Some authors
suggest that they represent an unspecific sign of
cellular damage. In this connection it is known that
lymphoblastoid cells in vitro develop tubuloreticular
structures after being exposed to human interferon
2]
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Fig. 1. Focal proliferative glomerulonephritis. Honeycomb transformation of endothelial cell (X 18,700).
Fig. 2. Toxaemia of pregnancy. The endothelial cell cytoplasm is laden with clear vacuoles (foam cell) (x5.500).
Fig. 3. Lupus nephritis. Clusters of tubulo-reticular structures into the endothelial cells (arrows) (x23.000).



3. Alterations of the basement membrane

The glomerular basement membrane results from
the fusion of the epithelial and endothelial basement
membranes. Hence, it has a trilaminar aspect with a
lamina densa interposed between two laminae rarae,
interna and externa. In humans the basement mem-
brane reaches a thickness of about 350 nm with a
significant difference between the sexes: 373 nm in
men and 326nm in women [3]. Until the fourth
decade of life, the thickness increases with age and
then stabilizes or decreases.

Among the constituents of the glomerular base-
ment membrane some intrinsic components are se-
creted by the cells resting on it. Other extrinsic com-
ponents are entrapped in the membrane during the
filtration process, even if their presence if likely to
have functional significance. Among the intrinsic
components type IV collagen is distributed in all
layers of the basement membrane, forming its struc-
tural frame, to which other components anchor.
Laminin and heparan sulfate are predominant in the
laminae rarae. The heparan sulfate seems to be the
major responsible of the charge selectivity of the
glomerular filter. Among the extrinsic components
fibronectin is localized on the endothelial side of the
basement membrane [4].

3.1. Gaps of the basement membrane

Focal discontinuities or gaps of the basement mem-
brane can be observed in the course of various glo-
merulonephritides. The interruptions can involve
large segments (up to 4 wm) of the basement mem-
brane and be associated with cellular necrosis. Mas-
ses of fibrin frequently fill the capillary lumen and
spill through the gap in the urinary space, mixed with
blood elements. Such interruptions may be observed
in rapidly progressive glomerulonephritis, severe
postinfective glomerulonephritis, lupus nephritis,
etc. (Fig. 4).

Sometimes the gaps in the basement membrane
are small without any evidence of cellular necrosis
and sealed with epithelial or endothelial cell cyto-
plasm (Fig. 5). In other cases, a thin irregular layer
of lamina densa remains among the closely apposed
epithelial and endothelial cells. Electron-dense de-
posits can also be present.

The gaps of the basement membrane may have a
causal role in the formation of epithelial crescents, as
they are frequently found in extracapillary prolifera-
tion. The presence of fibrin, serum proteins and
monocytes in the urinary space are regarded as the
triggering stimulus [5].
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Several factors appear to play a role in the damage
of the glomerular capillary wall: the basement mem-
brane may be digested by cellular collagenases or
weakened by the presence of immune complexes as
well as by intravascular coagulation or it may be
interrupted by mechanical stress. However, none of
these factors is inequivocally proved.

3.2. Thickening of the basement membrane without
morphological alterations

The increase in thickness of the morphologically
inaltered basement membrane represents an impor-
tant finding in diabetic glomerulosclerosis, both in
diffuse and nodular form. It is associated with in-
creased protein permeability of the glomerular filter.
The basement membrane appears homogeneous,
dense and sometimes lamellated (Fig. 6). The thick-
ness varies in the different loops. The outer contour
is smooth with occasional crater-shaped depres-
sions.

Quantitative analyses have shown that the thick-
ening begins early and is followed by an increase of
the mesangial matrix in either diffuse or nodular
form.

Most authors consider the altered carbohydrate
metabolism to be the determinant cause of the base-
ment membrane changes [4], but the physiopatho-
logic mechanism is still obscure. Recent biochemical
data on diabetic glomeruli have shown a reduced
content of heparan sulfate proteoglycans, which
might explain the increased permeability of the base-
ment membrane [6]. Even if the thickening of the
glomerular basement membranes is characteristic of
diabetic glomerulosclerosis, it can be detected in
various other glomerulopathies such as hepatic
glomerulosclerosis and glomerular ischemia. In the
first case, the thickening may be associated with
transparent areas containing osmiophilic particles;
in the second case, it is possible to observe wrinkling
of the membrane.

3.3. Thickening of the basement membrane with mor-
phological alterations

The basement membrane assumes irregular con-
tours, the lamina densa appears divided into several
differently interwoven lamellae, interrupted by lu-
cent areas with electron-dense granulations (Fig. 7).
If these alterations are sufficiently diffused, they are
suggestive of Alport’s syndrome, a chronic familial
progressive nephritis often associated with nerve
deafness. Nevertheless, not all patients with clinical
features of and positive inheritance for the Alport’s
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Fig. 4. Goodpasture’s syndrome. The capillary lumen (CL) is occluded by a fibrin trombus. The basement membrane is thin and focally
interrupted (arrows) (x5,400).

Fig. 5. Proliferative glomerulonephritis. Gap of the basement membrane sealed by a process of the epithelial cell (EP) (arrow)
(x13,400).

Fig. 6. Diabetic glomerulosclerosis. The basement membrane appears severely thickened (x15,600).
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Fig. 7. Alport’s syndrome. Characteristic appearance of the basement membrane with lamellation and lucencies (x4,400).
Figs. 8, 9, 10. Proliferative glomerulonephritis. Different aspects of humps (arrows) (Fig. 8, X15,300; Fig. 9, x38,400; Fig. 10, x4,250).
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syndrome present these alterations [7]. In fact, some
patients show normal basement membranes, others
only a diffuse thinning and others still present patchy
splitting.

On the other hand, focal lamellation of the base-
ment membrane can be observed in patients with
different glomerulopathies such as IgA glomerulo-
nephritis and postinfective glomerulonephritis [8].
Therefore these alterations, even if they suggest the
Alport’s disease, cannot be considered to be the sole
and indispensable criterion for diagnosis.

Spear suggested that the Alport’s syndrome could
be the expression of an inherited defect of the base-
ment membrane assembly [9]. Some authors have
described a defective binding of anti-basement mem-
brane antibodies to the glomeruli of patients with
Alport’s syndrome [10], whereas Habib et coll. [7]
report a decreased biochemical content of colla-
genous polypeptides with a normal distribution of
the different constituents of the basement mem-
brane at immunofluorescence. These last authors
conclude with the assumption of an altered collagen
degradation rate.

In other hereditary disorders with renal involve-
ment, a thickening of the basement membranes is
produced: the familial deficiency of lecithin-chol-
esterol acyltransferasis and the hereditary onycho-
osteodysplasia or nail patella syndrome. In the first
case the basement membrane contains lucent areas
and electron-dense membrane-like material on the
subepithelial side. The glomerular histological pic-
ture suggests a membranous glomerulonephritis
with negative immunofluorescence for immuno-
globulins and complement [11]. In the second case,
the basement membranes appear homogeneously
thickened and contain cross-banded collagen fibers
[12]. The renal involvement is associated with pro-
teinuria, sometimes in nephrotic range, with histo-
logical evidence of segmental glomerular sclerosis
and cortical fibrosis. Patients present dystrophic and
hypoplastic nails, bone alterations (rotula and ilium)
and iris pigmentation.

3.4. Basement membrane thickening by apposition

This type of thickening is due to the presence of
material which differs in structure and/or density
from the lamina densa. The deposition may occur on
either sides or within the lamina densa. It is common
use to indicate as deposits amorphous areas of in-
creased electron density. Often their presence is as-
sociated with the deposition of immunoglobulins
and/or complement, which can be demonstrated by
means of immunofluorescence. The areas with in-

creased lucency are generally indicated as lucent
areas.

3.4.1. Subepithelial deposits are located between the
lamina densa and the plasma membrane of visceral
epithelial cells. The deposits may be isolated, dome-
shaped and sharply marked off from the lamina de-
nsa; the epithelial cytoplasm covering them shows
increased density and loss of foot processes. These
deposits are called ‘humps’ and are considered the
hallmark of acute postinfective glomerulonephritis.
Nevertheless, they can be detected in other glo-
merulonephritides such as idiopathic membrano-
proliferative  glomerulonephritis,  glomerulo-
nephritis in the course of infective endocarditis,
Schoenlein-Henoch purpura. In postinfective
glomerulonephritis humps appear during the acute
stage; after 4-8 weeks they lose density and form
empty spaces (Fig. 8), which collapse and are filled
by the epithelium. In some cases they may be incor-
porated into the basement membrane, where they
give rise to electronlucent lacunae (Fig. 9) which
persist for a long time (up to 4 years) [13]. Closely
packed large humps (atypical humps) have been de-
scribed in cases with slow resolution (Fig. 10) [14].

Round or flat subepithelial deposits occurring in
large number distinguish idiopathic and secondary
membranous glomerulonephropathy. By immuno-
fluorescence microscopy the deposits contain IgG
and complement and in some cases antigens have
been detected. Such deposits are therefore con-
sidered to contain antigen-antibody complexes
either pre-formed in the circulation or formed in
situ.

In the course of membranous glomerulonephro-
pathy, the initially subepithelial deposits (I stage)
are in part (II stage) and totally (III stage) incorpor-
ated into the projections of the lamina densa. They
may lose their electron density (IV stage) and, in
some cases, disappear completely (V stage) (Figs. 11,
12, 13, 14).

By light microscopy the diagnosis of stage I may be
difficult as well as the differential diagnosis between
stages III and IV. At the electron microscope only at
stage IV or V, if deposits are minimal or absent,
diagnosis may be difficult.

After stage II the basement membrane appears
generally greatly thickened; only in a few patients
thickening is modest.

Membranous nephropathy may occur as one of
the morphological variants of lupus nephritis. Some-
times clinical evidence for lupus is lacking and thus
some morphologic features warrant suspicion of
lupus. These are: mesangial, subendothelial, and
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Figs. 11, 12, 13, 14. Membranous glomerulonephropathy. The morphology of the basement membrane and deposits within it changes in
the different stages of the disease. Fig. 11: stage I (x18.700); Fig. 12: stage 1 (x18,700); Fig. 13: stage II (x12.000); Fig. 14: stage IV
(x4,800).
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tubular deposits and tubulo-reticular inclusions in
the endothelial cells. If more than one of these fea-
tures is present, their efficiency in differential diag-
nosis increases.

3.4.2. Intramembranous deposits. They may be
a) discontinuous, b) dense granular, and c) ribbon-
like.

a) The electron-dense material lies among more or
less regular layers of lamina densa. Some deposits
are early located within the lamina densa, others
assume this position later because of the formation
of new basement membrane material. Primary intra-
membranous deposits can be found in cases of acute
postinfective glomerulonephritis. Generally, they
do not induce thickening of the basement mem-
brane. Secondary intramembranous deposits char-
acterize the III stage of membranous glomerulo-
nephropathy and some cases of membranoprolifer-
ative glomerulonephritis. In these latter, the base-
ment membrane appears greatly thickened and the
lamina densa splitted into lamellae and twisted by
the presence of intramembranous, subepithelial and
subendothelial deposits (Fig. 15). These forms have
been classified by Strife et coll. [15] as a third type of
membranoproliferative  glomerulonephritis. At
present, no clinical or immunopathological feature
seems to differentiate type III from type I
membranoproliferative glomerulonephritis.

b) The association of lymphoplasmocytic dys-
crasia with tissue deposition of granular material
containing determinants of monoclonal light or
heavy chains has been recognized only recently. The
disease is often called light chain deposition disease,
although there are cases with heavy chain deposi-
tion. The histologic picture of renal biopsy may
mimic diabetic nodular glomerulosclerosis, but cases
with slight mesangial thickening are described. The
mesangial nodules are highly PAS-positive and not
argyrophilic. The glomerular sclerosis is often
focally distributed. Monoclonal chains can be dem-
onstrated by immunofluorescence. At the electron
microscope glomerular basement membranes show
the presence of granular electron-dense material
(Fig. 16). The deposition involves also glomeruli
without any histological alteration. Similar deposits
can be observed in the mesangium, in the tubular
basement membranes, peritubular capillaries and in
the interstitium.

The tissue precipitation mechanism of the mono-
clonal chains is unknown. Structural changes as well
as abnormal glycosilation of the light chains have
been demonstrated by Preud’Homme and coll. [16].
The formation of mesangial nodules might be a reac-
tion to the abnormal material or the consequence of

mesangiolysis with formation of capillary micro-
aneurysms.

¢) The glomerular basement membrane is thick-
ened and the lamina densa replaced by highly elec-
tron-dense, homogeneous, ribbon-like material
(Fig. 17). The same material can be found in mes-
angium, Bowman'’s capsule and tubular basement
membranes. Some glomerular basement mem-
branes have a normal aspect. The picture is specific
of dense deposits disease. At light microscopy most
patients with this disease show the features of mem-
branoproliferative glomerulonephritis. For this rea-
son dense deposits disease has been classified as a
subgroup of membranoproliferative glomerulo-
nephritis (type 1I). Immunofluorescence does not
show immunoglobulins within the deposits, whereas
anti-C3 antiserum outlines the dense material with a
double-track pattern along the basement membrane
and a ring-shaped pattern in the mesangium.

Dense deposit disease recurs in transplanted kid-
neys, suggesting the importance of circulating fac-
tors. Deposits appear early at the vascular pole.
Deposition of complement takes place later as a
secondary phenomenon. The relapse does not lead
to loss of the graft.

The nature of the electron-dense material is still
unknown. The available data indicate it is glyco-
proteic and contains less cystine and more sialic acid
than the normal basement membranes. According to
Kim et al. [17], the electron-dense material is not
immunogenic and the basement membranes cannot
fix anti-basement membrane antibodies eluted by
Goodpasture kidneys. The latter datum is contested
by Droz et al. [18].

3.4.3. Subendothelial deposits. These deposits can
reach considerable dimensions, extending along the
whole capillary loop. They can therefore easily be
recognized at the light microscope. Subendothelial
deposits are typical of type I membranoproliferative
glomerulonephritis and of lupus proliferative ne-
phritis (Fig. 18), but they can be observed in various
nephropathies.

Peculiar deposits with crystalline structure may be
found in cryoglobulinemia: deposits with cylindric or
annular configuration in mixed cryoglobulinemia
(Fig. 19), whereas deposits with fibrillary form in
monoclonal cryoglobulinemia [19]. Deposits with
organized pattern may be present in lupus glome-
rulonephritis as well (Fig. 20).

In view of the functional continuity between sub-
endothelial space and mesangium, it has been pre-
sumed that subendothelial deposits form as a con-
sequence of mesangial overloading with immuno-
complexes.
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Fig. 15. Membrano-proliferative glomerulonephritis. Discontinuous deposits into the basement membrane (X6,000).
Fig. 16. Light chain deposition disease. Dense granular deposits (arrows) in the basement membrane and mesangial matrix (X11,400).
Fig. 17. Dense deposits disease. Ribbon-like dense transformation of the basement membrane (x4,300).
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Fig. 18. Lupus nephritis. Subendothelial large deposits in the basement membrane (x3,000).
Fig. 19. 1gG-IgM cryoglobulinemia. Deposits organized into cylindrical paracrystalline structures (x33,600).
Fig. 20. Lupus membranous glomerulonephritis. Organized deposits in the basement membrane (x32,000).

20



3.4.4. Deposition of fibrillar material

a) Amyloid. At least three types of amyloidosis are
recognized: a systemic hereditary form the isolated
fibrils of which seem to contain pre-albumin, a pri-
mary acquired or myeloma-associated form with
fibrils containing light immunoglobulin chains or
frangments of them, and an acquired form secondary
to inflammatory processes containing AA protein.

Electron microscopy does not allow to distinguish
among the three types of amyloid, which appears in
all cases as rigid, unbranched fibrils with a diameter
of about 100 A (Fig. 21). Amyloid glomerular depos-
its may vary in extension and location. The glomeru-
lar involvement may be segmental, diffuse, nodular
or mixed. Amyloid fibrils may permeate all glomeru-
lar structures and greatly distort the basement mem-
branes.

The deposition pattern and the extent of capillary
wall involvement do not significantly correlate with
the degree of proteinuria or the renal function. How-
ever the presence of massive proteinuria and a
fulminating clinical course may be associated with
the deposition of amyloid fibrils in spicular form on
the subepithelial side of the basement membrane
[20]. The absence of spicules and the formation of
new basement membrane on the subepithelial side
of the capillary wall seem, on the other hand, to be
associated with modest proteinuria and the rare
cases of recovery.

b) Microfibrils within the size range of amyloid
fibrils, but with a regular parallel arrangement can
be detected in the subendothelial space of the base-
ment membrane and in mesangium in various
nephropathies (Fig. 22) [21] (transplant glomerulo-
pathy, toxaemia of pregnancy, nodular glomerulo-
sclerosis . . .). On cross section the microfibrils show
a lucent core surrounded by a dense rim. They con-
tain collagenous glycoproteins.

3.4.5. Widening of the lamina rara interna. This ap-
pearance is caused by the deposition of non-fibrillar
electron lucent material. This alteration, if limited,
can be observed in various nephropathies without
being specific. If extensive, is typical of severe
ischemic glomerular damage (essential malignant
hypertension, renal involvement in the course of
scleroderma) or lesions associated With dissemi-
nated intravascular coagulation (uremic hemolytic
syndrome, thrombotic thrombocytopenic purpura,
toxaemia of pregnancy, transplant glomerulo-
nephropathy). Fibrin, immunoglobulin and fibro-
nectin deposits are detectable in the subendothelial
space by immunofluorescence. Widening of the lam-
ina rara interna may associate with mesangial inter-
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position or with intracapillary thrombi (Figs. 23 and
24).

3.5. Thickening of the basement membrane by mes-
angial interposition

It is well known that the lamina rara interna is in
anatomical and functional continuity with the mes-
angium. In low class vertebrates the lamina rara
interna normally contains mesangial cells [22]. It is
therefore not surprising that in pathological condi-
tions mesangial cells migrate into the subendothelial
space, surrounding partially or totally the capillary
lumen. On the inner side of the capillary loop a new
layer of basement membrane is layed down. At light
microscope the involved loops appear therefore with
a double contour pattern. The stimuli which induce
mesangial cells to migrate are not yet understood.
Occasionally, the interposition is associated with
electrodense deposits in the subendothelial mes-
angium. Therefore, it has been assumed that mes-
angial migration may represent an attempt to de-
grade material, which otherwise could not be elimi-
nated from the subendothelial space.

Mesangial interposition in the basement mem-
brane occurs with frequency in the course of some
glomerulopathies such as membranoproliferative
glomerulonephritis, transplant glomerulonephritis,
toxaemia of pregnancy (Figs. 23-24). The process
may lead to a remarkable narrowing of the capillary
lumen.

3.6. Thinning of the basement membrane

The diffuse and significant reduction of the base-
ment membrane thickness to about 1500-1900 A is
considered to be the morphologic hallmark of essen-
tial benign haematuria (Fig. 25), although this lesion
has been described also in Alport’s syndrome [7].
Familial essential benign haematuria shows domi-
nant autosomic transmission and differs from the
Alport’s disease, as no proteinuria, renal insuffi-
ciency or auditive deficiencies can be observed. In
doubtful cases, familial essential benign haematuria
is to be excluded in the presence of proteinuria and
evolution into renal failure in a family member.

4. Alterations of epithelial cells

Under normal conditions the glomerular visceral
epithelium represents about 54% of the total glo-
merular cytoplasm [1]. It consists of podocytes,
which are highly specialized cells with a characteris-
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Fig. 21. Renal amyloidosis. Amyloid fibrils penetrating beneath the epithelial cells (arrow) (x12,000).
Fig. 22. Membrano-proliferative glomerulonephritis. Microfibrillar structures in the mesangium (x36,800).
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Figs. 23, 24. Transplant glomerulopathy (Fig. 23) and uremic haemolytic syndrome (Fig. 24). Prominent thickening of the lamina rara
interna of the basement membranes and mesangial interposition (Me) (Fig. 23, x6,000; Fig. 24, x4,000).
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Fig. 25. Familial benign haematuria. Thinning of the basement membrane (x20,000).

tic tridimensional structure. It is likely that the ele-
ments of the cytoskeleton, regional differences in the
composition of the plasma membrane and an extra-
cellular lining of polyanionic sialoproteins concur to
maintain this structure. The functions of synthesis of
some constituents of the basement membrane, of
supporting the membrane itself and of controlling
the hydraulic flow through the glomerular capillary
wall are attributed to the visceral epithelium.

The best known podocyte alteration is the disap-
pearance (fusion) of foot processes (Fig. 26). Ac-
cording to Haynes [1], an apparent modest fusion of
the foot processes can be detected also in normal
conditions; lenghts of fusion of about 12 wm must be
a regular finding before the degree of fusion can be
considered significant. The disappearance of the
foot processes occurs because of retraction of the
cytoplasm towards the cell body and is associated
with distortions and dislocations of the slit dia-
phragms (Fig. 26, inset). According to the more
generally accepted opinion, this alteration is con-
sequent upon the reduction of the negative charges
on the epithelial surfaces, even if the data supporting
this hypothesis are still inadequate. The disap-
pearance of the foot processes represents the main
ultrastructural lesion in minimal change nephropa-
thy. Moreover, this lesion can be observed in the
course of various proteinuric states.

The relation between proteinuria and the fusion of
the foot processes is still controversial. Results pub-
lished by various authors seem to indicate that pro-
teinuria in itself is not responsible for the epithelial
alterations [23-24]. As the basement membrane
seems to be the main size and charge filter of the
glomerular capillary wall, it is also unlikely that

epithelial alterations may be primarily responsible of
proteinuria. The two phenomena may represent sep-
arate answers to an underlying pathologic process.

In the course of various glomerular diseases, the
visceral epithelium may present degenerative and
necrotic changes followed by its detachment from
the basement membrane. Depending upon the ex-
tent of the injury,sclerosis may result (Fig. 27).

In Fabry’s disease the visceral epithelial as well as
endothelial and mesangial cells contain intracyto-
plasmic vacuoles full of myelin-like material (Fig.
28).

5. Mesangial alterations

The mesangium is the structure supporting the
glomerular flocculus. The mesangial matrix is in
functional continuity with the internal lamina rara of
the basement membrane, whereas it is structurally
and chemically distinct from the lamina densa. It
contains in fact different types of sulphated glycos-
aminoglycans [25], fibronectin, type IV procollagen
and type V collagen. Moreover, it is more easily
soluble than the lamina densa. From a structural
point of view, it is less homogeneous and often con-
tains fibrotubular structures. '

Recent observations in experimental animals
seem to indicate that there are two different popula-
tions of mesangial cells: one similar to the smooth
muscle cells containing myosin and able of con-
tracting in response to local stimuli, thus controlling
the glomerular perfusion and filtration, and a second
with phagocytic ability derived from the bone mar-
row, expressing antigens Ia. In normal conditions
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Fig. 26. Minimal change disease. Fusion of the foot processes of epithelial cell (Ep) (x14,000). Inset: high magnification of foot
processes. The remaining slit diaphragms are either lacking or multilayered (arrow) (Xx6,400).

Fig. 27. Focal glomerulosclerosis. Epithelial cells (Ep) are severely damaged and under them new layers of basement membrane (bm)
appear (x6,400).

Fig. 28. Fabry’s disease. Typical Zebra bodies into the lysosomes of epithelial cells (x3,900).
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Fig. 29. Proliferative glomerulonephritis. The mesangial matrix appears completely dissolved and mesangial cclls are free into

proteinaceous material (x4,100).

such a population represents about 2% of the mes-
angial cells.

Little is known about the factors controlling the
access of circulating macromolecules to the mes-
angium and the elimination of the products filtered
and possibly degraded in the mesangium. Moreover,
the stimuli which induce the increased synthesis of
matrix by mesangial cells must still be examined
more thoroughly.

Electron microscopy, which has definitively dem-
onstrated the existence of this third population of
glomerular cells, up to this moment seems of limited
help in the diagnosis of mesangial changes. Such
changes, being more of quantitative than of qualita-
tive nature, can be studied easily by the traditional
histology, whereas the evaluation of immune depos-
its can more properly make use of immunohisto-
chemical techniques.

Apart from the presence of immune deposits, al-
terations of the mesangial matrix structure are the
presence of amyloid fibrils in amyloidosis, fibrotubu-
lar structures in nodular glomerulosclerosis (diabe-
tes and others), and collagen fibers in chronic glo-
merulopathies.

Mesangiolysis may occur, indicating the disin-

tegration of the mesangial matrix with oedema and
accumulation of proteinaceous material within the
matrix and the subendothelial space, which appears
enormously enlarged. The basement membranes
lose their anchorage on the mesangial axis and form
capillary aneurysms full of blood cells. The mes-
angial cells degenerate rapidly. Phenomena of mes-
angiolysis (Fig. 29) can be observed in various in-
flammatory glomerulopathies and others (acute and
chronic glomerulonephritis, radiation nephritis,
thrombotic microangiopathies, transplant, diabe-
tes). Such alterations may possibly lead to glome-
rulosclerosis.

Conclusions

In the years to come, the ultrastructural investiga-
tion will certainly lead to new and important infor-
mations in the study of renal biopsies. It will in fact
be able to make use of new associated techniques,
such as refined cytochemistry and immunocyto-
chemistry, freeze-fracturing, x-ray microanalysis
and other methods which are being developed. This
will allow a more and more precise correlation be-
tween morphology and function.
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CHAPTER 12

Dialysis

MICHAEL I. SORKIN

1. Introduction

Progressive chronic renal failure was uniformly fatal
twenty years ago. Now patients need not die of renal
failure. Not because we have a cure for the underly-
ing disease but because we have the technology to
replace renal function. When renal failure pro-
gresses to its end stage, life can be maintained by
dialysis or transplantation. Over the past decade
many important changes have improved the treat-
ment of these patients with End Stage Renal Disease
(ESRD). I have selected only a few of these new
dialysis-related techniques for discussion. I have
tried to choose topics that either have had a recent
important impact on ESRD treatment, should have
an important impact, or are interesting enough to be
discussed regardless of impact.

Continuous Ambulatory Peritoneal Dialysis
(CAPD) is clearly the most important innovation in
the dialysis treatment of patients with end stage
renal disease. It’s simplicity has led to a marked
increase in the home dialysis population. This
‘steady state’ dialysis provides excellent middle
molecular clearance, good blood pressure control,
increase dietary flexibility and patient mobility.
CAPD does suffer from the risk of peritonitis and
lower small molecule clearance than hemodialysis.

Hemofiltration (also known as hemodiafiltration)
looks like hemodialysis but is not dialysis. It depends
on the convective transfer of solute produced by high
rates of ultrafiltration across a special membrane to
remove metabolic waste products. The advantages
of hemofiltration include better middle molecule re-
moval, less side effects than hemodialysis and better
blood pressure control.

The recent introduction of continuous arterio-
venous ultrafiltration provides an interesting ‘con-
tinuous’ form of hemofiltration, especially adaptable
to the acute intensive care setting. This technique
depends on the patient’s own arterial pressure to
drive blood through highly permeable membrane to

produce continuous ultrafiltration over relatively
long periods of time — on the order of several days for
each treatment. Although best for fluid removal,
continuous arterio-venous ultrafiltration can be used
to treat patients with renal failure if enough ultra-
filtration is produced.

2. CAPD
2.1. Development

CAPD was first reported in 1976 but its widespread
clinical use began in 1978. At that time Medicare
recognized this therapy as a variant of peritoneal
dialysis and agreed to reimburse dialysis centers and
physicians for its use in the United States. In this
short period of time CAPD has enjoyed an incredi-
ble growth. More than 20,000 patients will be using
this form of treatment worldwide by the time this
book goes to press. It is the single most important
factor in the growth of home dialysis in the United
States and now accounts for most of home dialysis
training. Atleast 50% of patients currently ‘at home’
on any form of dialysis therapy use CAPD.

CAPD was devised to meet the needs of a single
patient who could no longer be treated with hemo-
dialysis because he had no vascular access. By apply-
ing existing knowledge of ultrafiltration and solute
transfer across peritoneal membranes, calculations
indicated that five ‘exchanges’ per day would keep a
functionally anephric patient healthy [1]. Clinical
trials, beginning in late 1976 and early 1977, sug-
gested that four exchanges per day were optimal for
most patients [2]. By late 1977 the introduction of
dialysis solutions in plastic bags made this procedure
safer and more convenient [3]. The major advan-
tages of CAPD are its extreme simplicity (which
allows more patients to go to home dialysis) and its
‘steady state’ characteristics which allow continuous
solute removal and ultrafiltration (which are com-

L.J.A. DiDio and P.M. Motta (eds), Basic, Clinical, and Surgical Nephrology. ISBN 0-89838-689-5.

© 1985, Martinus Nijhoff Publishers, Boston.



190

patible with easy adjustment to individual diets).
The major risks are peritonitis and infection around
the peritoneal access device. Only now do we have
enough data to begin to draw some preliminary con-
clusions as to the efficacy and effectiveness of CAPD
so that we can place it in its proper relationship with
other modes of therapy, especially hemodialysis.

2.2. CAPD technique

Until the introduction of CAPD in 1976, all efforts to
improve peritoneal dialysis systems centered around
attempts to improve dialysis efficiency by increasing
dialysis solution flow rates. Under conditions of vir-
tually continuous peritoneal lavage some investiga-
tors were able to achieve peritoneal urea clearances
in the range of 40 ml/min. The combination of effi-
ciency, coupled with economic factors, led to the
relatively standard use of exchanges consisting to
two liters every half hour or a dialysis flow rate of
67 ml/min. This system is only possible using auto-
mated or semi-automated devices since the nursing
time required for manual exchanges would be pro-
hibitively expensive. Most Intermittent Peritoneal
Dialysis (IPD) patients are maintained on 36 to 40
hours of dialysis per week — usually divided into two
20-hour segments twice weekly or 12-hour treat-
ments thrice weekly. Automated systems made it
possible for patients to perform their own dialysis
treatment overnight at home without a helper. With
the fully automated systems the complication rate is
low and peritonitis is a relatively minor problem.
The introduction of the chronic peritoneal dialysis
catheter by Tenckhoff in 1968 made peritoneal ac-
cess simple and relatively trouble free [4].

In 1976, Popovich and Moncrief reported a novel
approach to improving peritoneal dialysis [1]. It took
advantage of the relative inefficiency of the per-
itoneal dialysis system. They proposed that the pa-
tient be dialyzed continuously (24 hours/day, seven
days/week) using ‘long dwell exchanges’. The pa-
tient would perform his own exchanges by infusing
two liters of dialysis solution, allowing it to dwell
between four to eight hours, then allowing it to drain
— all by gravity using no automated equipment. The
patient could perform these exchanges virtually any-
where given reasonably clean controlled surround-
ings and appropriate sterile technique. These long
dwell exchanges resulted in low dialysis solution flow
rates — between six and eight ml/min. The original
calculations indicated that the very long dialysis
times — 168 hours/week — would more than make up
for the low dialysis solution flow rate inefficiency.
Sometimes called equilibrium dialysis or steady state

dialysis, the system depends on the fact that small
molecules (including urea 60 daltons and creatinine
113 daltons) are nearly completely equilibrated be-
tween four to six hours but that larger molecules
such as B,, (1355 daltons) or inulin (5500 daltons)
reach equilibrium much more slowly. Clearances
calculated on a weekly basis rather than on a minute
basis indicated that the removal of small molecules is
better than the usual intermittent peritoneal dialysis
clearances but not quite as good as hemodialysis
clearances. Removal of middle molecules (500 to
5,000 daltons) is considerably better than both IPD
and hemodialysis. Only hemofiltration rivals CAPD
for middle molecule removal (see Table 1). Al-
though the original description of CAPD required
five exchanges per day, clinical practice now sug-
gests that average patients can be maintained on
only four exchanges a day depending on residual
renal function and diet. Timing of exchanges is not
critical and patients are able to regulate the dialysis
program around daily activities. Since dialysis is oc-
curring at all times (except when the patient is drain-
ing solution from his peritoneal cavity or infusing
new solution into his peritoneal cavity) blood chem-
istries are maintained at a steady state concentration
rather than exhibiting the sawtooth pattern seen
with the intermittent forms of dialysis. Fluid and
sodium removal are continuous and, therefore,
blood pressure regulation tends to be better than
with intermittent dialysis. Dietary planning is much
simpler since the patient has the flexibility provided
by the ability to alter his dialysis solution four times a
day rather than having to wait a day or two until his
next dialysis treatment to remove extra sodium or
water.

No machines are involved and the operation of the
system is virtually as simple as changing a plastic
intravenous solution bag. The patient does have to
wear the empty bag along with the solution admin-
istration set (called a transfer set or simply ‘tubing’)
at all times. Usually the patient becomes quite adept
at concealing this relatively small mass so that it is
not noticeable to the uninitiated.

This CAPD system gives the patient more mobi-
lity than any other dialysis system. The time required

Table 1. Solute clearance (liters/week).

Urea Creatinine B,;, Inulin
Hemodialysis 135 90 90 5
CAPD 70 60 50 30
Hemofiltration 70 70 70 65

(Figures are approximate for comparison purposes.)



to ‘do an exchange’ (drain, change bags, fill) is about
30 minutes, but the patient is only actually occupied
for the 10 minutes it takes to change the bag of spent
dialysate for a fresh bag. Care of the catheter exit site
is usually performed in the shower with a daily soap
and water or povidone-iodine scrub. A well healed
exit site requires no dressing. Most CAPD system
suppliers will ship supplies directly to alternate ad-
dresses so the patient does not have to carry bags on
vacation or for business trips.

2.3. CCPD

Continuous Cycler-assisted Peritoneal Dialysis
(CCPD) is a variant of CAPD [5]. Instead of four
exchanges performed by the patient during the wak-
ing hours, the CCPD technique uses a semi-auto-
mated system to perform the exchanges while the
patient sleeps. The nighttime hours are divided into
three or four long dwell two-liter exchanges — each
between two and three hours. Dialysis solution in
standard, commercially available plastic bags is
placed on the cycler. Multi-pronged tubing connects
the bags through a manifold to a single patient inflow
line. The patient inflow line is connected to the
patient’s peritoneal dialysis catheter in the evening
before bedtime. The cycler automatically warms the
solution, delivers it to the patient by gravity, times
the dwell and outflow and monitors the system for
failures or unsafe situations. When the patient arises
in the morning, he drains the last two liters from his
peritoneal cavity, infuses two additional liters and
disconnects from the cycler tubing. He is free from
dialysis-related activity for the day but is still being
dialyzed by the the two liters of dialysis solution
which remains in his peritoneal cavity from the time
he disconnected to the time he reconnects to the
cycler tubing in the evening. CCPD is usually per-
formed seven days a week and thus qualifies as a
continuous form of dialysis.

The advantage of CCPD is that the patient is not
required to take time out during the day to ‘do
exchanges’. The disadvantage is that he is dependent
on a machine and the machine is not very portable.

CCPD is slightly less effective than CAPD at re-
moving water and unwanted solutes but still superior
to intermittent peritoneal dialysis. The inefficiency
of the daytime 14-hour long dwell exchange is partly
offset by the more efficient two to three nighttime
exchanges.

The risks in CCPD are the same as for CAPD. The
major problem is peritonitis. Recent figures from the
National CAPD Registry indicate that peritonitis
rates for CCPD are about the same as for CAPD
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[12]. The number of CCPD patients followed by the
National CAPD Registry are small (about 350) com-
pared with CAPD (over 8,000) so the CCPD statis-
tics must be interpreted with caution.

The cost of CCPD is higher than for CAPD be-
cause the tubing sets are more complicated and thus
more costly, plus the cycler cost must be added to the
total. Technological changes already in the develop-
ment phase promise to simplify the system and re-
duce the cost so that it is comparable to CAPD.

A very intriguing possibility is to train a patient for
both CCPD and CAPD. This would allow a normal
working day free of CAPD procedure but the option
to travel, leaving the cycler at home, and using
CAPD. Most nephrologists have been reluctant to
offer this option because the success of each tech-
nique depends in part on the constant practice that
comes from exclusive use of one technique. With
standard connectors compatible with both systems
and simpler cycler systems, this CAPD-CCPD com-
bination may become more popular.

2.4. Advances in understanding peritoneal physiol-
ogy

Investigation into the physiology of long dwell ex-
changes has expanded our understanding of per-
itoneal physiology greatly. Basic clinical studies of
the kinetics of long dwell exchanges have compli-
mented the classic studies of short dwell exchanges.
Instead of looking at the efficiency of the system or
ways to increase clearance of solute, we must now
look at the inefficiency of the system and the total
solute removed. The end result of both systems is the
same — the removal of enough metabolic waste prod-
ucts and water to maintain the patient in reasonable
health.

Of the three components involved in any dialysis
system — blood flow, peritoneal membrane, and di-
alysate flow — blood flow is the least limiting factor in
the peritoneal dialysis system. Blood flow may be
significantly reduced without significant change in
solute clearance. An unexpected finding of early
CAPD investigations was the fact that the addition
of commercially available solutions actually opti-
mizes peritoneal blood flow by increasing the num-
ber of capillaries perfused [6]. From laboratory in-
vestigation this appears to be the result of a combi-
nation of osmolality and the buffer used in the
peritoneal dialysis solution [7].

If we consider the peritoneal membrane as begin-
ning with the capillary endothelium and ending at
the mesothelial cell layer, the membrane thickness is
considerable. Measurements indicate that the aver-
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age peritoneal membrane thickness is about 100 mi-
crons. This distance plus the characteristics of the
membrane provide a significant resistance to the
movement of both large and small molecules but is
most noticeable in molecules of relatively small size
— like urea and creatinine. Because most molecules
do not move through cell bodies rapidly, the surface
area available for moleculer movement through the
capillary wall most likely occurs between cell bodies
— through the intercellular space. This space ac-
counts for an area available for filtration which is
probably about 0.2% of the total capillary surface
area of the peritoneal membrane. The width of inter-
cellular spaces is great enough so that it does not
impose any selection for molecular size. Access to
the basement membrane is not increased by endo-
thelial cell fenestrae as in the glomerular capillary.

Certain ‘vasoactive’ substances can increase so-
lute transfer from capillary lumen to dialysis solu-
tion. Since we believe that blood flow is virtually
optimal using commercial peritoneal dialysis solu-
tions, a phenomenon other than increased blood
flow must be sought to explain the observation of
increased solute clearance using these substances.
Experiments using the intravital microscope indicate
that changes in permeability of the venular end of
the capillary arcade may be important in controlling
solute transfer — especially large molecular transfer.
Topical application of histamine has been shown to
selectively increase the intercellular gaps of the ven-
ules while causing no change in the intercellular gaps
in the capillaries or arteriolar end of the capillary
arcade [8]. Topical application of sodium nitro-
prusside selectively increases the diameter of the
venule [6]. These test substances (intraperitoneal
sodium nitroprusside and histamine) appear to act
by effects on the venule rather than by changing
blood flow, even though they are primarily known
for their generalized vasodilatory effects.

Thusfar, these findings provide a tool for labora-
tory investigation but have not been useful clinically
for several reasons. First, the agents tend to increase
large molecule clearance to a greater extent than
small molecule clearance. This is not necessary for
CAPD patients since they appear to achieve more
than adequate large molecule clearance. Second, in
the long dwell exchange systems, small molecule
equilibration is nearly complete before draining the
fluid from the peritoneal cavity. Enhanced per-
meability of the peritoneal membrane for these mol-
ecules does not result in significantly greater solute
removal.

Movement of solute and water across the per-
itoneal membrane appears to be governed only by

passive forces. There is no evidence that active trans-
port plays an important role. The mesothelial sur-
face of the peritoneal membrane may be an impor-
tant limiting factor in this dialysis system. Although
little is known about the normal function of the
peritoneal mesothelium, agents which affect the
mesothelial cells have been shown to increase the
permeability of the peritoneal membrane. Thus, the
application of protamine, mechanical damage
caused by drying and the damage caused by bacterial
infection all cause a spectrum of damage ranging
from a small increase in intercellular gaps to total
mesothelial denudation [9, 10]. These changes are
clearly associated with increased peritoneal per-
meability. Thus far, it has been impossible to totally
separate the effects these agents may have on vascu-
lar permeability from their effects on mesothelial
permeability but correlation of histologic changes of
damaged mesothelium with permeability changes in
the peritoneal membrane is striking.

Large molecular clearance is most likely increased
by agents that increase intercellular spaces since they
do not easily pass across cell membranes. Small mol-
ecule movement may be affected by agents that
change to microtubular structure of the mesothelial
cells or by calcium channel blockers as well as
changes in the distance between cells since some
small molecules do cross cell membranes.

In the peritoneal dialysis system, increased effi-
ciency can be obtained by increasing dialysis solution
flow rates. The greater the flow the greater the aver-
age concentration gradient. Thus, the system gains
an advantage from increasing diffusive movement of
solute. Even under very high solution flow rates the
clearance of small molecules does not achieve the
clearance rate expected from our knowledge that the
average peritoneal blood flow through the capillary
is about 70 to 100 ml/min. This limitation in clear-
ances is probably imposed by the peritoneal mem-
brane thickness and characteristics. Calculation of
clearances under optimal conditions with the largest
gradient possible have been used to characterize
peritoneal membrane permeability. This factor is
known as the mass transfer area co-efficient
(MTAC) [11]. This is somewhat analogous to the
ultrafiltration co-efficient used in renal physiology.
It is determined by the product of the peritoneal
surface area and peritoneal permeability. Stated an-
other way, it is the maximum clearance of a given
solute under optimal conditions. Although it is use-
ful in the laboratory, it is relatively difficult to mea-
sure and has not been commonly used in the clinical
setting.

In long dwell systems like CAPD, dialysis solution



flow rates are so low that for most small solutes they
are only a fraction of the maximum achievable clear-
ances and, therefore, dialysis solution flow rate is a
factor limiting the clearance of small molecules.
Since almost complete small molecule equilibration
occurs before the solution is drained, the clearance
cannot be greater than the dialysate flow regardless
of theoretical maximum rate. Total dialysis solution
flow rate for a week of CAPD is still only about half
the dialysis solution flow rate for the standard
weekly IPD treatment of 40 hours (70 liters and 160
liters respectively). Fortunately, the prolonged time
and greater equilibration more than makes up for
the deficit in flow rate. Overall clearances of all
molecules are better in the CAPD system than in the
IPD system [11].

2.5. National CAPD registry

The progress of CAPD in the United States is being
monitored by the National CAPD Registry spon-
sored by the National Institutes of Health. The de-
velopment of CAPD, expecially in the United
States, has been unusually well controlled. Clinical
trials at the University of Missouri which expanded
the initial experiences of the CAPD system design-
ers in Austin, Texas occurred under the auspices of
the NIH. The current Registry grew from data col-
lected during the early CAPD pilot studies begin-
ning in 1977. Some measure of control over the
development of the technique — limiting it to centers
of known expertise — was maintained by the Health
Care Finance Administration agreement to reim-
burse only centers selected by the NIH. The rapid
growth of CAPD occurred after the Health Care
Finance Administration modified its reimbursement
regulations in September 1978 to include CAPD as a
reimbursable variant of peritoneal dialysis. Al-
though the National Registry was intended to be
much more comprehensive than its final form al-
lowed, this project does collect demographic infor-
mation, infection experience (including tunnel and
exit infections as well as peritonitis), mortality fig-
ures, reasons for leaving CAPD, and hospitalization
figures. The Registry has officially been in existence
since January 1, 1981 and currently has more than
8,000 patients registered for about 260 participating
centers. Participation is entirely voluntary.

CAPD is an effective form of dialysis therapy.
Because there is no reporting system for hemo-
dialysis data in the United States at the present time,
it is difficult to make comparisons between CAPD
and hemodialysis. According to the recent National
CAPD Registry, the mortality rate for all CAPD
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patients followed at one year is 15% and for 18
months 21% [12]. When ideal patients are segregated
out — those without diabetes and between the ages of
20 and 50 - the mortality rate is only 7% at one year
and 9% at 18 months. CAPD-related problems ac-
count for only about 1/3 of the hospitalization days
although CAPD patients tend to spend an unusually
large number of days in the hospital — averaging 26
days per patient/year. Hospitalization rates are
higher for older patients and diabetics and tend to be
lower for otherwise healthy young patients. It is
interesting to note that the hospitalization rate is
higher in patients with diabetic nephropathy but
CAPD-related hospitalizations are no greater than
in non-diabetic groups. The greater incidence of car-
diovascular disease in diabetic patients accounts for
the difference. Evidence indicates that diabetics
have no greater likelihood of peritonitis or catheter-
related infections.

2.6. Peritonitis

Peritonitis remains the single most important per-
itoneal dialysis complication. It accounts for the
greatest number of patients transferring from
CAPD. Peritonitis has been relatively stable at
about 1.7. episodes of peritonitis per patient year
since the national CAPD Registry began reporting.
More sophisticated statistical tools are now applica-
ble since we have been following a large enough
population from the time they began CAPD. Life
table analysis of Registry data is now being used to
predict the probability of a certain event occurring.
For instance, the probability of a CAPD patient
developing peritonitis after six months on CAPD is
40%. At the end of one year 68% of the patients will
have had one episode of peritonitis. Put in a slightly
different way the likelihood of remaining free of
peritonitis at one year is 32%. This is not to say that
patients cannot remain free of peritonitis. About
50% of patients will not have peritonitis during any
given year. 25% of the patients account for 75% of
the infections!

It is important to note that most episodes of per-
itonitis do not present with the same intensity we
expect from the non-peritoneal dialysis patient expe-
rience. Rather, the training program teaches the
patient to try to make the diagnosis before symptoms
strike by observing each bag of dialysate for tur-
bidity. Many times the ‘cloudy bag’ is the only in-
dication of peritonitis. Some patients experience a
mild flu-like syndrome accompanied by abdominal
pain. The diagnosis is made by the observation of
signs and symptoms compatible with peritonitis and/
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or the development of a cloudy dialysate — this, in
fact, usually precedes the development of symp-
toms. The patient is instructed to call his CAPD
center as soon as cloudy dialysate is observed.

If the patient is treated within a reasonable
amount of time — usually several hours from the time
turbid dialysate is detected - the majority of patients
will not require hospitalization and will experience
relatively little in the way of discomfort. Patients are
generally trained to administer their own antibiotics
in the peritoneal dialysis solution and are followed
closely by telephone at home. If the dialysis solution
does not clear or if symptoms persist or worsen in the
first 12 to 24 hours the patient is then admitted to the
hospital. Of course, if the patient is unusually symp-
tomatic or the physician is concerned for any reason
on initial examination, the patient is admitted to the
hospital.

Cloudy fluid usually coincides with a peritoneal
dialysate leukocyte count of greater than 100 white
blood cells per microliter with more than 50% neu-
trophils. Bacteria can be seen on a centrifuged dialy-
sate sample about 50% of the time. Cultures grow an
organism more than 80% of the time. Gram positive
cocci are cultured from 70% of the episodes. Of that
70%, two-thirds are Staph Epidermidis and one-
third Staphlococcus Aureus. Standard cephalo-
sporins, either intraperitoneally or in combination
with an intravenous leading dose, are quite effective
in controlling these infections. Recently the con-
venience of the long half life of vancomycin, plus its
superior coverage of Staph Epidermidis, has made it
the first line drug in many centers. Like the cephalo-
sporins, vancomycin may be administered in the ap-
propriate doses intraperitoneally or intravenously.
With either route of administration appropriate con-
centrations are achieved at the infection site as well
as in the blood [13, 14]. The preferred treatment for
peritonitis is to continue the long dwell exchanges
rather than making attempts to do continuous per-
itoneal lavage. Initial treatment does require two or
three short dwell exchanges to reduce symptoms and
reduce the likelihood that the catheter will be
obstructed by the fibrin or proteinaceous exudate
caused by the peritonitis. It appears that the long
dwell exchanges are superior in controlling per-
itonitis because the leukocyte function is more nor-
mal during more of the dialysis cycle. The dialysis
solution when first instilled has a pH of 5.5 and
osmolality greater than 400. Within a relatively short
time, however, the pH becomes physiologic and the
osmolality falls to levels that are more compatible
with leukocyte phagocytosis. Abdominal discomfort
is usually gone within one to two doses of antibiotics

and peritoneal leukocyte counts usually return to
normal within three to five days. Patients very rarely
experience bacteremia as a result of these episodes
[2].

Since peritonitis can be caused by organisms en-
tering the peritoneal cavity across the bowel rather
than through the peritoneal catheter, great care must
be taken to insure the diagnosis of peritoneal di-
alysis-induced peritonitis is correct. The finding of
gram negative organisims, organisms other than
gram positive cocci, or multiple organisms arouses
the suspicion that this is not a ‘run of the mill’ per-
itonitis. Since the mortality from a perforated bowel
and peritonitis is quite high under the best of circum-
stances and is even higher in patients with renal
failure, aggressive treatment must be pursued if a
perforated viscus is suspected.

Most centers have some fixed protocol to help
determine whether the patient should remain on
CAPD or would be better treated by changing
modalities. One example, commonly in use, would
be the occurrence of more than three episodes of
peritonitis in six months. Should a patient exceed
these criteria, many centers would transfer the pa-
tient to hemodialysis because we believe the risk of
unusual organisms (including fungi and yeast) in-
creases as the number of episodes of peritonitis and
the number of courses of antibiotics increases.

2.7. Nutrition

An important consideration in maintaining the
health of patients in general, and especially CAPD
patients, is carefull attention to nutrition, Patients
on peritoneal dialysis do lose 6 to 8 grams of protein
in the dialysate daily. This protein loss is increased
during peritonitis. A dramatic fall in total protein
and serum albumin concentrations may occur during
an episode of peritonitis. One reason for changing
from CAPD or excluding a patient from a CAPD
program is protein malnutrition. Patients with low
plasma proteins or those who fail to improve their
nutritional status and are unable to achieve positive
nitrogen balance are best treated by other techni-
ques. To that end, maintenance diets for CAPD
patients usually include 1.2 grams of protein per
kilogram per 24 hours — considerably more protein
than most physicians prescribe for patients in renal
failure [15].

An advantage of the CAPD system is the absorp-
tion of calories in the form of glucose across the
peritoneal cavity from dialysis solution to blood.
This may account for the considerable increase in
calorie intake which is an important part of the de-



velopment of positive nitrogen balance. This in-
creased energy absorption results in improved
growth rates reported in children on CAPD com-
pared with children on IPD or hemodialysis. Unfor-
tunately, glucose absorption has the side effect of
causing marked weight gain in many CAPD patients

2]

3. Hemofiltration
3.1. Theoretical aspects

The hemofiltration system depends on the con-
vective movement of solutes driven by ultrafiltration
to remove accumulated water and metabolic waste
products in patients with end stage renal disease [16].
Diffusion is not involved, therefore, solute removal
is controlled only by the membrane characteristics
and solute concentration in the plasma. This is in
contradistinction to dialysis which depends on mem-
brane characteristics, concentration, and molecular
size because diffusion is more important than con-
vection for solute removal. The theoretical advan-
tage of hemofiltration is better removal of middle
moleculer weight solutes than achieved by hemo-
dialysis. In return, hemofiltration results in clear-
ances of small molecules somewhat less than achiev-
ed by hemodialysis. Large molecules are not remov-
ed to any appreciable extent in either the hemodia-
lysis or hemofiltration system. No dialysis solution is
used for hemofiltration. The process depends on a
high rate of ultrafiltration across a special membrane
to achieve clearances capable of sustaining relatively
normal life.

The success of the system depends on a membrane
that is capable of high water flux driven by trans-
membrane pressures that are clinically achievable. A
second important part of the system is the produc-
tion of sterile replacement solution so that the pa-
tient maintains a normal blood volume during the
procedure. The rate of ultrafiltration and replace-
ment of fluid is balanced carefully so that the net
fluid loss during the treatment approximates the
amount of weight the patient gained between treat-
ments.

The safest and most cost effective techniques use
inline filtration to make the replacement fluid free of
micro-organisms and pyrogens [17]. This inline filter
has characteristics similar to the membrane used for
the hemofilter. Usually fluid replacement in the
range of 20 to 40 liters is required during each treat-
ment. The composition of the replacement is very
similar to standard dialysis solutions.
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The formation of ultrafiltrate depends on the net
transmembrane pressure — as in any ultrafiltration
system. This means that high rates of filtration result
in increasing protein concentration on the plasma
side of the membrane and, therefore, increasing on-
cotic pressure which retards ultrafiltration. When
filtration equilibrium occurs — when oncotic pressure
retarding ultrafiltration equals hydraulic pressure
favoring ultrafiltration — filtration stops. This system
is exactly analogous to the dynamics of ultrafiltration
occurring in the glomerulus of a normal kidney. Of
course, no tubular functions are performed by the
hemofilter and, therefore, solute reabsorption does
not occur. Substances moving with the ultrafiltrate
are discarded.

Fluid balance can be achieved by adding the re-
placement solution to blood as it leaves the hemofil-
ter (called post-dilution hemofiltration) or it may be
added as the blood enters the hemofilter (called pre-
dilution hemofiltration). Post-dilution has the ad-
vantage that solute concentration of the ultrafiltrate
is the same as in plasma water. The disadvantage is
that rapid increase in protein concentration limits
the ultrafiltration rate. On the other hand, pre-dilu-
tion results in a greater ultrafiltration rate but lowers
the solute concentration in the blood being hemo-
filtered. These two methods would seem to have
similar results but careful clearance studies indicate
that optimal results are obtained by using pre-dilu-
tion hemofiltration with maximum blood flow and
maximum transmembrane pressure [18]. However,
the optimal treatment must be tempered by practical
considerations. High blood flow may not be possi-
ble. The pre-dilution technique requires consider-
ably more fluid replacement than post-dilution.
Therefore, the cost of preparing the infusion solu-
tions is an important factor. Generally, the solutions
prepared using online filtration result in relatively
little cost differences and pre-dilution hemofiltration
may be the preferred method [18].

3.3. Technical aspects

The hemofiltration system requires two compo-
nents. The first is essentially the same as the hemo-
dialysis system. Blood must be pumped from the
patient through the hemofilter and back to the pa-
tient. Appropriate monitoring units must be in-
cluded to prevent air embolism and provide for
heparin infusion along with appropriate pressure
monitors.

Although the system does not require a dialysis
solution delivery system, it does require a system to
make the replacement solution and regulate the rate
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of infusion of this solution so that the patient does
not die of volume overload or volume depletion.
This is usually accomplished by using two pumps.
One pump regulates the rate of replacement solution
infusion and a second pump creates a negative pres-
sure on the hemofilter to drive the ultrafiltration.
The hemofiltration machine measures the ultrafiltr-
ate, computes the net ultrafiltration pressure, ad-
justs the speed of the ultrafiltration pump to main-
tain a pre-set ultrafiltration pressure and regulates
the rate of replacement solution infusion so that a
pre-set net volume is removed from the patient. The
length of the treatment generally is determined by
the total amount of ultrafiltrate to be removed. Un-
der the best circumstances this volume loss should be
accomplished smoothly throughout the duration of
the treatment. The high flux membranes and large
amounts of replacement solutions required make
this a delicate sounding procedure. Currently avail-
able equipment, however, has performed amazingly
well.

3.3. Current role of hemofiltration

At the time this book goes to press, hemofiltration is
still considered an experimental treatment in the
United States with only a few centers performing this
procedure on a regular basis. It has found somewhat
wider acceptance in Europe.

The two major advantages of hemofiltration over
hemodialysis are: 1) lower incidence of intradialytic
symptoms, and 2) better control of diastolic blood
pressure. Reports consistently indicate that patients
on hemofiltration experience fewer episodes of hy-
potension and muscle cramps. Comparison of hemo-
dialysis and hemofiltration consistently shows lower
post dialysis diastolic blood pressures in the hemo-
filtration group [19, 20]. Inspite of the huge amount
of fluid required for replacement, problems with
septicemia and infection appear to be no greater
than those experienced with hemodialysis patients.
Mortality and morbidity rates are similar among he-
mofiltration patients, hemodialysis patients and
CAPD patients [19, 20]. The commonest cause of
death still remains cardiovascular disease.

4. Continuous arteriovenous hemofiltration

This amazingly simple system utilizes a hemofiltra-
tion membrane (more permeable than the standard
hemodialysis membrane) to remove an ultrafiltrate
of plasma driven usually by the patient’s own blood
pressure. It requires the cannulation of an artery,

heparinization of blood which is passed through this
special “filter’, and the return of blood to the patient
through a large vein. It does not involve dialysis
since no dialysis solution is involved.

Fluid and solute are removed purely by the pro-
cedure of ultrafiltration. Since the fluid removed is
an ultrafiltrate of plasma, it contains most of the
constituents of plasma in the same concentration as
plasma water with the exception of very low concen-
trations of a very large moleculer weight substances
or substances that are highly protein bound. The
membrane used is more permeable to middle mole-
cules (between 500 and 5,000 daltons) than standard
cellulosic membranes and, therefore, yields better
clearances of these molecules. Since ultrafiltration is
driven by net filtration pressure, even relatively
small blood flows (in the range of 30 to 90 ml/min)
can result in reasonable rates of ultrafiltration and,
therefore, successful treatment. Continuous hemo-
filtration was initially proposed for the removal of
fluid in unstable patients who are ‘poor’ candidates
for hemodialysis or peritoneal dialysis. If large
enough volumes of ultrafiltrate are formed like stan-
dard hemofiltration (see Section 3), enough meta-
bolic waste products may be removed to control
azotemia, hyperkalemia and acidosis in those pa-
tients with renal failure. The secret, like CAPD, (see
Section 2) lies in the length of the treatment.

Access to the vascular system may be obtained in
any of the ways commonly used for hemodialysis.
The presence of a functioning arteriovenous fistula
or vascular graft placed for hemodialysis provides an
easy entry to remove ‘arterial’ blood under relatively
high pressure. A Scribner-type shunt may also be
placed to obtain access to arterial blood. If one of
these high pressure access points is not available, an
artery must be cannulated since subclavian vein or
femoral cannulation will not supply adequate pres-
sure to drive ultrafiltration unless a pump is inserted
in the circuit.

Blood must be returned to the patient through a
low resistance, low pressure vessel since the higher
the ultrafiltration pressure the greater the rate of
ultrafiltration. This means that the return site for a
patient with a existing hemodialysis arteriovenous
fistula or vascular graft must be in a vein at a site
distant to the hemodialysis access so that it is of
lower pressure. The Scribner arteriovenous shunt
that uses a cannula inserted in both an artery and a
vein, usually in the foot, is an ideal access for this
system. If a large caliber artery is cannulated vir-
tually any peripheral vein that is accessible can be
used for venous return.

This system has been used with a blood pump to



augment blood flow and pressure thus providing a
greater efficiency in ultrafiltration. The tendency at
the present time is to take advantage of the simplicity
afforded by the system without a blood pump. This
allows the system to be used in settings where the
personnel are not trained in the use of hemodialysis
techniques.

The filter is very much like the hollow fiber dia-
lyzer in standard use in hemodialysis units today.
Heparin must be infused to prevent clotting in the
hemofilter. A loading dose of heparin is given to the
patient through the ‘arterial’ side of the hemofilter,
then a continuous infusion of heparin is adjusted to
maintain clotting times in the desired range. As with
standard hemodialysis, the coagulation can be close-
ly monitored and adjusted to provide little increased
risk of bleeding during the procedure.

The volume of ultrafiltrate formed is monitored
and replacement solutions are adjusted to provide
the desired volume loss over the period of hemo-
filtration. Since no dialysis solutions are involved,
the ultrafiltrate is simply collected from the outflow
part of the hemofilter and measured at convenient
intervals. Expected ultrafiltration rates in the cur-
rent system are about 600 ml/hour but this can be
increased by providing more or less pressure with the
ultrafiltrate side of the system. Since ultrafiltration
depends on net filtration pressure (the algebraic sum
of hydraulic pressure within the blood path and the
oncotic pressure of the plasma proteins) a fall in the
patient’s own blood pressure will decrease the ultra-
filtration rate thus decreasing the likelihood of hypo-
tensive complications during this procedure [21]. On
the other hand ultrafiltration can be augmented by
adding a vacuum to the ultrafiltrate side of the hemo-
filter. Ultrafiltration can be reduced by impeding the
flow of the ultrafiltrate by simply applying a screw
clamp to the outlet and allowing hydrostatic pressure
to build up on the ultrafiltrate side of the hemofilter.
If the system is to be used to replace or partially
replace the dialysis procedure, relatively large rates
of ultrafiltration and thus large volumes of ultrafiltr-
ate are required to remove appropriate amounts of
solute. This requires that relatively large amounts of
replacement solutions be used. This can be done
quite easily in the setting where careful monitoring is
possible — as in the intensive care unit where most of
these acutely ill patients are placed under these con-
ditions anyway. Duration of treatment has been re-
ported as low as four hours and as long as 300 hours
with good results [22].

Although this is a relatively simple system, it
should be used only by those who are familiar with
the techniques and problems of dialysis or plasma-
pheresis-type systems.
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5. Summary

Where do these new treatment modalities fit in the
management of patients with end stage renal dis-
ease? Hemodialysis is the most commonly used
treatment. This is appropriate since we have the
most background information on hemodialysis and
we have the most experience in its use. Many small
technical changes have improved it significantly over
the past twenty years. Many options now exist so

that the hemodialysis procedure can be tailored to

individual patient requirements. The use of ‘high
sodium’ dialysis solutions and the use of bicarbo-
nate-based dialysis solutions have reduced symp-
toms and made management of acutely ill patients
easier. Hemodialysis is still the least expensive of the
treatment options available.

CAPD is a technique designed for home dialysis.
It is a technique designed to be used by the patient
himself. It requires a motivation to request and carry
out home dialysis and the meticulous life style and
attention to detail required to perform the procedure
without contamination. It requires a patient who is
able to assume the basic day to day management of
his dialysis program and to make appropriate choices
of dialysis solution requirements based on his train-
ing program and repeated assessment of his own
situation. CAPD provides excellent ‘steady state’
dialysis with wide latitude in diet and improved
blood pressure control. Middle molecule clearances
are superior to hemodialysis. For diabetic patients it
can be used as the vehicle for the administration of
insulin — a distinct advantage in providing normaliza-
tion of blood glucose. On the other hand it is a
procedure that must be performed daily, in fact four
times a day, every day. Small molecule clearances
are not as good as hemodialysis. It is not a dialysis
form suited to the acute care of patients. Because of
its simplicity, patients have selected CAPD as the
primary mode of home dialysis therapy — especially
in the United States. The growth in the home hemo-
dialysis population has come almost exclusively from
CAPD training programs and relatively little in-
crease has been due to hemodialysis home training
programs in the past several years. Therefore, hemo-
dialysis will remain the mainstay of dialysis therapy
but CAPD can be expected to capture a larger num-
ber of home dialysis patients — in fact even expanding
the home dialysis population. Technological ad-
vances should reduce peritonitis rates so that this is
no longer a significant problem.

Hemofiltration remains more expensive and more
complicated than hemodialysis at the present time. It
has the distinct advantages over hemodialysis of bet-
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ter blood pressure control, fewer symptoms during
the procedure and better middle molecule clearance.
At the present time, the advantages of this pro-
cedure are not perceived to be great enough to war-
rant the increased investment in time and money to
change a significant number of patients to hemo-
filtration. Because there is relatively little demand
for hemofiltration, there are relatively few manufac-
tures supplying equipment. Improvements in the he-
mofiltration procedure have been relatively slow but
steady over the past decade. I believe hemofiltration
will continue to have a few followers in the United
States and perhaps more in Europe but will not
compete seriously with hemodialysis or CAPD in the
near future.

Continuous arteriovenous hemofiltration is a vari-

ant of hemofiltration designed primarily for fluid

removal. With proper use it may substitute for dia-
lysis in patients with acute renal failure. The advan-
tages of the system are simplicity, ‘steady state’ dia-
lysis when used continuously over several days, and
relative freedom from adverse side effects usually
seen in hemodialysis. Since it does depend on ultra-
filtration and not dialysis, its use to replace dialysis in
the acute care setting will still depend on the supervi-
sion by a nephrologist and nephrology staff. It pro-
vides another option for acute removal of fluid in the
intensive care setting. It does depend on the can-
nulation of an artery or a high flow, high pressure
vascular device if the simplicity of the system is to be
maintained. Although preliminary results have been
good using this technique, cannulation an artery long
term, i.e., days, is not without hazard. Bleeding and
infection coupled with potential for distal emboliza-
tion of thrombi still is a real hazard. Therefore, I
expect limited but increasing use of this technique as
an adjunct to existing treatment forms in specific
specialized settings.
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CHAPTER 13

Radiological modalities in the examination of the kidney

JEAN PAQUELET and A. JOHN CHRISTOFORIDIS

1. Introduction

Radiology of the kidneys is of great importance to
every practicing physician and particularly to the
radiologist, urologist and nephrologist. This is re-
flected by the fact that a significant number of hospi-
tal admissions is related to kidney diseases. Excre-
tory urography, a time honored examination, is still
routinely used in the study of the urinary tract (Fig.
1). In 1980 4.2 million intravenous urograms were
performed in the United States [1]. In addition, a
larger number of examinations for kidney disorder
was conducted by ultrasound, nuclear studies or
plain abdominal radiographs. Multivolume editions
and many monographs are devoted exclusively to the
radiology and the various imaging modalities for
kidney diseases. More than 100 articles related to
this subject are published monthly in the radiological
literature alone.

It is understandable that when the editors of this
volume asked us to contribute a short on the radiol-
ogy of the kidney we were confronted with an unre-
alistic task. Considering that this monograph is ad-
dressed not only to clinicians but also to other life
scientists it was considered appropriate to devote
this short chapter primarily to an outline of the
newer radiological modalities developed in the last
10 to 15 years. These newer modalities, some of
which are undergoing further evolution, have broad-
ened the participation of the radiologist in the study
of renal diseases. It is possible now to obtain new
information unattainable a few years ago. This is
contributing to an earlier and more accurate diag-
nosis. While some of these modalities added to the
cost of the diagnostic workup, it should be quickly
emphasized that these examinations decrease the
days of hospitalization by an earlier and more accu-
rate diagnosis. The fact that most of these examin-
ations can be performed on an outpatient basis is
another positive step in the direction of health cost
containment. This becomes more evident when one

considers the fact that the single most important
factor in the health expenditure is the length of
hospital stay. At this point we should also mention
the fact that radiological procedures, in the last few
years, are contributing more actively not only in the
diagnostic work-up of the patient, but also, through
a variety of percutaneous techniques, are utilized as
therapeutic procedures in a variety of pathologic
conditions. These interventional radiological pro-
cedures can successfully substitute for conventional
surgical treatment methods which necessitate as a
rule, longer hospitalization. Some of these pro-
cedures will be mentioned under the title of ‘Inter-
ventional Techniques’.

Mass lesions of the kidney have been always one
of the most important topics of kidney pathology.
The exact diagnosis of mass lesions, so important
because of the difference in the treatment and in the
prognosis, has been phenomenally improved with
the newer modalities. Some of these new diagnostic
procedures are competing for early diagnosis and
mainly for accuracy. Accuracy rates of ninety to
ninety five percent are common in large series of
patients, undergoing these diagnostic examinations.

Renal trauma, sometimes difficult to diagnose, or
to assess accurately the extent of the injury, with the
time honored conventional methods, has been sim-
plified by expediting an early diagnosis and mark-
edly improving its accuracy. Trauma in general, as
well known, is a leading cause of disability to mil-
lions and the cause of death to approximately
105,000 per year in this country alone with approx-
imately half of these being due to automobile acci-
dents. Trauma is the leading cause of death below
the age of forty. This is not going to decrease signifi-
cantly in the foreseeable future particularly in a so-
ciety where shortening of working hours will allow
more free time, used frequently for traveling and for
an increasing participation in sports, some of which
have a built in percentage of expected trauma.

Interventional techniques, as mentioned, ex-
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Fig. 1. Medullary sponge kidney. The excretory urogram demonstrates fine linear collections in the medullary pyramids representing

contrast in the dilated collecting tubules.

panded the spectrum of the radiologist’s contribu-
tion to the patient’s care. Biopsy of the kidneys,
percutaneous nephrostomy, abscess drainage, an-
gioplasty and stone extraction are some of the most
important areas where the radiologist is daily an
active participant not only in the diagnosis but also in
the treatment of renal diseases.

The imaging of inflammatory lesions, where con-
ventional urographic techniques are still used rou-
tinely and effectively (Fig. 1), have been enhanced
by the introduction of the the new imaging modali-
ties.

Digital subtraction angiography has simplified, to
some extent, the evaluation of renal hypertension.
This ‘less invasive’ procedure in comparison with the
well established renal angiography can be performed
on an outpatient basis and therefore it can be uti-
lized, to some extent as a screening test.

Radionuclide imaging in renal diseases has been in
routine used in general hospitals for the last 20 years.
It still has its place particularly with the refinements
of instrumentation and the introduction of new radi-
onuclides.

The introduction of magnetic resonance not only
as a superb imaging tool but particularly as a poten-
tial spectrographic imaging technique presents a new
dimension in diagnosis and holds a great hope for the
early detection and the evaluation of the treatment
of renal as well as other diseases.

An outline of the above mentioned radiological
modalities will follow this introduction.

2. Mass lesions of the kidney

Mass lesions in the kidneys are readily demonstrated



with both ultrasonography and computed tomogra-
phy. Masses which appear cystic at excretory urogra-
phy are best further evaluated by sonography. If
their cystic nature is confirmed, no further work up is
necessary. Sonographically, renal cysts are seen to
have a sharp, smooth distal wall, acoustic enhance-
ment distal to the lesion, and lack of internal echoes
(Fig. 2). Renal cysts are commonly encountered inci-
dentally when computed tomography of the abdo-
men is performed for other indications. Benign cysts
are characterized by attenuation values near water,
imperceptibly thin wall in that part of the cyst pro-
truding from the renal margin, sharp margination
from the renal cortex, and lack of enhancement after
contrast administration.

While simple renal cysts present no problem in
diagnosis, complicated cysts still require cyst punc-
ture and cytologic evaluation of the fluid which is
withdrawn. Hemorrhagic cysts appear as very dense
well defined masses at computed tomography exam-
ination. Infected cysts also have computed tomogra-
phy attenuation numbers above that of water. Sono-
graphically, hemorrhagic or infected cysts often have
internal echoes and may lack the acoustic enhance-
ment which is characteristic of simple cysts. Even-
tually, the wall of the complicated cyst may calcify
and demonstration of this peripheral calcification by
computed tomography suggests a previously compli-
cated cyst. However, since the computed tomogra-
phy and sonographic appearance are not pathog-
nomonic, cyst puncture or surgery is required to
differentiate the infected or hemorrhagic cyst from
necrotic or hemorrhagic tumor and to differentiate
the calcified cyst from the renal cell carcinoma which
occasionally demonstrates rim-like calcification.

Masses which appear solid at excretory urography
are best further evaluated by computed tomography.
On computed tomography renal cell carcinoma ap-
pears as a renal mass with a lobulated contour, often
heterogeneous in appearance, with attenuation val-
ues near that of renal parenchyma and having an
indistinct interface with the normal renal par-
enchyma (Fig. 3). Secondary signs include invasion
of perinephric space, regional lymphadenopathy and
invasion of the renal vein or the inferior vena cava.
Venous involvement is most accurately evaluated by
injecting a bolus of contrast material and obtaining
rapid sequential scans at the level of the renal vein.

Computed tomography has proven to be highly
accurate in staging of primary renal cell carcinoma.
The commonly employed staging criteria are as fol-
lows:

Stage I — indicates lesions confined within the renal
capsule.
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Stage II - denotes lesions which have extended
through the capsule into the perinephric fat but not
beyond Gerota’s fascia.

Stage III - indicates involvement of renal veins or
lymph nodes.

Stage IV — denotes either invasion of adjacent vis-
ceral structures such as liver or spleen or distant
metastases.

Ultrasound also can demonstrate renal cell car-
cinoma but is considered to be less valuable in tumor
staging [2]. It accurately predicts inferior vena caval
and renal vein involvement, but is less sensitive than
computed tomography for detection of adjacent
organ and lymph node involvement.

Traditionally, renal arteriography and venogra-
phy have been used in preoperative staging of renal
cell carcinoma. However, computed tomography is
more accurate and sensitive than angiography in
detecting perinephric extension, more sensitive in
assessing lymph node involvement, and equally ac-
curate in detecting main renal vein and vena caval
involvement [3]. Because of this, computed tomo-
graphy has reduced the need for preoperative an-
giography [4]. Arteriography remains helpful in se-
lected cases when computed tomography is equi-
vocal and when the surgeon desires vascular
mapping for pertinent information. When trans-
catheter tumor infarction is planned, angiography is
necessary to visualize accurately the arterial anat-
omy including variations. Venography frequently
provides additional useful information when large
right sided masses compress or distort the renal vein
or the inferior vena cava. In these cases computed
tomography is frequently equivocal as to whether
the inferior vena cava and renal vein are merely
distorted by adjacent tumor, or actually contain tu-
mor thrombus within the vessel.

Tumors other than primary carcinoma are detec-

" table with current body imaging techniques. Renal

angiomyolipoma for example, can be diagnosed on
computed tomography by the detection of fat in the
renal tumor [5] (Fig. 4). Increased echogenicity in a
renal mass at sonography suggests this diagnosis, but
is nonspecific.

Renal oncocytoma, an unusual solid renal mass
that has an excellent prognosis and is said to be
adequately treated by local excision, has a distinctive
appearance on computed tomography exam (Fig. 5).
The oncocytoma has a distinct margin, a smooth
contour and enhances homogeneously after injec-
tion of intravenous contrast [6]. On the other hand,
renal cell carcinoma is frequently polylobulated,
enhances inhomogeneously and has an irregular in-
terface with normal renal parenchyma. While the
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Fig. 2. Renal cyst aspiration under sonographic guidance. (A) Typical renal cyst (arrow) with no internal cchoes, well defined thin walls
and acoustic enhancement. (B) After cyst puncture. the cyst is no longer seen. The echogenic area (arrow) with acoustic shadowing
represents minimal air in the collapsed cyst cavity.
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Fig. 3. Carcinoma of the kidney. (A) A large polylobulated nearly isodense tumor mass is present in the right kidney. (B) At a slightly
higher level. tumor thrombus is seen in the renal vein and inferior vena cava (arrows).
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Fig. 4. Renal angiomyolipomas in a patient with tuberous sclerosis. There are bilateral renal masses with very low density arcas of fat.
Fig. 5. Rightrenal oncocytoma. CT demonstrates a well defined. homogeneous. nonlobulated right renal mass. (arrow) The tumor has a
lower absorption coefficient than the surrounding renal parenchyma. Histologic diagnosis was oncocytoma.



computed tomography appearance of oncocytoma is
not pathognomonic, the presumptive diagnosis of
oncocytoma would allow the surgeon to biopsy the
mass rather than proceed with radical nephrectomy,
the procedure of choice in renal cell carcinoma. If
frozen section confirms the diagnosis of onco-
cytoma, the tumor may be treated by excisional
biopsy. Lymphomatous and metastatic lesions to the
kidney are more frequently recognized with com-
puted tomography and sonography, either of which
can provide guidance for percutaneous biopsy (Figs.
6, 7).

3. Radiologic evaluation of renal trauma

Computed tomography of the kidney has dramat-
ically altered the radiographic evaluation of the trau-
matized urinary tract. Traditionally, excretory uro-
graphy has been the screening procedure of choice,
followed by arteriography in those patients with ab-
normal urograms. Excretory urography remains the
screening procedure of choice in patients with blunt
abdominal trauma who are stable and have minimal
or no signs of renal injury. If the urogram is normal,
no further work up is necessary. If it is abnormal,
computed tomography is then performed for more
accurate delineation of the extent of injury, as the
urographic abnormality is frequently nonspecific. In
patients with labile vital signs, hematuria or other
strong clinical indicator of renal injury, computed
tomography should be performed as the initial step
in the investigation of the upper urinary tract, in
order to expedite a probably necessary surgical pro-
cedure.

Computed tomography offers excellent anatomic
detail. Contusions, lacerations, subcapsular and per-
inephric hematomas are accurately diagnosed. Re-
nal contusion, the least serious renal parenchymal
injury, is characterized at computed tomography, by
an area of prolonged nephrographic stain, probably
due to interstitial extravasation of contrast. Intrare-
nal hematomas are seen as poorly marginated
rounded areas of decreased attenuation, compared
to the contrast enhanced kidney [7] (Fig. 8). Intrare-
nal hematomas or lacerations are frequently ac-
companied by an area or subcapsular hematoma. If
there is extension of the laceration into the collecting
system, computed tomography is very sensitive for
detection of extravasated contrast material into the
perinephric space. Areas of infarction due to trau-
matic occlusion of renal arterial branches are also
fairly commonly detected. The infarcted areas have
a sharply marginated border and are wedge shaped.
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They usually are not accompanied by an associated
subcapsular hematoma.

Subcapsular hematomas appear as lens shaped
collections in the immediate extrarenal area with
intact perirenal fat. The fluid collection is low in
density compared to the contrast enhanced kidney.
Perinephric hematomas surround the kidney in a
crescentic fashion. Below the kidney, these hema-
tomas have a rounded appearance on axial sections,
as they conform to the shape of Gerota’s fascia which
extends to the pelvis [8§].

Computed tomography seems to be the ideal way
to examine the traumatized kidney. It is non-invas-
ive, requires minimal time and patient cooperation.
It has the important additional advantage, in the
traumatized patient, of evaluating adjacent liver and
spleen frequently suspected for associate injury. The
method is also useful for monitoring patients during
conservative treatment or postoperatively for com-
plications such as abscess or urinoma.

Angiography remains useful in penetrating
trauma for the detection of arterio-venous fistulae or
traumatic aneurysms. Angiography is also the pro-
cedure of choice in patients with blunt trauma in
whom nonvisualization of the kidney at excretory
urography suggest arterial or venous thrombosis.

4. Imaging of inflammatory lesions of the kidney

Acute pyelonephritis in adult patients will usually
resolve with appropriate antibiotic treatment and
usually does not warrant imaging procedures in the
acute phase. However, radiologic investigation is
indicated in patients unresponsive to medical ther-
apy and in those with underlying medical disease,
making severe infection likely. Excretory urography
and angiography have been in the past the usual
methods of evaluation. Excretory urograms are fre-
quently normal or have nonspecific findings. Be-
cause of this, and because of the incomplete evalua-
tion of the perirenal and pararenal spaces with
angiography, sonography and computed tomogra-
phy have largely replaced these methods.

Acute bacterial nephritis indicates a solid inflam-
matory renal mass without drainable pus. At sono-
graphy, this disease appears as unifocal or multifocal
renal mass(es) which are solid, usually less echo-
genic than normal kidney, with poorly defined mar-
gins [9]. Computed tomography also demonstrates a
poorly defined mass lesion of similar or slightly
lower density than normal kidney. After contrast
administration, the area shows patchy enhance-
ment, but remains less dense than the surrounding
parenchyma.
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Fig. 6. Histiocytic lymphoma of the kidney. A large retroperitoneal mass extends into the perinephric space and invades the left kidney

(arrows). Mesenteric adenopathy is also present.
Fig. 7. Bilateral metastatic renal masses in a patient with bronchogenic carcionoma. Bilateral renal masses are seen. Arrow indicate the

biopsy needle with its tip at the margin of the left renal mass. Histologic diagnosis was metastatic squamous cell carcinoma.
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Fig. 8. Left renal trauma. The arrow indicates a wedge-shaped renal parenchymal hematoma and posterior perincphric hematoma.
Fig. 9. Gallium® citrate scan in pyelonephritis. Total body (anterior and posterior) images reveal intense activity in the right kidney in
patients who subsequently had laboratory evidence of pyelonephritis.
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Acute focal bacterial nephritis may progress to
frank abscess. At sonography, an abscess appears as
a nearly anechoic mass with good through transmis-
sion, irregular walls and a variable amount of debris
causing internal echoes. If the abscess contains air,
this appears very echogenic. The computed tomo-
graphy image of abscess shows irregular margination
of a low density lesion with a thick wall. The central
liquified area does not enhance after contrast admin-
istration and may contain air. Associated thickening
of the adjacent renal fascia may also be present.

Radionuclide investigation of the kidney can also
be very helpful in inflammatory disease. In patients
with pyuria radionuclides which accumulate in in-
flammatory lesions can indicate whether there is
pyelonephritis or if the infection is merely limited to
the lower urinary tract. These radionuclides can also
be useful in patients presenting with fever of un-
known origin, in demonstrating that renal infection
is the cause. Gallium 67 citrate, which localizes in
polymorphonuclear leukocytes, after being cleared
from the blood where it is bound to transferrin, has
been used extensively in some centers (Fig. 9). Of
the administered dose of gallium, 20-30% is ex-
creted by the kidneys in the first 24 hours, but scan-
ning at 48 hours should show no significant activity in
the kidneys, unless there is inflammatory disease
[10].

More recently indium 111 labeled white cells have
gained popularity. Indium 111 white cell scans seem
to be at least equal in diagnostic accuracy to gallium
scans. Indium is not normally excreted by the kid-
ney, does not require the bowel preparation that
gallium does and quite specifically localizes in in-
flammatory collections. Gallium, on the other hand
accumulates in a variety of tumors, in addition to
inflammatory lesions, but this rarely presents a prob-
lem clinically. Indium 111 has the additional advan-
tage of providing diagnostic information earlier since
the patient can be scanned 12 hours after administra-
tion of the radionuclide. The major drawback of
Indium 111 white cell scanning is that its preparation
is cumbersome and requires an in hospital radi-
opharmacy, which usually is available only in large
hospitals.

Neither radionuclide can differentiate perinephric
abscess from pyelonephritis but scanning with a re-
nal cortical agent, such as Technetium 99m gluco-
heptonate would differentiate the two since it shows
a distinctive striated ‘flare’ pattern in pyelonephritis
[10].

Xanthogranulomatous pyelonephritis, an unusual
inflammatory process of the kidney occurring in pa-
tients with long standing obstruction due to calculus

disease, has a characteristic computed tomography
appearance that allows differentiation from renal
cell carcinoma and accurate preoperative diagnosis
[11] (Fig. 10). The diagnosis is suggested by the pre-
sence of a renal mass, calculus disease and history of
infection. Computed tomography demonstrates the
enlarged kidney with dense renal parenchyma pe-
ripherally with central low density areas represent-
ing dilated pus-filled calyces and xanthomatous
tissue. Thickening of Gerota’s fascia, perinephric
abscess and psoas abscess may be present. Calculi in
the renal pelvis are also demonstrated.

Perinephric abscess is usually a complication of
severe renal infection. These abscesses can be diag-
nosed by both computed tomography and ultra-
sound by the demonstration of a perirenal fluid or
gas collection with distortion of the renal contour
[12] (Fig. 11). Computed tomography will also dem-
onstrate thickening of perirenal fascia and either
method can be used as a guide for percutaneous
drainage of the collection.

5. Interventional techniques in uroradiology

In the past decade, the role of the radiologist has
expanded greatly. While diagnostic procedures re-
main important, newly developed and applied per-
cutaneous techniques have expanded the radiolo-
gist’s role to include patient therapy and manage-
ment. This is particularly the case in the urinary tract
where, percutaneous nephrostomy, stent place-
ment, stone extraction, biopsy, abscess drainage and
angioplasty have come to be performed routinely.

Ultrasonically guided renal cyst puncture, once a
frequently employed technique in the work up of
renal cysts, is now reserved for atypical appearing
cystic masses. Cysts can be punctured through a
special biopsy transducer with a central channel for
the needle, or the cyst can be punctured after ultra-
sound localization with a regular transducer used to
monitor needle tip location. Cytologic study of the
fluid withdrawn is helpful in differentiating cystic or
necrotic neoplasm from simple cyst.

Computed tomography guided biopsy of solid re-
nal masses is employed in the diagnosis of renal cell
carcinoma in patients with widespread metastatic
disease at time of presentation, in whom surgery
would not be curative. In a patient with known
primary malignancy elsewhere, such as lung or
breast, a metastatic lesion of the kidney must be
differentiated from primary renal malignancy. Per-
cutaneous biopsy under local anesthetic with com-
puted tomography guidance, provides the informa-
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Fig. 16. Xanthogranulomatous pyelonephritis-Serial CT images demonstrate central dilated calyces filled with pus and xanthomatous
material and perinephric abscess extending around and below the kidney.

tion quickly, at reasonable cost, and with minimal
morbidity and shorter or no hospitalization as the
procedure can be done on an outpatient basis.

The perinephric space can also be needied under
computed tomography or ultrasonic guidance for
diagnosis or perinephric collections. In the case of
perinephric abscess, a drainage catheter can be
placed percutaneously for treatment. After needle
placement in the perinephric collection and with-
drawal of fluid to determine if it is purulent, a guide
wire is placed through the needle. One of the many
commercially available drainage catheters is then
advanced over the guidewire and into the abscess
cavity. The cavity is then aspirated as completely as
possible, and the aspirate cultured for planning of
the appropriate antibiotic therapy. The cavity size is
then followed serially by computed tomography
sonography or sinography performed through the
catheter. The drain may be removed when the pat-
ent’s temperature has returned to normal for 2-3
days, the white blood count has improved, the
amount of catheter drainage has markedly de-
creased, the cavity has collapsed and the patient’s
general clinical condition has ameliorated [13]. Com-

plications are unusual. They may include hemor-
rhage and also pneumothorax and empyema if the
pleural space is inadvertantly entered.

Definitive treatment of intrarenal abscess has re-
cently been described using percutaneous drainage
in a small series of patients {14]. The technique is
similar to that used elsewhere in the abdomen and
provides an attractive alternative to surgery for
treatment of this condition.

Percutaneous nephrostomy is a frequently per-
formed procedure in most larger radiology depart-
ments. Both fluoroscopy and sonography have been
used for renal localization and needle guidance.
Zegel et al. [15] favor ultrasonic guidance since intra-
venous contrast administration is unnecessary, and
in their hands, allowed introduction of a larger cali-
ber needle and was quicker than fluoroscopic guid-
ance.

The most common indication for percutaneous
nephrostomy is ureteral obstruction due to pelvic or
retroperitoneal malignancy. Ureteral obstruction
complicated by infection is a situation in which this
procedure is frequently requested. The procedure is
outlined below briefly:
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Fig. 11. Perinephric abscess. (A) CT examination shows the abscess as a large low density collection surrounding a small kidney (arrow)

of slightly higher density. There is a high density calculus in renal pelvis. (B) A lower section demonstrates pus filling Gerota's fascia
below the level of the kidneys.
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Fig. 12. Percutaneous ureteral calculus extraction. (A) Antegrade pyelogram through a percutaneous nephrostomy tube demonstrates a
ureteral calculus (arrow) with mild dilatation of the upper ureter. (B) Antegrade pyelogram after calculus extraction shows no ureteral
calculus and resolution of upper ureteral dilatation.
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a) After administration of broad spectrum antibio-
tics to the patient, the renal collecting system is
opacified either by administration of intravenous
contrast or by antegrade pyelography, using ultra-
sonic guidance for needle puncture of the collect-
ing system.

b) After a second puncture for placement of a larger
needle into the desired calyx, a guidewire is placed
through the needle into the renal pelvis.

c) The needle is removed and a drainage catheter is
advanced over the guidewire and into the renal
pelvis or ureter.

Temporary external drainage of the urinary tract
can be accomplished in this way, and in some cases,
it is possible to establish antegrade drainage into the
bladder using a double-pigtail endoprosthesis with
the proximal holes in the renal pelvis and the distal
ones in the bladder. Ureteral catheters can be placed
percutaneously as stents in patients with ureteral
fistulas, and strictures [16]. In addition to providing
drainage, these stents maintain luminal caliber and
allow healing.

Nephrostomy tracts can be dilated to allow per-
cutaneous extraction of urinary calculi (Fig. 12). A
variety of techniques are used for stone removal.
Calculi can be grasped using stone forceps or wire
baskets similar to those used in the biliary system.
Large calculi can be fragmented using a mechanical
or ultrasonic lithotriptor and the fragments extracted
or flushed into the bladder using intermittent flush-
ing and suction. Castenada-Zuniga [17] reported a
success rate of 87% with no mortality. Complica-
tions include hemorrhage, infection, uretero-
cutaneous fistula, perforation of renal pelvis requir-
ing surgical repair, pneumothorax, and paralytic
ileus.

In recent years, percutaneous transluminal an-
gioplasty has been gaining widespread acceptance as
nonsurgical treatment of renovascular hypertension
caused by renal artery stenosis (Fig. 13). All types of
fibromuscular dysplasia and short segmental athero-
sclerotic lesions respond well to the procedure.
After a lesion is deemed amenable to dilatation
based on its angiographic appearance, a percutane-
ously inserted guidewire is manipulated across the
stenosis. An appropriately sized balloon catheter is
then inserted and the renal artery is dilated. An-
giography is immediately performed to monitor the
results. The mechanism of dilatation is controlled
injury to the vessel wall with stretching or splitting of
a portion of the media. Tegtmeyer et al. [18] re-
ported an initial success rate of 95% with redilata-
tion necessary in 11.8% of patients due to recurrent
stenosis. The procedure has several advantages

when compared to surgery including avoidance of
general anesthesia, minimal morbidity with short
hospital stay, and relatively low cost. Angioplasty
does not preclude surgical graft if necessary at a later
date.

6. Digital subtraction angiography of the kidney

Digital subtraction angiography (DSA) is a rela-
tively recent innovation in the field of angiography
that has found application in the evaluation of the
renal vasculature. In appropriately selected patients,
excellent images of the main renal artery and its
proximal branches can be obtained and information
provided concerning their patency, caliber and num-
ber (Fig. 14). Very simply, the technique employs
injection of a bolus of intravenous contrast during
fluoroscopy. The fluoroscopic images are converted
into digital format and stored. Images are made
before the arrival of the iodinated contrast material
and then subtracted from those made after its ar-
rival. Thus, a final image showing only contrast is
obtained. Electronic enhancement of the image im-
proves the conspicuity of the vessels and the image is
then viewed on a television display screen.

The most common indication for DSA of the kid-
neys is the investigation of possible renovascular
hypertension. Other indications include evaluation
of the renal transplant donor, study of arterial pat-
ency of renal allograft and evaluation of vascular
bypass, endarterectomy and embolization. The
overall accuracy of DSA in large series is approx-
imately 90% [19]. The advantages of DSA over con-
ventional arterography include less discomfort, less
expense, short examination time and the ability to
perform the procedure on an outpatient basis. Limi-
tations include the necessity for considerable patient
cooperation, poorer spatial resolution compared to
conventional angiography, and difficulty in obtain-
ing technically adequate studies on patients with
poor cardiac output or obesity. Many of these prob-
lems can be circumvented by careful patient selec-
tion. The role of DSA in the evaluation of the renal
vasculature is well established and is expanding.

7. Radiographic evaluation of renal allografts

The role of ultrasound in the detection and diagnosis
of peritransplant fluid collections is well established.
The most common fluid collection causing hydro-
nephrosis of the transplanted kidney is a lymphocele
(Fig. 15). Lymphoceles tend to be lobulated and
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Fig. 13. Percutaneous right renal angioplasty. (A) Aortogram prior to angioplasty demonstrates severe atherosclerotic segmental
stenosis in the proximal right renal artery in a patient with systemic hypertension and elevated renin level in blood sampled from the
right renal vein. (B) After balloon dilatation a normal caliber of the right renal artery was restored.
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Fig. 14. Digital subtraction angiogram of normal renal arteries. The arteries are marked with arrows.
Fig. 15. (A) Longitudinal sonogram demonstrating hydronephrosis of the transplanted kidney. (B) Just below the kidney, a typical

septated lymphocele is present.

contain septations [20]. Urinomas, abscesses and
hematomas have no characteristic ultrasound ap-
pearance. The temporal relationship of the develop-
ment of the collection with the time of transplant
may be helpful, since urinomas tend to occur earlier
after transplantation than do other types of collec-
tions. Small asymptomatic crescentic collections are
frequently seen after renal transplantation and fre-
quently resolve spontaneously with time. Collec-

tions which persist, grow, cause hydronephrosis or
are associated with clinical signs of sepsis usually
require treatment. Ultrasonically guided aspiration
of these collections can diagnose the type of collec-
tion preoperatively and thus assist in patient man-
agement.

Radionuclide scintigraphy of the renal transplant
has a central role in the evaluation of patients who
have undergone this procedure. Technetium 99m



complexes are used to gauge perfusion and a par-
enchymal agent, Iodine ' orthoiodohippurate in
our institution, are used to monitor uptake and drai-
nage patterns in transplanted kidneys (Fig. 16).
Obstructive uropathy and urinary extravasation are
readily detected by these means [21]. Parenchymal
failure of the allograft is most frequently caused by
acute tubular necrosis and transplant rejection.
These can be best differentiated from each other
with these methods on the basis of serial studies since
acute tubular necrosis usually occurs in the first few
days after transplantation and gradually resolves
over one to three weeks, while acute rejection usu-
ally does not occur until the end of the first week
after the surgical procedure.

Technetium 99m sulfur colloid, radioiodinated
fibrinogen and galliumé67 citrate have all been inves-
tigated as indicators of transplant rejection since
they usually do not accumulate in normal kidneys,
nor in those with acute tubular necrosis. Indium 111m
labeled autologous leukocytes and Indium 111 la-
beled platelets are also under investigation [22].
None of these radionuclide are uniformly accurate in
diagnosing acute rejection and their use requires
close correlation with other imaging modalities and
clinical parameters.

In the past few years, parenchymal sonographic
patterns in renal transplants have shown considera-
ble utility in the differential diagnosis of parenchy-
mal failure (Fig. 17). In acute tubular necrosis,
sonographically, the allograft appears normal. The
renal allograft also appears normal in arterial occlu-
sion and stenosis except for lack of normal post-
transplantation hypertrophy. On the other hand, a
spectrum of sonographic abnormalities is seen in
acute renal allograft rejection, including increased
renal volume, decreased renal sinus echogenicity,
enlarged medullary pyramids, increased or de-
creased cortical echogenicity compared to baseline
studies and development of perirenal fluid collec-
tions [23]. Thus, serial sonographic studies, when
correlated with serial radionuclide evaluation and
clinical and laboratory data can frequently obviate
more invasive studies in the diagnosis of renal trans-
plant failure or other complication.

8. Magnetic resonance imaging of the kidney

Magnetic resonance imaging (MRI) is the newest
and most promising imaging method for evaluating
the kidney. It is based on the pioneering work of
Block and Pursell related to chemical nuclear mag-
netic resonance (NMR) for which they received the
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Nobel prize in 1952. The method is attractive be-
cause it is noninvasive uses no ionizing radiation and
has no known adverse biological effects. Spatial res-
olution of MRI images is comparable or better than
that of computed tomography. Unlike computed to-
mography, MRI has the ability to produce axial,
sagittal and coronal sections without reformatting.

Normal renal anatomy is well demonstrated with
MRI. The cortex, medulla, vascular structures and
collecting system are discernable [24]. Solid and cys-
tic lesions of the kidney are adequately differenti-
ated. In the staging of carcinoma of the kidney, MRI
supplies information similar to that of computed
tomography and in some cases gives additional infor-
mation concerning tumor invasion of the renal vein
[25].

It appears that MRI will have a major impact in
the evaluation of medical renal disease. Tissue
characterization based on the magnetic resonance
properties is expected to become an important ad-
junct to renal biopsy, although further research cor-
relating histology and magnetic resonance proper-
ties is needed. MRI will probably also have an
important role in the evaluation of patients on long-
term hemodialysis. These patients have an increased
incidence of renal neoplasia and acquired cystic dis-
ease. The superior resolution of MRI compared to
ultrasound gives MRI a distinct advantage in the
evaluation of these kidneys.

The exact role of MRI in renal imaging is not yet
adequately assessed. Its cost effectiveness compared
to computed tomography and ultrasound in various
disease states is yet to be determined. The equip-
ment is expensive and scanning time is longer com-
pared to computed tomography. Despite these prob-
lems, MRI is expected to play a role in the imaging of
renal masses and medical renal disease in general.
The development of spectroscopic imaging, where
extensive research is conducted at the present time,
will bring us to a new era of tissue characterization
and histologic study in vivo.

9. Concluding remarks

In this short chapter we have attempted to provide
an overview of the most recent advances in renal
imaging and to outline the percutaneous techniques
in the urinary tract which have been developed in the
past few years. Space considerations prevent discus-
sion of the basic and time honored method of excre-
tory urography which remains the most frequently
used radiographic study for evaluation of the urinary
tract.
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Fig. 16. Normal radionuclide evaluation of right renal allograft. (A) Technetium 99m DTPA flow study. These serial images represent
three seconds per frame. The firstimage demonstrates perfusion of the transplanted kidney at the same time as the radionuclide passes
through the aorta and iliac arteries. Considerable activity remains in the kidney on later images since Technetium 99m DTPA is excreted
by glomerular filtration. (B) lodine 3"Hippuran study of the same kidney with images representing one minute per frame shows good
uptake by the kidney then gradual decrease in renal activity as the compound is excreted into the bladder, where there is progressively
greater activity.

B

Fig. 17. Sonography of renal allograft rejection. (A) One week after renal transplant, the kidney has normal cortical echogenicity,
normal intense central eco complex and well defined normal triangular renal pyramids. (B) Four weeks later, during an episode of
clinical rejection, sonographic evidence of rejection is present. There is increased cortical echogenicity, disruption of central echo
complex and poor definition of the pyramids.
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Fig. 18. Coronal magnetic resonance image. High intensity signal from perirenal fat and fat in the renal hila. Renal cortex and medulla

are resolved. Courtesy of General Electric.

It is apparent that close cooperation between the
physicians responsible for primary patient care and
the radiologist is required for selection of the most
expeditious series of procedures for diagnosis in pa-
tients with renal disease. While these more sophisti-
cated procedures are expensive, the savings in hospi-
tal days and patient morbidity and the improved
accuracy in diagnosis, contributing to better quality
care, more than justifies their utilization.
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CHAPTER 14

Clinical aspects of renal insufficiency induced by drugs and hepatic disease

JOSEPH V. NALLY JR., MICHAEL L. GROSS and JAMES T. HIGGINS JR.

1. Introduction

Progress of any sort commonly carries an element of
risk, and clinical medicine is no exception. As the
pharmacological armamentarium available to the
practitioner expands, so does the risk of adverse
reaction in the drug-treated patient. Interest in drug-
induced renal disease has several aspects. Not only is
there concern for diagnosis, treatment, and preven-
tion of the undesired clinical events, but there is
recognition that the elucidation of mechanisms by
which drugs injure the kidney, or cause it to malfunc-
tion, may shed light on normal and abnormal renal
function and on the kidney’s reaction to injury.
Modern pharmaceutics is sometime said to have
begun with the development of the sulfonamides. If
this is true, then the modern era of drug-induced
renal disease has the same birthdate for renal injury
was one of the first major complications of sulfo-
namide therapy. Drug-related kidney problems in-
clude acute renal failure, chronic renal failure,
nephrotic syndrome, fluid-electrolyte disorders, and
acid-base disturbances. Since upward of 30-40% of
all cases of acute renal failure are caused by drug
nephrotoxicity [1], we cannot hope to review all of
the nephrologic reactions to drugs, or even the ma-
jor pathophysiological mechanisms. Thus we have
chosen to consider the problems encountered with
two of the most used classes of drugs used clinically,
the aminoglycoside antibiotics and the nonsteroidal
anti-inflammatory drugs, and two of the most com-
monly recognized types of renal injury, direct injury
to renal tubular cells and interstitial nephritis. First
we will discuss the direct injury to the renal cells,
acute tubular necrosis, produced by the amino-
glycoside antibiotics. Next is considered renal inter-
stitial disease caused by several different classes of
drugs including some antibiotics and nonsteroidal
anti-inflammatory drugs. Finally, we will discuss
three clinical states of renal insufficiency or renal
failure in which the renal tissues are normal and

uninjured, but renal circulation is deranged. The
first two of these are caused by drugs which interfere
with the intrarenal function of the renin-angiotensin
system and the prostaglandin-prostacyclin- throm-
boxane system. The third of these states of renal
dysfunction is the hepatorenal syndrome, in which
renal failure follows liver failure, and whose patho-
genesis may involve vasoactive hormones or toxins.

2. Drug-induced acute tubular necrosis and acute
renal failure

Acute renal failure is defined as a rapid decline in
renal function characterized by a rise in the blood
urea nitrogen (BUN) and serum creatinine, usually
associated with oliguria (less than 400 mi/24-hr), al-
though an increasing incidence of non-oliguric drug-
induced renal failure is being recognized.

The prototypic class of drugs causing acute tubular
necrosis is the aminoglycosides. Aminoglycosides
were first noted to be potentially nephrotoxic in the
early 1970’s, although before this time were thought
to be relatively safe in humans. Despite the develop-
ment of newer third generation cephalosporins,
aminoglycoside use continues and is the most fre-
quent cause of antibiotic-associated acute renal
failure. Aminoglycoside nephrotoxicity is estimated
to be between 10 and 20% when defined by a rise in
serum creatinine of at least 0.4 mg/dl, even when
serum concentrations are monitored closely [2].

Although there is a general relationship between
cumulative aminoglycoside dose and nephrotoxicity
(total dose usually greater than 1.0 gram(s), mainte-
nance of both peak and trough serum antibiotic con-
centrations at desired levels does not prevent ne-
phrotoxicity. Experimentally in rats, when genta-
micin was given once daily (40 mg/kg) compared to
the same total dose given three times per day, the
rats given gentamycin once daily had a much higher
peak serum level but a lower incidence of nephrotox-
icity [3].
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Older patients and those with pre-existing renal
insufficiency seem to be at greatest risk for toxicity.
Other predisposing factors include dehydration, hy-
potension, acidosis, and previous exposure to
aminoglycosides. Concomitant administration of a
cephalosporin may enhance aminoglycoside tox-
icity, although this is controversial [4].

Clinically, aminoglycoside nep/hrotoxicity is non-
oliguric, typically occuring after one week of
therapy. In rats an increase in urine volume precedes
the fall in GFR and is related to a drug-induced
concentrating defect with ADH resistance [5].

The exact mechanism related to the nephrotox-
icity of aminoglycosides is still debated. In animals
proximal tubular necrosis is common but may have a
patchy distribution. Tubular regeneration may co-
exist with necrosis [6]. Electron microscopic changes
in proximal tubular cells, including the formation of
myeloid bodies, may be seen after a single dose of
aminoglycoside, and do not necessarily correlate
with toxicity [7]. There is no doubt that amino-
glycosides are bound to the luminal brush border
and that by pinocytosis become sequestered in the
lysosomes of the proximal tubule. The importance of
this tissue accumulation is still uncertain. In experi-
mental animals the relative nephrotoxicity of various
aminoglycosides does not precisely correlate with
their cortical accumulation [8]. Gilbert reported cyc-
ling every 10-14 days of renal cortical concentrations
of gentamycin with continued dosing for 42 days [9].
He also demonstrated recovery from renal failure
with continued dosing in these rats, although im-
provement in recovery may be more rapid when the
drug is discontinued [10]. Although a minimum corti-
cal concentration of the aminoglycoside is necessary
it does not suffice as the total explanation for tox-
icity. Once inside the lysosome there may be effects
related to mitochondrial energetics which may be
responsible for the toxicity. More recently, Baylis
has reported a decline in glomerular ultrafiltration
coefficient as a contributing factor [11].

All members of the aminoglycoside family appear
to be potentially nephrotoxic. It is of great clinical
importance to compare the various aminoglycosides
currently in use as to their nephrotoxicity. Numerous
studies, both animal and human, have compared
gentamycin to tobramycin. In animal studies it ap-
pears clear that gentamycin is more nephrotoxic than
tobramycin. In dogs renal cortical accumulation of
gentamycin is higher than that of tobramycin and
gentamycin toxicity is greater [12], but the signifi-
cance of cortical concentration has been questioned
[8]. Numerous human studies have also suggested
less nephrotoxicity for tobramycin versus genta-

mycin [2, 13], although a recent study by Fong [14]
showed no significant difference.

Netilmycin is the newest member of the amino-
glycoside family to be released. Preliminary animal
studies look extremely encouraging [15], although a
significant number of human studies to date have not
been reported. In the one human study available,
nephrotoxicity was extremely low for both tobra-
mycin (4%) and netilmycin (1%) when combined
with ticarcillin so that statistical significance was not
achieved [16]. Some clinicians would prefer to-
bramycin over gentamycin if the microbe sensitivity
permits, and await the results of more clinical trials
concerning netilmycin.

The prognosis for aminoglycoside-induced ARF is
usually good with resolution within 1-2 weeks. Pa-
tients at highest risk to develop more permanent
renal failure are those with pre-existing renal insuffi-
ciency.

3. Drug-induced interstitial nephritis

Many drugs may impair renal function by producing
an acute interstitial nephritis which may be immu-
nologically mediated [17]. Recognition of this syn-
drome is of great clinical significance since this is a
potentially reversible form of renal failure. Two ma-
jor types of acute interstitial nephritis will be dis-
cussed; one will be the classic drug-induced allergic
interstitial nephritis and the other, the newly de-
scribed interstitial nephropathy secondary to non-
steroidal anti-inflammatory drugs (NSAID), which
may not be prostaglandin-dependent. Elsewhere in
this chapter the effects of nonsteroidal anti-inflam-
matory agents on prostaglandin synthesis and renal
circulation will be discussed.

Acute interstitial nephritis was first recognized
with the use of methacillin. Since 1961 over 100 cases
have been reported. Clinically, the patients were
treated with normal doses of methicillin and prob-
lems occurred after many days into therapy. It is not
uncommon for patients to defervess when initially
treated with methicillin but then become febrile
again when the acute interstitial nephritis begins.
Presenting symptoms include fever, skin rash, mac-
roscopic hematuria, eosinophilia and eosinophi-
luria. Clinical features of acute interstitial nephritis
caused by drugs other than methicillin confirms that
not all features are present in each case. Pyrexia
occurs in approximately 80%, skin rash in 50%, and
arthralgias in 20%. Renal function usually deterio-
rates quickly with oliguria. Eosinophilia and ele-
vated serum IgE level may be seen. Pyuria is com-



mon and the demonstration of eosinophils in the
urinary sediment is diagnostic [18]. It must be em-
phasized that the lack of eosinophilia, increased IgE
or eosinophiluria does not exclude the diagnosis
since 50% of patients with biopsy-proven acute in-
terstitial nephritis may exhibit none of these fea-
tures.

The principal difficulty in diagnosing acute inter-
stitial nephritis is differentiation of this entity from
other forms of acute renal failure, such as acute
tubular necrosis or other drug-induced nephropa-
thies. Classical urinary diagnostic indices have not
been helpful, but recently gallium scanning has been
demonstrated to be positive in all cases of biopsy-
proven interstitial nephritis and absent in all patients
with acute tubular necrosis [17].

The pathogenesis of acute interstitial nephritis is
not clear. Immunologic mechanisms are suggested
by the presence of eosinophils and elevated IgE
levels. Antitubular basement membrane antibodies
have also been described, as well as complement
deposition along the tubular basement membrane.
In the vast majority of cases immunoglobulins are
absent in the renal biopsy and anti-tubular basement
membrane antibodies cannot be identified. Com-
plications of the disease include selective distal tubu-
lar dysfunction, and episodes of papillary necrosis.
Renal function improves when the offending drug is
withdrawn, and the use of steroids for this condition
is controversial. In a recent study administration of
60 mg of prednisone daily hastened recovery of renal
function and reduced the extent of residual renal
damage [18]. The most commonly implicated drugs
include most antibiotics, diuretics, and nonsteroidal
anti-inflammatory agents.

The prognosis of drug-induced interstitial ne-
phritis is excellent once the offending agent has been
discontinued. If unrecognized or the offending drug
is continued, permanent renal failure may result.

Three distinct clinical syndromes have been de-
scribed in patients receiving nonsteroidal anti-in-
flammatory drugs who developed interstitial renal
disease [19]. These include: 1) nephrotic syndrome
with acute renal failure, the most common, 2) ne-
phrotic syndrome alone, and 3) renal failure alone.
Although the clinical findings in some patients with
NSAID interstitial nephritis resembled the classic
drug-induced interstitial nephritis, many differences
exist. These differences include: 1) the duration of
exposure for the NSAID-treated group was much
greater than for the patients with allergic interstitial
nephritis (5 months versus 15 days), 2) a hypersen-
sitivity response (fever, rash, eosinophilia) occurs in
only 20% of the nonsteroidal group compared to
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85% in patients with allergic interstitial nephritis; 3)
nephrotic range proteinuria occurs in 85% of pa-
tients with the nonsteroidal nephropathy in compari-
son to only 5% for drug induced allergic interstitial
nephritis; 4) nonsteroidal interstitial nephritis is seen
in older patients in comparison to allergic interstitial
nephritis which is seen in all age groups.

Acute interstitial nephritis secondary to drugs is
probably a more common cause of acute renal
failure than had previously been thought. Its recog-
nition depends upon increased awareness and a high
level of suspicion. The prognosis for recovery from
the acute renal failure is good if the offending agent
can be removed, but failure to recognize this syn-
drome may lead to progressive and permanent renal
failure.

4. Renal insufficiency caused by renal vascular re-
sponse to drugs

4.1. Normal renal vascular autoregulation

The intrarenal circulation is unique, containing two
capillary beds in series, the glomerular and the per-
itubular capillaries, each supplied by arterioles (Fig.
1). The afferent arterioles supply the glomerular cap-
illaries, which in turn are drained by the efferent
arterioles to feed the peritubular capillary bed. The
rate of plasma filtration at the glomerular capillary
bed depends upon the hydraulic conductivity of the
capillary walls, the surface area of the capillary bed,
and the driving force for filtration. The net driving
force for filtration is the sum of the hydrostatic and
oncotic forces on each side of the capillary wall. The
hydrostatic pressure within the glomerular capil-
laries depends upon the level of systemic arterial
pressure transmitted through the afferent arterioles,
and the resistance to outflow from the capillaries
through the efferent arteriole. The rate of blood flow
through the glomeruli is largely controlled by the
resistance of the afferent arterioles, and over a wide
range of systemic arterial pressures the blood flow
through the kidney is held remarkably constant by
this autoregulatory process [20]. The rate of filtra-
tion, on the other hand, appears highly dependent
upon the resistance of the efferent arterioles. Thus
the glomerular filtration rate can be maintained rela-
tively constant despite variations in systemic arterial
blood pressure and renal blood flow rate.

The smooth muscle tone, or arterial resistance, in
the afferent arterioles is partially under control of
the adrenergic nervous system, and there is also a
large element of response to stretch by as yet unex-
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Fig. 1. Schematic representation of an outer cortical nephron
segment. The afferent arteriole (1) carries blood into the glomeru-
lar capillary tuft (2). The glomerular capillaries are drained by the
efferent arteriole (3) which branches into a capillary bed sur-
rounding the renal tubule and carries blood to a vein (4). Fluid
filtered from the glomerular capillaries (2) enters Bowman’s cap-
sule, proximal convoluted tubule (5), the descending (6), and
ascending (7) limbs of Henle’s loop, the distal convoluted tubule
(8), and the collecting duct (9), Note the proximity of the distal
convoluted tubule (8) and the afferent arteriole (1), where spe-
cialized epithelial cells in the macula densa of the tubule make
contact with renin-secreting juxtaglomerular cells of the arteriole.

plained mechanisms to cause autoregulation of
blood flow. Control of efferent arteriole resistance
appears to result from several intrarenal hormonal
systems acting in concert. The major vasoconstrictor
effect is thought to be due to angiotensin II; the
vasoconstrictor effect of angiotensin II is counter-
acted by vasodilator effects of products of the cyclo-
oxygenase system, prostaglandins and prostacyclin,
and possibly by products of the kallikrein-kinin sys-
tem.

Space permits only a cursory discussion of this
complicated control system. The amount of angio-

tensin II produced depends on the secretion rate of
renin from the juxtaglomerular cells in the walls of
the afferent arterioles. The secretion rate of renin is
determined by the arterial blood pressure, by f3-
adrenergic stimulation via renal nerves, and by a
poorly understood signal from the macula densa cells
of the distal convoluted tubule. There appears to be
sufficient renin substrate in plasma, and converting
enzyme in vessel walls, to generate angiotensin II in
blood as it passes through the glomeruli.

renin ) . converting
angiotensin [ ———
enzyme enzyme

Renin substrate

angiotensin II

Prostaglandins, prostacyclin and thromboxanes (col-
lectively referred to as prostanoids) are products of
the action of cyclo-oxygenase on arachidonic acid,
which is released from cell membrane phospholipids
by phospholipases.

Phospholipids
| Phospholipase
Arachidonic acid
| Cyclo-oxygenase
Precursor prostaglandins

v l N
Prostacyclin Prostaglandins Thromboxanes

The action of phospholipase appears to be the pivo-
tal step, and is stimulated by angiotensin II as well as
by vasopressin, catecholamines, and a number of
other stimuli including ischemia and calcium [21].
Prostacyclins and prostaglandins of the E-series
have vasodilator properties, whereas the thrombox-
anes are vasoconstrictors. Although the factors de-
termining the ratio of the products of arachidonic
acid oxygenation are unknown, in the renal cortex
the production of the vasodilator PGE, predomi-
nates, and production of prostacyclin exceeds that of
thromboxane [22]. Thus, the net hemodynamic
effect of increased prostanoid synthesis in the kidney
is vasodilatation and increased blood flow.

As mentioned above, angiotensin II is a potent
stimulus to prostanoid synthesis. Conversely, the
vasodilator prostanoids are potent stimuli of renin
secretion. Thus there is an interaction between these
intrarenal vasodilator and vasoconstrictor systems to
control renal blood flow, and an even more direct
and important control of glomerular filtration rate
by their effects on the efferent arteriole [21]. Hall et
al. demonstrated the role of angiotensin II in auto-
regulation of GFR in dogs [23]. During reduction of
renal perfusion pressure, renal blood flow and GFR



autoregulation were well maintained, but when an
antagonist of angiotensin II was infused during low
perfusion pressure, renal blood flow rose and GFR
fell. These results were even more striking in so-
dium-depleted animals, suggesting that in high renin
states the action of angiotensin II on the efferent
arteriole is necessary for maintenance of glomerular
filtration.

The role of prostaglandins in normal renal func-
tion is somewhat more difficult to assess. Infusion of
arachidonic acid, prostaglandins or prostacyclin into
the renal circulation of dogs and rabbits produces
vasodilation and increased renal blood flow. There is
little or no change in GFR, thus filtration fraction is
reduced. In the rat different results are seen, which
emphasize the interrelations of the prostanoids and
renin-angiotensin system. In this species, infusion of
arachidonic acid increases renal vascular resistance
and reduces renal blood flow. Since this effect can be
overcome by infusion of the angiotensin II inhibitor
saralasin, the vasoconstrictor response to arach-
odonic acid is thought to be due to stimulation of
renin secretion by the products of arachidonic acid
metabolism. The response of the rat renal circulation
to infusion of prostaglandins and prostacyclin are not
so clearcut, and probably represent the complex in-
terplay of vasoconstrictor and vasodilator effects
[Reviewed in (21)].

4.2. Renal response to inhibitors of prostaglandin
synthesis

Synthesis of the prostanoids is inhibited by a large
number of agents including aspirin, indomethacin
and newer pharmaceutical compounds such as ibu-
profen, sulindac, meclofenamate and others. These
drugs are known collectively as nonsteroidal anti-
inflammatory drugs (NSAID). The NSAID’s are
useful in a wide variety of inflammatory and rheu-
matologic disorders, and together constitute the
most widely prescribed class of drugs [24]. Thus,
because of their wide use, the potential for harm is
great if these drugs have serious side effects.
Administration of NSAID’s to conscious, un-
stressed animals or human subjects does not regult in
any significant reduction in renal blood flow or
glomerular filtration rate. Earlier studies carried out
in anesthetized dogs, sometime subjected to surgical
trauma, had shown renal vasocontriction in response
to inhibitors of prostaglandin synthesis and it is now
felt that under such circumstances renal blood flow is
preserved by prostaglandin synthesized in response
to the vasocontrictor mechanisms produced by
trauma and stress. Similar dependence on pros-
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taglandin synthesis to preserve blood flow and
glomerular filtration during sodium depletion can be
demonstrated using the NSAID’s. Other conditions
in which prostaglandins are important for mainte-
nance of renal function include reduced renal perfu-
sion due to volume contraction (salt depletion, de-
hydration, hemorrhagic hypotension) or reduced
cardiac output [21], and hepatic disease (discussed
below in relation to the hepatorenal syndrome).
However, in the normal, unstressed, volume re-
plete, conscious subject the prostanoids are proba-
bly not active in control of renal function, and their
suppression by drugs does not result in renal dys-
function.

In contrast to the situation in the normal kidney,
the diseased kidney may be more dependent on the
products of the cyclo-oxygenase system for preserva-
tion of function. The observation that two patients
with systemic lupus erythematosus developed strik-
ing decreases in renal function while taking large
doses of aspirin prompted Kimberly and Plotz to
carry out a prospective study of 23 patients with this
disease [25]. They observed that 13 patients de-
veloped significant elevations in serum creatinine
and blood urea nitrogen levels while on aspirin;
patients with active nephritis or who were hypoc-
omplementemic were more likely to suffer this com-
plication. The reduction in renal function was re-
versed when the aspirin was discontinued. Later
studies of seven women with systemic lupus ery-
thematosus showed that their urinary prostaglandin
E excretion was above normal [26]. During aspirin
treatment, the urinary PGE excretion fell by 45%,
the clearance of creatinine, inulin and para-amino-
hippurate fell by 18%, 14% and 29% respectively,
and it was observed that the degree of reduction in
urinary prostaglandin excretion and glomerular fil-
tration rate were highly correlated. These observa-
tions, as well as studies in uremic rabbits [27], sug-
gested that increased renal prostaglandin production
helps to maintain renal function in states of renal
insufficiency. In rabbits made uremic by subtotal
nephrectomy, urinary PGE excretion was greatly
elevated; during administration of either indom-
ethacin or meclofenamate, urinary prostaglandin ex-
cretion fell by 71% and glomerular filtration rate was
halved. In normal control rabbits, the NSAID’s re-
duced urinary PGE excretion without an effect on
glomerular filtration rate.

In a study of 20 female patients with various types
of glomerular disease, and preservation of creatinine
clearance to 40 ml/min or above (about 50% of nor-
mal or greater), urinary PGE, excretion rate was
equal to that of normal subjects, and 6-keto-PGF,,
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excretion (a measure of prostacyclin production
rate) was significantly reduced [28]. When 10 of the
women with renal disease were given ibuprofen,
urinary excretion rates of 6-keto-PGF,, and PGE,
fell by 80%, creatinine clearance fell 28%, (range
19-44%) and para-aminohippurate clearance was re-
duced by 35%. The fall in GFR was inversely related
to the baseline excretion rate of 6-keto-PGF,,, but
unrelated to PGE, values. These investigators sug-
gested that prostacyclin is the most important of the
cyclo-oxygenase products for preservation of func-
tion in the diseased kidney. Another important ob-
servation in this study was the failure of sulindac to
reduce renal function in 10 other patients with glo-
merular disease, despite evidence of inhibition of
nonrenal cyclooxygenase activity. This finding sug-
gests organ-specificity of cyclo-oxygenase inhibition
by the NSAID’s and indicates that sulindac may be
safe for use when an anti-inflammatory drug is
needed in the patient with impairment of renal func-
tion.

Another potentially serious complication of the
use of NSAID’s is hyperkalemia [24]. As is the case
of the acute renal insufficiency described above, the
patients at greatest risk of developing hyperkalemia
are those with preexisting impairment of renal func-
tion, who in addition have low levels of secretion of
renin and aldosterone. These patients with so-called
hyporeninemic hypoaldosteronism are usually in the
older age group and commonly have diabetes in
addition to mild renal insufficiency. When such indi-
viduals receive NSAID’s, a severe hyperkalemia
may develop, which is disproportionate to any con-
comitant worsening of glomerular filtration. The de-
tails of the pathophysiologic process remain to be
clarified in their entirety, and the patient population
at risk is not homogeneous. However, it appears that
the basic underlying mechanism is removal of the
stimulation to renin secretion provided by the prod-
ucts of the cyclo-oxygenase system. The reduction in
renin secretion results sequentially in lower an-
giotensin II production, less stimulation of aldo-
sterone secretion by angiotensin II, and loss of al-
dosterone-mediated potassium secretion by the
renal tubules. As in the case of NSAID-induced
renal insufficiency, the hyperkalemia resolves when
the inhibitor of prostaglandin synthesis is removed.

4.3. Renal insufficiency caused by inhibition of the
renin-angiotensin system

As described earlier in this chapter, autoregulation
to preserve filtration at low renal perfusion pressure
depends in large part upon increased resistance to

blood flow in the efferent arteriole. The example
described was the reduction in GFR, with increased
total renal blood flow, which follows administration
of a competitive antagonist of angiotensin II to dogs
which were made hypotensive [23]. This study sug-
gested that the vasoconstrictor effect of angiotensin
IT on the efferent arteriole is required to preserve
glomerular filtration.

The physiological effects of angiotensin II can also
be blocked by administration of inhibitors of the
enzymatic action of converting enzyme, which con-
verts angiotensin I to angiotensin II. Following the
discovery that certain snake venoms can block con-
verting enzyme activity, synthetic substances were
produced for both parenteral and oral administra-
tion. These drugs show promise for treating hyper-
tension, especially those types of hypertension asso-
ciated with increased renal renin secretion. One of
these substances, captopril, is now marketed for oral
administration in the treatment of hypertension.

The best-understood and most-studied type of hy-
pertension caused by increased renin secretion is
that caused by renal artery stenosis. This form of
hypertension was originally produced in dogs with
experimental renal artery stenosis by Goldblatt, and
is commonly referred to as ‘Goldblatt hypertension’.
The clinical counterpart occurs when blood flow
through the renal arteries is impaired, usually by
arteriosclerosis or fibrous dysplasia.

The hypertension which results from renal artery
stenosis has proven responsive to the converting
enzyme inhibitor (CEI), captopril. However, Hricik
et al. have recently reported eleven patients with
severe hypertension and renal artery stenosis who
developed renal insufficiency while taking captopril
[29]. Seven of these patients had bilateral renal ar-
tery stenosis, and the other four had a solitary kidney
whose artery had a stenosis. Thus, all of the func-
tioning kidney tissue in each of these patients was
subject to reduced perfusion through a stenotic ar-
tery. These investigators tested whether the blood
pressure reduction produced by captopril caused the
renal insufficiency and found that an equal degree of
blood pressure reduction with other drugs caused no
decrease in renal function. There was no evidence of
allergic reaction to the captopril, the urinary sedi-
ment showed no evidence of nephritis, and when the
captopril was discontinued the renal function of all
of the patients recovered. One patient was treated
with another converting enzyme inhibitor, MK-421,
and showed a reversible decline in renal function
similar to that seen during captopril therapy.

A similar reversible decline in renal function dur-
ing captopril therapy was reported in four renal



transplant recipients by Curtis et al. [30]. All of these
patients had stenosis of the artery supplying the
transplanted kidney. The degree of renal dysfunc-
tion was significant, with the average serum crea-
tinine increasing three-fold from a normal value.
Similar degrees of blood pressure reduction with
other antihypertensive medications did not reduce
renal function as did captopril, and when two of the
patients were subsequently placed again on captopril
the serum creatinine again rose. Five other hyper-
tensive renal transplant recipients who were known
not to have renal artery stenosis were treated with
captopril and responded with blood pressure reduc-
tion equal to that of the patients with renal artery
stenosis, but showed no change in renal function.
The conclusion reached from these observations is
that the renin angiotensin system plays an important
role in preservation of glomerular filtration in states
of low renal arterial perfusion pressure. Interruption
of this system, by blocking the generation of an-
giotensin II with a converting enzyme inhibitor for
example, results in a significant reduction in glo-
merular filtration rate [31]. In patients with stenosis
of the arteries supplying all of their functioning renal
tissue this may result in serious renal insufficiency.

5. Renal insufficiency in the hepatorenal syndrome
5.1. Definition

The term ‘hepatorenal syndrome’ has suffered since
its inception over 50 years ago because of the vague
nature of the liver and kidney failure to which it was
assigned. The term was originally coined by Helwig
and Schutz to designate the unexplained renal failure
following biliary tract surgery. More recently ex-
perts in the field have agreed that the hepatorenal
syndrome (HRS) may be defined as ‘incompletely
explained renal failure in patients with liver disease
in the absence of clinical, laboratory, or anatomic
evidence of other known causes of renal failure’ [32].
The entity is usually irreversible and carries a grave
prognosis, although spontaneous recovery has been
reported in isolated cases. Clinical observations re-
garding the ‘functional’ nature of the renal failure
suggest that the kidneys involved in HRS are capable
of normal function when the appropriate changes in
the metabolic mileu are achieved. Figure 2 depicts
the clinical course of a kidney from a patient with
HRS that has been successfully transplanted into a
patient with a normal liver [33]. Conversely, re-
sumption of normal renal function in a patient with
HRS who underwent a successful liver transplanta-
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Fig. 2. Clinical course of a kidney donor with hepatorenal syn-
drome prior to death and that of the recipient after renal trans-
plantation.

tion has been reported. It is the elusive nature of this
‘functional’ renal failure which has challenged clini-
cians and physiologists to determine its underlying
pathophysiology.

5.2. Pathophysiology

The hallmark of the reduced glomerular filtration
rate of the HRS is an intense renal vasoconstriction
which leads to reduced renal blood flow [34]. This
intense vasoconstriction is most marked in the renal
cortex and results in a dramatic reduction in cortical
blood flow with shunting of the flow to medullary
vessels. It appears that the afferent glomerular ar-
terioles are the major sites of renal cortical resis-
tance since filtration fraction has been noted to be
reduced or normal in various series. Larger renal
arteries such as the interlobar and arcuate arteries
are thought to participate in the disorder as renal
angiography has documented spasm and tortuousity
of these larger caliber vessels. In fact, HRS may well
be characterized by vasomotor instability of the en-
tire renovascular tree. Attempts to characterize re-
nal blood flow and its intrarenal distribution using
xenon washout techniques have proven disappoint-
ing with results yielding markedly abnormal minute-
to-minute pertubations in renal flow and intrarenal
distribution [34]. The results from these xenon wash-
out studies coupled with the observation that the
spasm seen on renal angiography disappears on sub-
sequent post-mortem angiography, suggests that the
intense renal vasoconstriction is highly variable and
perhaps ‘functional’ in nature. The position is fur-
ther supported in that post-mortem pathologic
examination of these vessels reveals no abnor-
malities. Clinically this view is further strengthened
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by the observations cited above in which kidney
function returns to normal when the kidney is placed
in an environment in which liver function is normal.

Despite the intense renal vasoconstriction which is
the hallmark of HRS, systemic hemodynamic pa-
rameters are usually characterized with increased
cardiac output, lowered peripheral resistance, and
mildly depressed mean arterial pressure. Clinical
studies in decompensated cirrhosis without renal in-
sufficiency demonstrate a high cardiac output, sys-
temic vascular resistance which is normal or low, and
blood pressure that is frequently mildly depressed
[35]. The etiology of the elevated cardiac output and
diminished peripheral resistance seen in decompen-
sated cirrhosis is not clear, yet these findings have
been attributed to A-V shunts demonstrated in the
skin and lung, as well as peripheral vasodilatation
secondary to liver failure per se. The mechanisms
underlying this peripheral, as well as splanchnic,
vasodilatation seen during the course of hepatic cir-
rhosis remain a subject of much debate. Since the
systemic and renal hemodynamics appear reversible
when derangements of liver function are corrected,
it is felt that these mechanisms may be humoral or
neural in nature. A more complete synopsis of this
controversy can be found in the following section on
pathogenesis. A vital piece of information required
to interpret the theories regarding the intense renal
vasoconstriction and sodium avidity is measurement
of the plasma volume of the subject. Although the
available techniques for measuring plasma volume
can sometimes be insensitive to small changes, most
studies report that plasma volume in patients with
decompensated cirrhosis or the HRS is usually
higher than normal [36]. However, these findings
are subject to question concerning whether the in-
crease in total plasma volume is adequate to explain
the known increase in splanchnic blood volume sec-
ondary to splanchnic pooling with cirrhosis. Irre-
spective of this controversy, studies in subjects
known to have HRS have been unable to document
improvement in renal function with volume expan-
sion. These findings suggest that there may be vary-
ing mechanisms operative during states of severe
hepatic dysfunction which may lead to an increase in
cardiac output and peripheral vasodilatation while
simultaneously causing vasoconstriction in other
vascular beds such as the kidney.

In Papper’s review of his large series of patients,
renal histology was normal or had only minimal
changes without evidence of identifiable primary re-
nal disease [32]. The pathologic picture of acute
tubular necrosis is thought to be rare during the
course of classical HRS. Acute tubular necrosis has

been noted when the hepatic failure has been acute
and fulminant, or when the patient with liver failure
has been exposed to nephrotoxins or other renal
insult.

5.3. Pathogenesis

The exact mechanisms underlying the development
of HRS remain unknown at present. In general, two
possibilities exist to explain the intense renal vaso-
constriction and the systemic vasodilatation which
are the hallmarks of HRS. The first theory offered
contends that the renal findings are a ‘physiological’
normal response to the extra-renal hemodynamics.
The second theory contends that humoral or neural
factors occurring in liver failure result in the abnor-
malities of hemodynamic function. The pro’s and
con’s of these theories will be briefly examined.

The former theory contends that the intense renal
vasoconstriction is a physiological response due to
the alterations in extra-renal hemodynamics. It is felt
that the kidney perceives a reduction in ‘effective’
blood volume because of systemic vasodilatation
alone or in combination with ‘shunting’ of blood
away from vital organs such as the kidney, or by the
pooling of blood in the splanchnic circulation as is
known to occur with cirrhosis. This perception by
the kidney that it is being underperfused results in
stimulation of the renin-angiotensin-aldosterone
and nervous systems which result in renal vas-
oconstriction and sodium avidity. Therefore, this
theory maintains that renal vasoconstriction and so-
dium avidity are required to reexpand the reduced
‘effective’ blood volume to help perfuse vital organs.
However, this hypothesis suffers in that a) measure-
ments of blood volume have not been shown to be
diminished, and b) volume expansion and systemic
vasoconstrictor agents fail to correct the renal perfu-
sion abnormalities. Hence, the validity of this pro-
posal as the only mechanism operative in the de-
velopment of HRS is brought into question.

An alternative hypothesis proposes that a putative
circulating factor(s) which is produced by or inade-
quately destroyed by the failing liver is responsible
for the systemic vasodilatation and simultaneous
vasoconstriction in other vascular beds such as the
renal circulation. Potential candidates under con-
sideration include: false neurotransmitters, endo-
toxemia, jaundiced serum, vasoactive intestinal pep-
tide (VIP), the kallikrein-kinin system, the renin-
angiotensin system, and the renal prostaglandins.

Although evidence clearly implicating the afore-
mentioned factors as the etiology of HRS remains
unconvincing, several intriguing possibilities are



proposed. There have been several observations
suggesting that conjugated (vs. unconjugated) hy-
perbilirubinemia results in an increased suscep-
tibility to ischemia-induced renal dysfunction. The
experimental canine model of choledoco-caval ana-
stomosis resulting in marked conjugated hyper-
bilirubinemia with otherwise normal liver function
results in a significant decrease in mean arterial pres-
sure and peripheral resistance with no significant
change in cardiac index [37]. These dogs had no
significant decrease in GFR, but sodium avidity was
noted. These findings suggest that conjugated hyper-
bilirubinemia does affect systemic and renal hemo-
dynamics, but the application of these findings to
HRS remains speculative. Other investigators spec-
ulate that a vasodilatory material, identified as fer-
ritin, is increased in liver disease yet its role in HRS is
questioned. Some propose that false neurotransmit-
ters such as phenylethanolamine and octopamine are
substituted for norepinephrine and dopamine result-
ing in mild systemic hypotension seen in HRS.
Others feel that the renal vasoconstrictor endotoxins
accumulate in cirrhosis from intestinal bacteria and
are instrumental in the development of HRS. This
proposal may warrant further study in that endotox-
ins are vasodilatory in some vascular beds while
being renal vasoconstrictors. Other vasodilatory
substances such as bradykinin and VIP are often
found to be elevated in cirrhosis, and proponents
speculate that the subsequent deficiency of these
vasodilatory substances results in eventual genesis of
HRS. However, evidence for these proposals as
being pathogenetic for HRS remains unconvincing.

The role of the renin-angiotensin system in HRS
has received a great deal of attention because of the
elevated plasma renin activity documented in de-
compensated cirrhosis with and without renal dys-
function. In addition, measurement of renin sub-
strate, which is usually produced by the normal liver
and kidney, has been depressed and this has been
implicated in HRS. It is claimed that the deficiency
of substrate impairs the inhibitory feedback loop
resulting in persistent renin secretion. Persistently
elevated renin level within the kidney is thought to
result in afferent renal constriction. Similarly, others
implicate the secondary increase in angiotensin II in
causing the intense renal vasoconstriction. How-
ever, angiotensin is not thought to cause constriction
of the inter-lobular and arcuate arteries which are
prominently involved in HRS. More likely, the ac-
tivation of the renin-angiotensin system is secondary
to the perceived decrease in ‘effective’ blood volume
proposed in decompensated cirrhosis with ascites.
These views are supported by the observations that
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infusion of dopamine is capable of increasing renal
blood flow and suppressing renin activity in cir-
rhosis. Additionally, thereapeutic trials with
saralasin, an angiotensin Il antagonist, have failed to
improve renal function in patients with HRS [38].
Additional therapeutic maneuvers such as the Le-
veen (peritoneovenous) shunt which increases car-
diac output, measured plasma volume, and renal
function also tends to suppress activation of the re-
nin angiotensin system [38]. Hence, the majority of
studies lend support to the hypothesis that the hyper-
reninemia seen both in cirrhosis and HRS is second-
ary to renal hypoperfusion, and thus not involved in
the genesis of HRS.

More recently, attention has been focused on the
role of renal prostaglandins in maintaining renal he-
modynamics during cirrhosis and the pathogenetic
role these substances may play in the development of
HRS. An overview of the role of prostaglandins and
their function in normal and abnormal kidneys can
be found earlier in this chapter. Studies by Zipser et
al. documented an increased level of urinary PGE in
cirrhotic patients with ascities and normal renal
function compared to control subjects [39]. Later
studies by this group and by Boyer et al. demon-
strated that the administration of non-steroidal anti-
inflammatory drugs (NSAID’s) such as indome-
thacin or ibuprofen resulted in a reduction of urinary
PGE with a concomitant fall in creatinine clearance
of approximately 50% [40, 41]. Observations by
Zambraski and Dunn in the canine model of cir-
rhosis induced by chronic bile duct ligation added
additional insight into the role of vasodilatory pros-
taglandins in maintaining GFR and renal blood flow
during cirrhosis [42]. Urinary excretion rates of
PGE,, PGF,,, and a metabolite of PGI, (6k-PGF,,)
were significantly increased following chronic bile
duct ligation. The administration of indomethacin
following chronic bile duct ligation reduced pros-
taglandin excretion by 65-90% and significantly de-
creased GFR and renal blood flow by greater than
50%. These changes were irrespective of plasma
renin activity or the presence of ascites. These stud-
ies demonstrate that renal vasodilatory prostaglan-
din synthesis is increased following experimental cir-
rhosis and this increase in prostaglandin synthesis
serves to maintain GFR and renal blood flow. Ad-
ditional studies by Zipser et al. are even more in-
triguing in an attempt to relate renal prostaglandins
to the development of HRS. Zipser and his group
have documented significant reduction in the vas-
odilatory PGE in the urine of HRS patients com-
pared with normal fluid-restricted control subjects,
other groups of patients with cirrhosis and preserved
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renal function, or patients with other categories of
acute or chronic renal failure [43]. In addition to the
reduction of urinary PGE, they also noted a signifi-
cant elevation of urinary excretion of the vasocon-
strictor thromboxane B,, a marker of renal thrombo-
xane A, production, in the HRS group compared to
the others. They speculate that the increase in vas-
oconstrictor thromboxane A, with a decreased vaso-
dilatory urinary PGE may play a pathogenic role in
the development of HRS.

5.4. Clinical features and treatment

In general, patients with HRS have stigmata of ad-
vanced liver failure with the development of acute or
subacute renal insufficiency occurring late in their
course of liver disease [32]. The etiology of the un-
derlying liver disease has been variable with no spe-
cific predilection for HRS to develop in any particu-
lar type of liver disease. There are no significant
clinical nor laboratory parameters of the liver dis-
ease which appear predictive of those cirrhotics who
will eventually develop HRS. Earlier reports sug-
gested that the inability to excrete a free water load
may have been predictive, yet this finding appears to
be rather non-specific. Patients usually have signs of
jaundice, ascites, and hepatic encephalopathy.
However, there is no correlation of the degree of
hyperbilirubinemia, ascites or encephalopathy with
the development of the hepatorenal syndrome.
There is often a mild reduction in blood pressure
which also does not appear to correlate with the
development of HRS. Some events such as GI hem-
orrhage, paracentesis, sepsis, and vigorous diuresis
have been proposed as precipitating factors for
HRS, but evidence for such claims is inconclusive.
Clinical laboratory studies confirm the presence of
severe hepatic dysfunction. Often there are present
signs of coagulopathy, markedly elevated bilirubin,
and depressed serum albumin, but all these findings
are not universal. In essence, the hospitalized pa-
tient appears to be slowly succumbing from the
effects of liver failure, with azotemia developing late
in his course. HRS is relatively uncommon as it was
noted in only 24 of 350 patients dying of liver failure
32].
[ ’l]"he urinary findings are characterized by marked
oliguria in the later stages of the syndrome at a time
when serum creatinine concentration is rising. Urin-
ary sodium excretion is dramatically reduced, usu-
ally to less than 10 mEq per liter. Urinalysis discloses
an acid pH and trace proteinuria with bile-stained
granular and hyaline casts occasionally seen. The
urine is usually concentrated relative to plasma. Pa-

tients with HRS exhibit a poor renal diluting ability
with serum sodium concentration frequently found
to be reduced. BUN and creatinine are elevated but
usually not to the degree seen in equivalent states of
‘terminal’ renal failure. These parameters may
poorly reflect the degree of renal dysfunction for
several reasons. The blood urea nitrogen may be less
elevated because of the poor dietary protein intake
secondary to anorexia, as well as decreased hepatic
synthesis of urea. Likewise, serum creatinine may
not be as elevated for a given glomerular filtration
rate because of reduced muscle mass. Quantitation
of urinary lysozymes as markers of tubular dysfunc-
tion are normal contrasted with levels in acute tubu-
lar necrosis. The urinalysis and low urine sodium
values are quite helpful in distinguishing HRS from
ATN, yet a diagnostic dilemma exists differentiating
HRS from prerenal azotemia in a patient with liver
failure. In essence, the diagnosis of HRS is a diag-
nosis of exclusion in that the patient with HRS does
not respond to volume expansion.

The prognosis for HRS remains grim with most
patients dying within several days to several weeks
after the diagnosis is made. Spontaneous recovery of
renal function has been reported but is rare.

Given the dire prognosis of HRS, the clinician’s
first task is to exclude reversible causes of renal
insufficiency such as urinary tract obstruction, septic
shock, and exposure to nephrotoxins. In order to
differentiate HRS from pre-renal axotemia clini-
cally, the patient is usually hydrated with colloids or
crystaloids to insure that vascular volume is ade-
quate. If a renal insult other than HRS is identified,
appropriate maneuvers aimed at the correction of
the underlying disease are instituted and appropriate
supportive measures and dialysis are offered until
kidney function returns. However, if the diagnosis of
HRS is readily apparent, therapeutic interventions
including dialysis have not proven beneficial and the
prognosis remains grim.

Numerous therapeutic interventions have been
proposed for treatment of HRS and the reader is
referred to the excellent review of Levenson et al. for
a more complete synopsis of this topic [44]. Since the
pathophysiology of HRS appears to be multi-fac-
torial, therapies have been directed at the various
abnormalities of renal function and hemodynamics
which have been documented. However, there have
been no controlled studies which demonstrate ben-
efit on the outcome of HRS with administration of
systemic vasoconstrictors nor intra-renal infusion of
renal vasodilators. Infusion of PGE, and PGA, into
patients with HRS have not produced a sustained
improvement in renal function. Similarly, angioten-



sin IT antagonists have been unsuccessful in improv-
ing renal function.

Several maneuvers have been attempted to im-
prove the systemic and renal hemodynamics by ex-
panding the vascular volume with the patient’s own
ascites. Improvement seen with paracentesis and re-
moval of ascitic fluid has proven transient. The use
of the peritoneovenous LeVeen shunt in returning
-scitic fluid to the intravascular space for the man-
agement of HRS remains controversial. Recent re-
ports on LeVeen shunt in HRS have demonstrated
anincrease in urine flow and sodium excretion with a
subsequent increase in GFR [38]. However, these
and other published reports suffer from the fact that
there have not been controlled, randomized studies.
Use of this type of therapy requires further study in
which the potential benefits of the shunt are bal-
anced against some of its known complications such
as infection and disseminated intravascular coagula-
tion. It appears that long-term controlled studies of
the LeVeen shunt are warranted to evaluate the
early reports of success. At present, therapy with the
LeVeen shunt is being eagerly embraced by some
because of the dismal results with other forms of
therapy. Additional therapeutic attempts including
steroids and immunosuppression, exchange transfu-
sions, hemoperfusion, and cross-circulation experi-
ments have likewise proven not to be beneficial. A
prospective controlled examination of survival and
complications with the LeVeen shunt is in order to
assure that we are not just changing the mode of
death for these patients from renal failure to deaths
of sepsis and hemorrhage.
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CHAPTER 15

Surgical aspects of nephrology

KENNETH A. KROPP

1. Introduction

The nephrologist is intimately involved in the diag-
nosis and treatment of renal parenchymal disease.
The surgical aspects of nephrology entail diagnostic
studies to rule out correctible causes of renal failure
and surgical procedures designed to preserve renal
function or correct the ravages of chronic renal
failure through transplantation.

1.1. Renal biopsy

Renal biopsy has become an important diagnostic
and prognostic tool for a variety of renal diseases.
Whenever possible the biopsy should be done by the
percutaneous technique. There are specific con-
traindications to percutaneous needle biopsy such as
a solitary kidney, an ectopic kidney, small con-
tractile kidney, an uncooperative patient, severe hy-
pertension, marked obesity or a coagulopathy. In
these instances it is probably safer to perform an
open biopsy.

The posterior lumbar approach to the kidney re-
presents an ideal incision for obtaining renal tissue.
Not only is exposure more than adequate but divi-
sion of only one muscle layer is required. The patient
is usually placed in the prone position on the operat-
ing table following induction of anesthesia on the
operating room cart. Both the surgeon and the anes-
thesiologist must be aware that this position creates
significant problems because the body weight
against the abdominal wall limits respiratory excur-
sion, and may impede venous return from the legs
[1]. Accordingly the patient must be placed on paral-
lel lateral supports which will allow the anterior
abdominal wall to hang above the table top rather
than resting on it. Slight flexion of the table will
increase the distance between the twelfth rib and the
posterior iliac crest.

The relationship of the twelfth rib to the kidney is
determined by the intravenous urogram. The twelfth

rib and lateral border of the sacrospinal muscles are
identified by palpation. The incision is begun just
medial to the lateral border of the sacrospinalis, one
centimeter beneath and parallel to the twelfth rib
and carried laterally for about 4-6cm. This length
incision is more than adequate to obtain renal tissue
from even the most obese patient. The lateral edge
of the superficial layer of the lumbodorsal fascia
overlying the sacrospinalis muscle is incised. The
muscle fibers of the latissimus dorsi m. are incised to
expose the fused layers of the lumbodorsal fascia.
This fascia is incised and the 12th neurovascular
bundle identified and protected. The pararenal fat is
retracted downward and laterally and Gerota’s fas-
cia identified. Using a gauze sponge this fascial layer
is also retracted downward and laterally and then
opened to expose the renal surface. A 1.5cm elipse
of renal tissue 1.0 cm in depth is cut from the kidney
surface and the gloved thumb or finger used to gently
tamponade the biopsy site. After fife minutes bleed-
ing will be controlled and removal of the gloved
finger or thumb will not dislocate the well formed
clot. No drains are used and the wound is reapproxi-
mated in layers. This biopsy technique provides
more than enough tissue for light microscopy, EM
and immunofluorescence. We have used this tech-
nique in well over 400 renal biopsies with minimal
morbidity.

2. Obstructive uropathy

The nephrologist is responsible for determining that
any given patient with newly diagnosed renal failure
is not suffering from an obstructive lesion. This is
done with the help of urologic and radiologic con-
sultation. We will review the diagnosis and surgical
management of the more common lesions causing
impairment of renal function through obstruction.
Obstructive ureteral lesions causing renal par-
enchymal damage include scars, kinks, bands, aber-
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rant vessels, tumor, calculi and iatrogrenic injury.
The importance of a carefully planned urologic work
up cannot be over estimated. Once the cause and site
of the obstruction is identified, urologic manipula-
tion of ureteral catheters, stone baskets and place-
ment of ureteral stents can be accomplished and the
obstruction relieved. Permanent corrective urologic
surgical procedures can be planneéd at a later date if
endoscopic manipulation is unsuccessful.

2.1. Percutaneous nephrostomy

Ever since Goodwin [2] in 1955 described per-
cutaneous access to the upper urinary tract, per-
cutaneous nephrostomy has been gradually replac-
ing operative nephrostomy as the procedure of
choice for temporary proximal urinary diversion.
This procedure is carried out in an operating suite
equipped with fluoroscopy or in the radiology de-
partment. Patient preparation should include an IV
for fluids, premedication and indwelling foley cathe-
ter. Choosing the optimal point of entry into the
collection system is dictated by the pathology.

The patient is placed in the prone position and the
pyelocalyceal system visualized by intravenous con-
trast or thin needle antegrade pyelography. We use
the Cope percutaneous set up which includes a 22
gauge needle and a .038 angiographic guidewire.
Once the tract is dilated with the stiff Teflon dilators,
the pigtail nephrostomy tube is inserted. This initial
placement of the nephrostomy tube allows numet-
ous procedures to be carried out, including initroduc-
tion of various stents and a more permanent per-
cutaneous nephrostomy tube.

2.2. Obstructing urinary calculi

One of the commonest correctible causes of renal
damage from obstruction is calculus located at the
ureteropelvice junction, or further down the ureter.
The selection of a surgical incision for removal of
obstructive renal and ureteral calculi requires careful
consideration of numerous factors. The primary
goals of surgical therapy for renal and ureteral cal-
culi include the following: (1) complete removal of
all stones with the least amount of surgical trauma to
the kidney, ureter and patient; (2) preservation of
normal preoperative renal anatomy; (3) restoration
toward normal of abnormal preoperative renal anat-
omy secondary to obstruction; (4) correction, if pos-
sible, of abnormalities of the collecting structures
contributing to the formation of stones; (5) primary
healing; and (6) minimal postoperative discomfort,
These goals plus patient anatomy should dictate the

selection of the appropriate surgical approach.
2.3. Preoperative considerations

2.3.1. X-rays

An intravenous urogram of good quality is one of the
most valuable tools the urologic surgeon has in de-
ciding on the appropriate surgical approach to a
calculus. The intravenous pyelogram provides a
rough assessment of renal function, position, size,
and number of stones, but also the position of the
renal pelvis in relation to the lumbar spine and ribs.
Precontrast tomographic cuts of the kidney are ex-
tremely helpful in assessing the exact number and
position of stones. For radiolucent calculi, echo-
grams, CT scans, and retrograde pyelograms are
helpful in this overall assessment of size, position,
and number.

In all patients undergoing surgical stone removal,
an immediate preoperative film with the patient in
the exact position on the operative table is manda-
tory. Almost every surgeon who has operated on the
patient with stones has experienced frustration of
being unable to find a stone that had been localized
preoperatively at a particular site in the urinary
tract. Stones that appear to be stationary can, and
do, move. The experienced surgeon realizes this and
would not make the incision without X-ray localiza-
tion of the stone.

2.3.2. Infection

In patients with urinary tract infection and stone, it is
frequently important to know whether the infection
is coming from the kidney containing the stone.
Exact identification of the bacteria and their antibio-
tic sensitivity spectra are important preoperative
facts. The amount of function of the kidney also is an
important fact in terms of being able to tailor anti-
biotic doses to achieve desired concentrations in the
urine surrounding the stone. Preoperative renal in-
fection associated with stones is usually best treated
for 5 to 7 days with high doses of antibiotics prior to
surgery.

2.3.3. Probability of stone passage

It is useful to have some idea of the probability of any
particular stofie passing spontaneously. In 195§ Ols-
son [3] analyzed 541 cases of ureteral calculi and
made observations that are summarized in Table 1.
This information allows the surgeon to make a more
objective statement about the chance of passage of
any particular stone and the decision regz?rding sur-
gery. However, the experienced urologlc. surgeon
knows that the probability of stone passage is inexact



Table 1. Spontaneous passage of ureteral stones.*

Size of stone Position (%)

(mm)
Upper half Lower half
<4 81 93
4-6 52 53
>6 4 22

2 The percentage of stones that passed spontaneously or migrated
from the upper half to the lower half of the ureter. The position
and size determined on the urogram obtained at the time of initial
presentation.

and that almost any stone of any size can pass. For
that reason one should always allow adequate time
for spontaneous passage.

2.3.4. Equipment

It is important to have available in the operating.

suite all possible necessary instruments and equip-
ment for the removal of stones. The surgeon should
be familiar with a system for intraoperative cooling
of the kidney including preparation of an iced slush
electrolyte solution, a plentiful supply of cold
Ringer’s lactate, sterile IV tubing and suction cathe-
ters, and a thorough knowledge of the techniques
used. The formulation for making coagulum should
be included in the surgeon’s operative book. The
various types of stone forceps, vascular bulldog
clamps, and vessel loops should be selected and a
dye for injection available to outline renal segmental
anatomy. A technique for intraoperative X-ray
localization of calculi should be worked out and kept
in the surgeon’s write-up. Some additional instru-
ments are not always available in every operating
room, such as a pulsatile water pic for adequate
irrigation of the calices and renal pelvis, rigid and
flexible nephroscopes, and ultrasonic equipment, all
of which can be extremely helpful. Advance plan-
ning and preparation will make the procedure
smoother and quicker and may spell the difference
between success and failure.

2.4. Surgical exposures for renal surgery

Renal calculus surgery presents certain problems for
the urologist. The kidneys can hardly be considered
abdominal organs, and in most stone operations, the
surgeon would like to avoid entering the pleural or
peritoneal cavity. Accordingly he usually chooses
the lateral flank approach in the hope of avoiding
both. This incision necessitates dividing the great
muscles of the flank, avoiding intercostal nerves,
vessels, pleura, and peritoneum, and requires vig-
orous retraction with self-retaining retractors to
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enlarge the spaces between the ribs and iliac crest.
Despite all of these efforts, the surgeon frequently
finds that he has produced adequate exposure of
only the lower renal pole. The other theoretical
disadvantages to the flank approach include the dis-
proportionately large incision relative to the small
pathologic process and approaching from the lateral
aspect when important vascular and pelvic structures
are medial. For this reason, many are now advocat-
ing the posterior approach, the advantage of which
will be described later.

All the standard surgical approaches to renal and
ureteral calculus surgery have been well described
and beautifully illustrated in several textbooks, in-
cluding Campbell’s Urology [4], Operative Urology
[5], and Urologic Surgery [6]. The reader is referred
to these basic texts for exact anatomic details. Below
are practical observations, ideas, and suggestions
that the author has found useful in performing sur-
gery for renal and ureteral calculi.

2.5. The basic approaches to renal calculus surgery

The basic approaches to the kidney include anterior
(extra- or transperitoneal), lateral (supra- or subcos-
tal), and posterior (prone or lateral decubitus). We
will discuss the indications, positioning techniques,
and disadvantages of each approach.

2.5.1. The anterior approach

The anterior (trans- or extraperitoneal) approach to
the kidney can be used in selected individuals who
have spinal diseases or deformaties that preclude the
use of the flank position. This approach can be ap-
propriate for patients who would not tolerate the
flank position because of blood pressure problems
that occur during positioning. It also can be selected
when previous surgical procedures have been done
through the flank and one wants to avoid the antici-
pated considerable amount of scarring. It also can be
used for simultaneous removal of bilateral renal cal-
culi. However, the anterior approach is generally
not the incision of choice for stone surgery.

The patient is positioned on the operating table in
the supine position. The thoracic cage and ipsilateral
flank are elevated with a pillow, foam rubber, or
other appropriate positioning device. This lateral tilt
is helpful because it naturally ‘retracts’ the peri-
toneal contents away from the side of the surgery.
The incision is usually subcostal beginning contra-
lateral to the midline two finger breadths below the
costal margin. By beginning the deep dissection lat-
erally, one can avoid entering the peritoneal cavity.
This allows retraction of the colon and exposure of
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the hilar structures. The Buckwalter self-retaining
retractor is extremely helpful in maintaining ex-
posure during the surgical procedure. The extra-
peritoneal approach allows any postoperative urin-
ary leakage to drain laterally and away from the
peritoneal cavity.

When previous surgery has created dense scarring
it is best to go directly into the peritoneal cavity and
begin the approach to the hilum by reflecting the
colon medially. However, we have found that soon-
er or later one gets back to the dense scarring that we
have been trying to avoid by the intraperitoneal
approach. The anterior incision can be modified
slightly by placing the patient in a steeper ante-
rolateral position and beginning the incision over the
bed of the eleventh rib. This incision then extends
downward and anterior, paralleling the intercostal
nerves to the lateral border of the rectus muscle.
This provides excellent exposure and can be done in
an extraperitoneal position.

A major advantage of the anterior approach is
that intraoperative X-rays are extremely easy when
compared to those done with the patient in the lat-
eral position. All of these anterior approaches, how-
ever, suffer from the problems inherent in normal
hilar anatomy, namely, the blood vessels are ante-
rior to the renal pelvis and this means the entire
kidney usually must be mobilized before a pyelo-
tomy incision can be made.

2.5.2. The lateral approach

The lateral approach to the kidney is, by far, the
commonest incision employed by the urologic renal
surgeon. This includes the classic subcostal incision,
a twelfth rib resection, an eleventh intercostal inci-
sion, a dorsolumbar flap, and rarely the combined
thoracoabdominal incision. Neither the peritoneal
nor the thoracic cavity need to be entered.

.All lateral approaches require that the patient be
placed on the operating table in the flexed lateral
decubitus position, usually with the upper leg
straight and the lower leg flexed at the hip and knee.
The iliac crest is positioned over a fulcrum (the
kidney rest) and the table flexed to increase the
space between the rib cage and the iliac crest (Fig. 1).
There is considerable debate about the best position
of the patient in relation to the kidney rest. Flock
and Culp advocate a posture that allows the kidney
rest to strike just above the iliac crest [7]. Smith and
Litton recommend positioning the twelfth rib over
the kidney rest [4]. Grayhack and Graham recom-
mend that the kidney rest be placed directly under
the iliac crest [6].

For the convenience of the surgeon, the patient is
usually placed on the side of the table closest to the
operator. Once the patient’s iliac crest has been
positioned over the kidney rest, then with frequent
blood pressure checks the kidney rest is elevated
slowly to maximum height. The table is then flexed

Fig. 1. Flexed lateral decubitus position. Note that the kidney rest is positioned beneath the iliac crest. (Courtesy of Martin, J.T. (1978).
Positioning in Anesthesia and Surgery. Philadelphia, W.B. Saunders Co.).



until the muscles of the flank have become taut.
Nothing further will be gained by increased flexion
of the table. A pillow is placed between the legs and
arollunderneath the axilla. The patient is then taped
to the table with broad adhesive tape. Care must be
taken to avoid placing these tapes too tightly because
one can cause compression necrosis of the femoral
head. The patient’s head should also be adequately
supported by a pillow and the arms placed in a well-
supported and padded natural position to prevent
strain on the back and shoulders.

Because the subsequent breaking of the table with
elevation of the kidney rest creates severe skeletal
stresses and ventilatory restrictions, these should be
kept in mind when the patient is placed into the flank
position. A thorough discussion of anesthesia con-
siderations in the flexed lateral decubitus position
can be found in Positioning in anesthesia and surgery
[8].

In conformance with our goals for renal calculus
surgery, the wound should be opened carefully with
attention to the position of the intercostal nerves and
vessels. Usually, anterior cutaneous branches must
be divided in the course of the operative exposure.
The dissection of the renal pelvis and hilar structures
should be as gentle as possible. For branched or
multiple calculi, the entire kidney usually must be
freed and hilar structures dissected completely, in-
cluding isolation of the renal artery and vein. Care
should always be taken to preserve fat, especially the
perirenal fat located posteriorly. If this posterior
perirenal fat can be developed as a leaf and pre-
served, it can then be positioned posterior to the
renal pelvis at the time of closure. Fine suture mate-
rial should be selected for suturing the renal pelvis.
We use 5-0 or 6-0 chromic.

Because it is advantagenous to have no urine drai-
ning from the kidney in the postoperative period, we
generally test the anastomosis for major leaks by
saline injection prior to final closure. Drains must be
placed accurately so that any urinary drainage can
have easy egress from the flank. We prefer the soft
Penrose drain over the Hemovac because of its
greater reliability, but have been pleased with the
use of the soft Jackson-Pratt sump drain when we
know that we will have considerable urinary leak-
age.

2.5.3. The posterior approach

Our interest in the posterior approach to the kidney
began when performing open renal biopsies and bi-
lateral nephrectomies for patients with chronic renal
diseases [9]. As we became more familar with this
approach, we extended the indications to include
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renal pelvic and upper ureteral calculus surgery and
repair of ureteropelvic junction obstruction. We be-
lieve the posterior lumbar approach to the kidney
represents an ideal incision for many pathologic pro-
cesses. The advantages of this incision include the
following: (1) minimal amount of muscle tissue is
destroyed, and therefore the procedure is meta-
bolically less traumatic; (2) both kidneys can be
operated on simultaneously without repositioning
the patient; (3) no major body cavity must be en-
tered; (4) it constitutes the shortest route from skin
to renal structures; (5) postoperative discomfort is
minimal; and (6) drainage from the area is depen-
dent with the patient in the supine position.

Positioning. 1t is important to position the patient
accurately for performing this posterior surgery. It
can be done in either the prone or the lateral posi-
tion. We prefer the prone position, and therefore the
patient is anesthetized on the operating room cart
before being transferred to the operating table. It is
essential that a device be placed on the operating
table that will provide lateral support and allow the
abdomen to lie between the two lateral supporting
stuctures. We utilize any of the following: two oper-
ating room sheets rolled and secured with Kerlix
gauge and then padded with foam rubber, the Vac-
pac padded with foam rubber, or the Wilson convex
adjustable spinal frame.

Once the patient is placed in the prone position,
the surgeon must check to make sure that a hand can
be passed between the table top and the abdomen.
This assures that no compression of the vena cava
will take place. The patient is positioned so that
slight flexion of the table will increase the distance
between the twelfth rib and the posterior iliac crest.
When the patient is placed in the lateral position, the
axillary roll should be utilized and gentle taping
accomplished. A slight amount of flexion may also
be required.

With the patient in the prone position, X-ray cas-
settes can be located beneath the patient prior to the
incision. Depending on the location of the renal
pelvis and the calculi, either a vertical incision paral-
lel to the lateral border of the paraspinal muscles or a
transverse incision paralleling the rib casge is made.
The secret to exposure of the renal hilum is in retrac-
tion, and this cannot be overemphasized. Once the
perirenal fat is identified, the kidney is mobilized
using gauze sponges and downward and lateral trac-
tion, prior-to opening Gerota’s fascia. Once the
kidney has been retracted downward and laterally,
Gerota’s fascia can be opened as high as possible,
either at or above the level of the renal pelvis. The
dissection then proceeds with exposure of the renal
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pelvis and upper ureter. The sinus renalis is opened,
and vein retractors are used to maintain lateral trac-
tion on the kidney. As in all other renal surgery, the
perirenal fat is positioned at closure so that the renal
pelvis will not become adherent to the psoas and
quadratus lumborum musclature posteriorly.

At this time, the posterior approach is our incision
of choice for renal pelvic and upper ureter calculi
because of its ease and speed of execution and the
minimal postoperative discomfort experienced by
the patient.

2.6. Surgical exposure of ureteral calculi

The surgical exposure of ureteral calculi depends
upon the location of the calculus. A knowledge of
three basic surgical exposures is all that is necessary
for ureterolithotomy. For stones above the iliac ves-
sels, any of the approaches for renal calculus surgery
can be used. For stones located between the iliac
vessels and the juxtavesical ureter, we prefer the
incision that we use for renal transplantation. This
incision allows for wide and maximal exposure of the
pelvic ureter.

The patient is positioned on the operating table
with the ipsilateral hip elevated with either a soft
pillow or sand bag protected with foam rubber. This
allows the intraperitoneal contents to fall away from
the surgical area. The gentle ‘S’ incision is begun on
the contralateral side of the midline two finger
breadths above the pubic symphysis extending lat-
eral, parallel to the inguinal ligament, upward and
medial to the anterior superior spine, and outward
toward the tip of the eleventh rib. The ipsilateral
rectus muscle is divided using a Bovie knife, and the
inferior epigastric vessels are doubly ligated. Exter-
nal, internal, and transversus abdominis muscula-
ture are divided with the Bovie, transversalis fascia
incised, and the retroperitoneal space entered by
retracting the peritoneal envelope medially. With
this retraction, the entire ureter from the pelvic brim
to the bladder is exposed in its entirety. A uretero-
tomy is then made over the exposed stone and then
closed with interrupted sutures.

All too often we have attempted to do lower uret-
eral calculus surgery through a much smaller and
limited incision. However, the ease with which this
incision can be made and the tremendous exposure
that it affords lead to accurate ureteral lithotomy and
a smooth convalescent postoperative course.

For stones lodged in the juxtavesical and intra-
mural ureter, we prefer to open the bladder through
either a midline or transverse suprapubic incision.
The ureter is then dissected from its attachments to

the ureteral hiatus just the same as that dissection
done for ureteral reimplantation. Once the ureter
has been dissected and advanced into the bladder,
the stone is palpated in the ureter, a ureterotomy
made, and the stone removed. Ureterotomy is then
closed and the ureter allowed to retract back into the
ureteral hiatus and, if necessary, additional sub-
mucosal ureteral length attained by developing a
submucosal tunnel. The ureter is then resutured to
the bladder. I have struggled and have watched resi-
dents struggle for exposure when doing lower
ureteral surgery through an extravesical approach,
and I am convinced that the simplest way to do this
type of surgery is to dissect the ureter from within the
bladder.

2.7. Ureteropelvic junction obstruction

The second commonest benign cause of impairment
of renal function through obstruction is ‘congenital’
ureteropelvic junction obstruction. Anatomically,
the obstruction may be caused by intrinsic ureteral
narrowing, angulation by crossing vessels or bands,
or adhesions between the ureter and renal pelvis
causing angulation. More often than not, no ana-
tomic cause can be demonstrated but a functional
obstruction exists because of the failure to develop
an adequate sized ureteral cone.

Excretory urography with delayed images will
suggest the diagnosis in most instances. Seldom, if
ever, will contrast media be present in the ureter.
Ultrasound will usually confirm the diagnosis and
occasionally retrograde pyelograms are needed to
delineate the exact anatomic arrangement and rela-
tionship of the renal pelvis and ureter. In doubtful
cases either antegrade perfusion studies [10] or the
diuretic renogram [11] can confirm the diagnosis of
obstruction.

Not all diagnosed ureteropelvic junction obstruc-
tions in adults need to be treated. In many instances
the obstruction has stabilized and is not progressive.
However, in children once the diagnosis is estab-
lished surgical treatment should be instituted.

The main indications for surgical treatment of
ureteropelvic junction obstruction are documented
progressive loss of renal function, persistent or re-
current pain, presence of infection, or presence of
renal calculi. Although a number of procedures have
been employed in the past, the most widely used
today is the dismembered pyeloplasty. In this opera-
tion the obstructing area at the ureteropelvic junc-
tion is excised and the spatulated end of the ureter is
reanastomosed end to side with the renal pelvis after
excision of excessive renal pelvic tissue. The choice



of the incision, and other surgical techniques have
already been outlined in the section on stone surgery
and need not be reiterated here.

2.8. Malignant ureteral obstruction

The natural history of most pelvic malignancies is
eventual death in uremia from bilateral ureteral
obstruction. Internal ureteral stenting has become
an effective way to bypass ureteral obstructions and
reverse renal failure from obstruction. As chemothe-
rapy for various pelvic malignancies becomes more
effective, the indications and need for ureteral stent-
ing will broaden.

The ureteral stents are usually placed by retro-
grade passage through the cystoscope but can also be
passed antegrade after percutaneous puncture. The
newer double J sialastic ureteral stents appear to be
better tolerated and associated with fewer complica-
tions. We recently reviewed complications associ-
ated with ureteral stents in 89 patients. Eighteen
patients experienced minor complication but gener-
ally the stents were well tolerated.

2.9. Bladder neck obstruction

The commonest site of obstructive uropathy leading
to renal failure is at the bladder neck. Bladder neck
obstruction in the adult is secondary to either benign
prostatic hyperplasia or adenocarcinoma of the pros-
tate in the vast majority of instances. Bladder neck
obstruction can be temporarily relieved by urethral
catheterization. This provides immediate relief of
symptoms and allows almost immediate recovery of
renal function. Once renal function has improved
additional diagnostic studies such as intravenous
urography, cystoscopy and biopsy can be performed.
Definitive surgical procedures directed at perma-
nent relief of the bladder neck obstruction can be
performed on an elective basis.

Bladder neck obstruction in female children is
rare and usually secondary to neurogenic causes. In
male children the commonest cause of bladder neck
obstruction leading to impaired renal function is the
presence of posterior urethral valves. Diagnosis is
made definitively by a voiding cystourethrogram. A
further discussion of management of these lesions is
beyong the scope of this chapter.
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3. Surgical aspects of renal failure
3.1. Dialysis access

The nephrologist faced with the patient with chronic
renal failure needs to plan for permanent dialysis
access.

3.2. Hemodialysis

A smooth venous loop arteriovenous fistula using
the patient’s own vessels is the preferred method of
management. This is usually constructed at the wrist
by mobilizing the cephalic vein and radial artery and
performing and end to side anastomosis using 6-0 or
7-0 polypropylene sutures. Less desireable is a fistula
constructed at the antecubital fossa using either the
median cubital vein or the distal cephalic vein ana-
stomosed end to side with the brachial artery.

3.3. Peritoneal dialysis

For chronic peritoneal dialysis a Toronto-Western
Hospital or Tenchkoff catheter should be placed in
the lower abdomen to the left of the midline. Place-
ment of the catheter on the left side will allow a
cleaner access to the right lower quadrant should
renal transplantation be considered in the future.

For a complete and excellent coverage of dialysis
access surgery the reader is referred to the chapter
by Barry [12].

4. End stage renal disease (ESRD)

Most urologists do not have any direct involvement
in a renal transplant program. However, with the
large number of end-stage renal disease patients and
the broad geographic distribution of dialysis facili-
ties, it is imperative that the practicing urologist be
knowledgeable about renal transplantation. Most
new patients with recently diagnosed end-stage renal
disease will require urologic consultation and during
the course of the end-stage renal disease patient’s
illness, the urologist may become involved in their
case. We will attempt to review current information
relative to the diagnostic work-up, donor and recip-
ient evaluation, living and cadaver donor nephrec-
tomy and other important current trends in the field
of renal transplantation.

4.1. Renal biopsy

The usefulness of renal biopsy in the management of
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end-stage renal disease patients is controversial. We
examined the role of renal biopsy in end-stage renal
failure and found a 48% diagnostic error when the
clinical diagnosis was compared to the histologic
diagnosis [13]. In spite of this and other similar re-
ports there seems to be little enthusiasm in 1985 for
documenting the type of renal disease by biopsy in
these patients. When a biopsy is indicated, it gener-
ally can be done by the nephrologist utilizing the
percutaneous needle technique. There are contra-
indications to closed needle biopsy of the kidney
including a solitary kidney, active upper tract infec-
tion, a bleeding diathesis, an ectopic kidney and
uncontrolled hypertension. When these patients be-
come candidates for open biopsy we perform the
biopsy under general anesthesia with the patient in
the prone position. The biopsy is done through a
small posterior incision about 3cm in length and
adequate tissue is easily obtained.

We have developed a practical approach to renal
biopsy in uncooperative children and those where
needle biopsy on the ward has been unsuccessful.
With the patient under general anesthesia in the
prone position on the operating table, a needle bi-
opsy is attempted by the nephrologist. If no tissue is
obtained or is inadequate, then the urologist pro-
ceeds with open biopsy. This plan insures that an
adequate tissue sample will be obtained at the time
of the procedure.

4.2. Screening the renal failure patient for reversible
obstructive uropathy

The majority of patients with end stage renal disease
who are candidates for transplantation do not have
obstructive uropathy [14]. However, it is important
to establish that obstruction does not exist in patients
admitted with renal failure of unknown etiology.
Arafa [15] reported finding 20 patients with bilateral
hydronephrosis in 92 patients with renal failure. An
infusion intravenous urogram done shortly after dia-
lysis may give enough information in the renal
failure patient to allow accurate assessment of the
upper urinary tract. If not, the least invasive way to
rule out obstructive uropathy is renal ultrasound
Ellenbagen [16] and more recently Arafa [15] have
recorded the accuracy of ultrasound in detecting
hydronephrosis in the non-functioning kidney. The
latter authors reported an accuracy of 98.1% in pa-
tients with obstruction. However, they did not con-
firm their ultrasound diagnosis in each case by either
retrograde pyelography or surgery. It is difficult to
exclude hydronephrosis by ultrasound in patients
who are dehydrated and/or in those with pelvic

stones. We recently saw a 45 y/o female with ‘chronic
renal failure’ whose sonogram failed to show pel-
viocalyceal dilatation but retrograde studies were
compatible with retroperitoneal fibrosis. Placement
of bilateral ureteral stents completely reversed the
renal failure. I would continue to recommend bilat-
eral retrograde pyelograms in those patients with
‘indeterminate’ echograms and where obstruction
cannot be completely ruled out by non-invasive
means.

4.3. Pretransplant recipient urological evaluation

Most transplant recipients should have the lower
urinary tract evaluated by a urologist prior to trans-
plantation. Kabler and Cerny [17] found significant
urinary tract abnormalities uncovered at the time of
pretransplant evaluation in 28 of 112 patients (25%).
The urologic evaluation should include a careful his-
tory of previous infections or abnormal voiding
symptoms, examination of the external genitalia,
and digital prostatic examination in males. We in-
clude a microscopic examination of expressed pros-
tatic fluid and, where possible, a two glass urinalysis.
Catheterization for residual urine followed by a
voiding cystourethrogram is done in most patients.
All diabetic patients and those suspected of having a
neurogenic bladder also require a urodynamic eval-
uation.

In the patient with known or suspected lower
urinary tract abnormalities a cystoscopic examin-
ation should be performed. Abnormalities such as
bladder neck obstruction, massive reflux or bladder
diverticula which predispose to residual urine and
infection should be corrected [18]. Minor degrees of
vesicoureteral reflux (grade 1-3) are frequently seen.
We have elected not to treat this with reimplantation
unless there is a history of recurrent urinary tract
infection.

It has been our policy to recommend cystoscopy in
all renal transplant candidates and have found two
unsuspected transitional cell carcinomas, plus a
number of other urologic abnormalities similar to
those outlined by Kabler [17].

5. Pretransplant recipient urologic surgery

The renal transplant patient candidate may require
surgical correction of abnormalities uncovered dur-
ing the course of the evaluation. Our philosophy is
that disease identification and correction prior to
transplantation is preferrable to post-renal trans-
plant recognition of problems. Correcting problems



before the patient is placed on steriods and other
immunosuppressive drugs which may interfere with
wound healing seems to be a rational course of ac-
tion.

5.1. Nephrectomy

Indications for pretransplant bilateral nephrectomy
include poorly controlled renin mediated hyperten-
sion, active upper urinary tract infection, grade V
vesicoureteral reflux and Goodposture’s syndrome
[19]. For removal of the small end stage kidney we
and others [20] prefer bilateral posterior incisions
with the patient prone on the operating table. Freed
[21] reported no mortalities and only three wound
complications (2 hematomas, 1 abscess) in 135 pa-
tients undergoing bilateral nephrectomy through a
posterior incision. Novick [22] reports no mortality
and only one superficial wound infection using the
posterior approach in 45 patients requiring bilateral
nephrectomy. This is in contrast to the report by
Yarimizu [23] from the same institution of a mor-
tality rate of 11.1% in patients over 50 years of age
undergoing transperitoneal nephrectomies. It is dif-
ficult to justify any surgical approach other than the
posterior approach in removing small end-stage kid-
neys.

Patients with polycystic renal disease may require
bilateral nephrectomy because of recurrent bleed-
ing, persistent infection or severe hypertension. The
nephrectomies are best done as a staged procedure
because of the potential for heavy blood loss and the
necessity of preserving adrenal tissue at least on one
side.

In each patient being considered for bilateral
nephrectomy, the risks of the procedure must be
weighed against the advantages of retained kidneys.
Generally dialysis patients with their own kidneys
require fewer blood transfusions and able to have a
more liberal intake of fluids.

We recommend performing the bilateral nephrec-
tomy prior to rather than at the time of the transplant
operation. Turner [24] has recently suggested that
the previous practice of concomitant bilateral ne-
phrectomy and transplantation, which has generally
been abandoned, be reviewed. However, examin-
ation of the data supplied by these authors rein-
forced our philosophy of asynchronous bilateral
nephrectomy and renal transplantation.

5.2. Urinary diversion and transplantation

Some end-stage renal disease patients will require or
have had a urinary diversion. There are several ques-
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tions which need to be addressed, namely; do the
native kidneys need to be removed; is the defunc-
tionalized bladder useable; when and what kind of a
conduit should be constructed for the renal trans-
plant? In the ESRD patient with an established cuta-
neous diversion, loop cultures will usually be posi-
tive even though the patient has no clinical evidence
of a urinary tract infecton. Peters [18] and Confer
[19] recommend bilateral nephroureterectomy. I am
not aware of any patient with a urinary diversion
who has not had bilateral nephrectomy before trans-
plantation. Marshall [25] reports a 35 y/o who was
diverted at age 15, found to have a normal function-
ing bladder after valve fulguration, but who has not
been transplanted because he refuses bilateral ne-
phrectomy. We are presently seeing a 17 y/o with a
cutaneous ureterostomy who wants to be trans-
planted before dialysis with his native kidneys in
situ. In the patient with an end ureterostomy Levitt
[26] and Santiago-Delphin ez al. [27] have reported
leaving the distal ureteral stump attached to the skin
at the time of nephrectomy and utilizing the stump as
a conduit for receiving the transplant ureter.

The ESRD patient with a urinary diversion and an
intact bladder may prove to have satisfactory blad-
der for renal transplantation. Urological evaluation
must be individualized but usually includes cysto-
gram, cystoscopy and cystometrics. The questions to
be answered are: 1) can the bladder act as an effec-
tive storage organ; 2) can it empty satisfactorily, and
3) can continence be maintained? Most now agree
that the most successful maneuver in this evaluation
process is placement of a small suprapubic cystocath
[25, 28, 29]. An initial small capacity bladder can
usually be cycled over a short period of time and
allow a decision to be made regarding capacity. In
patients who demonstrate adequate capacity but
cannot empty satisfactorily intermittent self-
catheterization after transplantation has proven suc-
cesful [25, 30, 31] and probably preferrable to trans-
plantation into a bowel conduit.

6. Living donor evaluation and management

Potential living donors are selected from the im-
mediate family on the basis of histocompatibility
testing. Obviously the donor must be in perfect
health and have excellent kidney function. There
should be no question about their willingness to
donate. Confer and Banowsky [19] have recently
outlined the necessary work-up. The final step in the
evaluation of the living donor is angiography to as-
sess renal vascular anatomy. Hopefully in the future
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this invasive procedure may be replaced by digital
subtraction angiography [32]. At the present time
there are no studies on the accuracy of digital sub-
traction angiography in the evaluation of renal do-
nors. Buonocore [33] has reported an accuracy of
only 71% when compared to conventional angiogra-
phy of the renal vessels. This degree of inaccuracy is
presently unacceptable in planning a nephrectomy
on a living donor.

The chosen renal donor is admitted to the hospital
the night before the transplant. IV hydration is
started after the evening meal. We infuse 5% D/
I/3N.S. at a rate of 250ml/hr to 6:00 a.m., then
increase this to 500 ml/hr from then until nephrec-
tomy. No prophylactic antibiotics are given. We find
it useful to give 25mg Thorazine at the time of
incision to help block renal vasospasms which occur
during the dissection of the renal vasculature. When-
ever possible we remove the left kidney because of
the longer renal vein.

The preferred incision for living donor nephrec-
tomy has been discussed by several authors {26,
34-37]. Ruiz [34] reported on 171 transperitoneal
living donor nephrectomies done at the Cleveland
Clinic and compared their results to 1022 extraperi-
toneal nephrectomies previously reported. Their
3.5% major complication rate compared favorably
to those previously reported. Connor et al. [35] com-
pared the morbidity of the standard flank incision to
the anterior extraperitoneal approach in 36 patients.
The two groups had fairly similar risk factors and
postoperative morbidity except the anterior extra-
peritoneal group had a higher incidence of atelec-
tasis, 10/23 (43.7%), vs 2/13 (15.4%) and a higher
blood loss (1-3 units) 7/23 (30.4%) vs 113 (7.7%).
They concluded that for patients whose anatomy or
physiology precluded a flank approach, the anterior
extraperitoneal exposure was a safe and effective
alternative.

We agree with Lawson [38] that the extraperi-
toneal flank approach is the safest for the donor, but
occasionally utilize the anterior transperitoneal ap-
proach when removing the right kidney. This allows
us to free the left renal vein-vena caval junction for
access to the takeoff of the right renal artery so that
the artery can be removed in its entirety.

6.1. Cadaver donor nephrectomy

Many urologists are involved in the retrieval of ca-
daver kidneys. It is imperative that adequate hydra-
tion be maintained once the patient has been pro-
nounced as brain-dead. We frequently see patients
with a high serum sodium (>160/mEq/L) which re-

sults from inappropriate fluid replacement with an
electrolyte solution rather than dextrose and water.
When this or other electrolyte abnormalities have
been corrected, and a diuresis established, the donor
is transferred to the operating room. Our goal in
cadaver donor nephrectomy includes en-block re-
moval of both kidneys, aorta and vena cava. We
prefer to maintain cardiac action until the kidneys
have been removed. The cadaver donor nephrec-
tomy is not an easy operation and cannot be done in
a hurried manner. This requires extensive bowel
mobilization and exposure of the aorta above the
superior mesenteric artery. One should not attempt
to place a clamp on the aorta below the superior
mesenteric artery because the takeoff of both renal
arteries arises only 1-2 mm caudal. Of course a long
segment of ureter must be obtained for anastomosis
to the bladder.

We give 25mg of Thorazine when the patient is
brought into the operating room and continue to
maintain the diuresis with 5001000 cc of fluid per
hour. If the diuresis is less than 2 ml/min we give lasix
40-100 mg. Two suction units are available prior to
start of the procedure. Through both a midline and
bilateral subcostal incision, the entire abdomen is
opened and the abdominal wall flaps are secured to
the operative sheets with towel clips. With this type
of exposure, only one assistant and no self-retaining
retractors are needed. The retroperitoneum is ex-
posed by complete mobilization of the right colon,
cecum, and small bowel. We dissect the right kidney
from its peri-renal fat leaving some of the fat at-
tached to the kidney. The ureter on the right is
dissected down to below the pelvic brim and the
ureter amputated and a specimen collected for cul-
ture. We expose the left kidney by an incision in the
left pericolic gutter and the mobilization of the
splenic flucture. This requires clamping the vessel
within the splenocolic ligament. The left kidney and
adrenal are dissected out together and the ureter
freed to the pelvic brim. The mesentery of the de-
scending colon is opened widely so that the kidney
can be brought through this mesenteric window.
This requires division of the inferior mesenteric vein.
When this has been completed, the aorta is mobi-
lized to the level of the celiac axis superiorly. The
superior mesenteric artery is freed for about 2 cm so
that this can be subsequently divided. Once the su-
perior mesenteric artery has been mobilized, the
diaphragmatic slips which come down and encase
the aorta at this point must be divided so that a
vascular clamp can be placed on the proximal aorta.
The vena cava is dissected both above and below the
renal veins and completely freed from its surround-



ing attachments. When these preparations have
been completed the patient is given 50-100 mg of
Regetine, 10,000 units of Heparin and 100mg of
Lasix. Following the administration of Regitine, the
superior mesenteric artery is ligated and divided and
the aorta cross-clamped just below the celiac artery.
The vena cava is then opened and the two surgical
suctions placed within the vena cava and the patient
exsanguinated. The vena cava is clamped above and
below the entrance of the renal veins and a segment
of cava removed. The aorta is divided above the
superior mesenteric artery. With gentle upward trac-
tion, the lumbar arteries are divided and the aorta,
vena cava, and both kidneys removed as a complex.
It is very easy to injure the right renal artery if it has
not been completedly dissected from its surrounding
tissue at the time of this posterior dissection. We
therefore, usually adhere to the principle of remov-
ing all periaortic tissue ventral to the anterior spinal
ligament. This insures that we do not injure the right
renal artery. We usually’perfuse the ostia of the renal
arteries with either chilled Urocollins or Ringers
lactate through the open end of the aorta. When
renal flushing has been completed (at least 300 ml
flush/kidney) the small lumbar arteries are hemo-
clipped, the aortic cannula secured and the proximal
aorta closed. The kidneys are then placed on puls-
atile perfusion. Twenty to thirty lymph nodes and
the spleen are removed for tissue typing.

If heart-beating cadaver nephrectomy is not per-
formed we will mobilize the common iliac artery and
pass a #16 Foley catheter to the level of the renal
arteries. The Foley balloon is inflated and then an
aortic clamp placed above the superior mesenteric
artery and a second clamp placed on the superior
mesenteric artery. When the respirator is stopped
we begin flushing the aorta with chilled Urocollins.
This very effectively cools the kidneys in situ then
one can proceed with the dissection in an unhurried
manner with essentially no warm ischemia time.

6.2. Transplant recipient management

The transplant operative technique has become so
standardized that it does not need to be discussed at
great length. Whenever possible the kidney should
be placed on the right side utilizing the right internal
iliac artery and right common iliac vein. A variety of
techniques have been used for implanting the ureter
into the urinary bladder and all seem to be success-
ful. Antibiotics are started before the transplant op-
eration and continued in the postoperative period.
Wound drainage is not recommended. Postopera-
tive management is made easier by immediate graft
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function. The accurate diagnosis of rejection con-
tinues to be primarily an art rather than a science.
Cosimi [39] initially reported the usefulness of
weekly T-cell subset monitoring in diagnosing rejec-
tion. We have been utilizing this technique on a daily
basis and have not found it to be accurate enough to
base antirejection therapy on its results.

6.3. Transplant nephrectomy

Renal transplant nephrectomy can be a most difficult
operation and best done by the urologist or trans-
plant surgeon who performed the transplant. The
rejection reaction has usually caused a considerable
amount of reaction around the kidney and the kid-
ney is frequently, intimately adherent to the external
iliac artery and vein. These vessels must be com-
pletely freed so that the hypogastric artery can be
ligated and the renal vein removed. I have seen the
external iliac artery mistakenly clamped and divided
because it was erroneously identified as the renal
artery. I would recommend that the transplant
nephrectomy be done at the transplant center by the
transplant surgeon.

6.4. New concepts in renal transplantation

Until recently all kidney transplantation has been
between ABO compatible donor and recipient.
However, there have recently been several centers
that have reported the removal of circulating anti-A
or anti-B antibodies by plasmaphoresis 12-24 hours
before the transplant and then transplanting an
ABO mismatch. This is not generally done in most
centers. The usefulness of HLA matching has come
under some question. The matching of class 1HLA
antigens has added little or nothing to the survival of
cadaveric organ transplants in the United States.
Class 2 antigens which include the DR antigen have
been reported to be more accurate predictors of
cadaver organ survival. Some have reported a
10-20% increase in success when no DR mismatches
have been present in the donor-recipient combina-
tion. Negative crossmatches still are considered a
‘must’ in most transplant centers.

The liberal use of blood transfusions has recently
been shown to be effective in selecting those recip-
ients who will have a favorable result following
transplantation. The exact mechanism of how blood
transfusions confer this beneficial effect upon the
recipient is not known at the present time. The use of
donor specific transfusions as recommended by
Salvatierra [40] has resulted in markedly improved
graft survival for those patients who are MLC posi-
tive.



244

With the availability of Cyclosporine for clinical
transplantation the role of random transfusions has
come under question. Some have suggested we
avoid random third party transfusions since 30% or
more of patients will be sensitized which in time
would reduce the possibility of readily identifying a
compatible cadaver kidney by direct crossmatch test-
ing.

Cyclosporine acts mainly on thymus derived lym-
phocytes that are responsible for the rejection reac-
tion. It apparently leaves other elements of the im-
mune system intact. There are fewer side-effects
from Cyclosporine with reduced Prednisone doses
than with the use of Azothioprine and high doses of
Prednisone. Cyclosporine seems to be especially
effective during the inductive phase of the rejection
response but by the third to sixth post-transplant
month, there is probably no advantage of Cyclo-
sporine over Imuran. Because Cyclosporine costs
above 15-20 times more than Azothioprine and
Prednisone, many centers are switching their pa-
tients to Imuran after 6 months.

Immunologic monitoring has long been felt to be
beneficial in predicting early graft rejection. The use
of monoclonal antibodies against an array of human
T and B cell lymphocyte antigens has sparked a great
deal of interest in the area. These monoclonal anti-
body ratios change at the time of rejection and this
might be used as a predictor of early rejection. There
have also been reports that the monoclonal anti-
bodies can effectively reverse an initial rejection
reaction.

7. Concluding remarks

The management of many patients with nephrologic
problems requires a team approach; internist and
urologist working together to provide better patient
care. I have attempted to review the areas of ne-
phrology where surgical diagnostic and therapeutic
tools are employed. I am sure a few areas have been
covered in more detail than necessary, some covered
only cursorily and many neglected entirely. How-
ever, it is my hope that the information provided will
be useful to the practitioner caring for patients with
renal disease.

References

1. Smith RH: In: Martin TJ (ed), Positioning in Anesthesia and Surgery.
Philadelphia, WB Saunders, 1978, pp 32-43.

2. Goodwin WE, Casey WC, Woolf W: Percutaneous trocar (needle)
nephrostomy in hydronephrosis. ] Am Med Assoc 157: 891-894, 1955.

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

. Olsson O: Encyclopedia of Medical Radiology: Roentgen Diagnosis of

the Urogenital System. New York, Springer-Verlag, 1973.

. Lytton B: Surgery of the kidney. In: Harrison JH, Gittes RF, Perl-

mutter AD et al. (eds), Campbell’s Urology. Edition 4. Philadelphia,
WB Saunders, 1979 (4th ed), pp 1993-2046.

. Stewart BH: Operative Urology. Baltimore, Williams & Wilkins 1975.
. Grayhack JT, Graham J: Renal surgery. In: Glenn JF (ed), Urologic

Surgery. Philadelphia, JB Lippincott, 1975, pp 48-72.

. Flocks R, Culp D: Surgical Urology. Chicago, Yearbook Medical

Publishers, 1967.

. Martin JT: Positioning in Anesthesia and Surgery. Philadelphia, WB

Saunders, 1978.

. Kropp K: Posterior approach to the kidney. Surg Clin North Am 51:

251-256, 1971.

Whitaker RH: Clinical assessment of pelvic and ureteral function.
Urology 12: 146-150, 1978.

Koff SA, Thrall JA, Keyes JW Jr: Diuretic radionuclide urography: a
non-invasive method for evaluating nephroureteral dilatation. J Urol
122: 451-454, 1979.

Barry JM: In: Glenn JF (ed). Urologic Surgery. Philadelphia, Toronto,
JB Lippincott, 1983 (3rd ed), pp 315-327.

. Kropp KA, Shapiro RS, Jhunjhunwala JS: Role of renal biopsy in end

stage renal failure. Urology 12: 631-634, 1978.

Barry JM, Craig DH, Fischer SM, Fucha EF, Lawson RK, Bennett
WM: An analysis of 100 primary cadaver kidney transplants. J Urol
124: 783-786, 1980.

Arafa NM, Fathi MM, Safwat M, Moro H, Torky H, Kenawi M,
Abdel-Wahab M: Accuracy of ultrasound in the diagnosis of non-
functioning kidneys. J Urol 128: 1165-1169, 1982.

Ellenbagen PH, Scheible FW, Talner LB, Leopold GR: Sensitivity of
gray scale ultrasound in detecting urinary tract obstruction. Am J
Roentgen 130: 131-133, 1978.

Kabler RL, Cerny JC: Pre-transplant urologic investigation and treat-
ment of end stage renal disease. J Urol 129: 475-478, 1983.

Peters PC: The management of renal transplant recipients with abnor-
mal lower urinary tract-reconstruction versus diversion. Urol Clin N
Amer 3: 685-690, 1976.

Confer DJ, Banowsky LH: The urological evaluation and management
of renal transplant donors and recipients. J Urol 124: 305-310, 1980.
Novick AC, Brown WE, Magnusson M, Stowe N: Current status of
renal transplantation at the Cleveland Clinic. J Urol 122: 433-437,
1979.

Freed SZ: Bilateral nephrectomy in transplant recipients. Urology
Suppl 10: 16-21, 1977.

Novick AC: Posterior surgical approach to the kidney and ureter. J
Urol 124: 192-195, 1980.

Yarimizu SN, Susan LP, Straffon RA, Stewart BH, Magnusson MO,
Nahamoto SS: Mortality and morbidity in pretransplant bilateral ne-
phrectomy. Urology 12: 55-58, 1978.

Turner BI, Richie RE, Johnson HK, McDonell RC Jr, Tallent MB,
Niblack GD: Bilateral nephrectomy concomitantly with renal trans-
plantation. J Urol 130: 240-242, 1983.

Marshall FF, Smolev JK, Spees EK, Jaffs RD, Burdick JF: The uro-
logical evaluation and management of patients with congenital lower
urinary tract anomalies prior to renal transplantation. J Urol 127: 1078~
1081, 1982.

Levitt SB, Caherwal D, Kogan SJ, Rowas NA, Hardy MA: Use of pre-
existing ureterocutaneous anastomosis as conduit in renal transplanta-
tion. Urology 13: 377-382, 1979.

Santiago-Delphin EA, Acosta-Otera A, Vazquez-Lugo A: Ureteral
implantation in kidney transplantation. The use of a mature end ure-
terostomy. J Urol 124: 513-514, 1980.

Firlit CF: Use of defunctionalized bladders in pediatric renal trans-
plants. J Urol 116: 634-637, 1976.

Allen TD: Undiverting the ileal conduit. J Urol 124: 519-521, 1980.
Steinmuller DR: Evaluation and selection of candidates for renal
transplantation. Urol Clin N Amer 10: 217-229, 1983.

Stanley OH, Chambers TL, Pentlow BD: Renal transplantation in
children with occult neurogenic bladders drained by intermittent self-
catheterization. Brit Med J 286: 1775-1776, 1983.

Lalli AF: Potential applications of digital angiography in G.U. imag-
ing. Urol Radiol 4: 165-170, 1982.

Buonocore E, Meaney TF, Borkowski GP, Paylick W, Gallagher J:
Digital subtraction angiography of the abdominal aorta and renal



34.

35.

36.

37.

arteries. Comparison with conventional aortography. Radiology 139:
281-286, 1981.

Ruiz R, Novick AC, Braun WE, Montagae DK, Stewart BH: Trans-
peritoneal live donor nephrectomy. J Urol 123: 819-821, 1980.
Connor WT, Van Buren CT, Floyd M, Kahan BD: Anterior extra-
peritoneal donor nephrectomy. J Urol 126: 443-447, 1981.

DeMarco T, Amin M, Hardy JI: Living donor nephrectomy: factors
influencing morbidity. J Urol 127: 1082-1083, 1982.

Weinstein SH, Navarre Jr RJ, Loening SA, Corry RJ: Experience with

38.
39.

40.

245

live donor nephrectomy. J Urol 124: 321-323, 1980.

Lawson RK: Editorial comment. J Urol 127: 1083-1085, 1982.
Cosimi AB, Colvin RB, Burton RC, Rubin RH, Goldstein G, Kung
PC, Hansen WP, Delmonico FL, Russell PS: Use of monoclonal
antibodies to T-cell subsets for immunologic monitoring and treatment
in recipients of renal allografts. N Eng J Med 305: 308-314, 1981.
Salvatierra O, Iwaki Y, Vincenti F et al.: Update of the University of
California at San Francisco experience with donor-specific blood trans-
fusions. Transplant Proc 14: 363-366, 1982.



Index

Aberrant vessels 8 AntiDNA 150
Abscess 208, 209, 210 Antiglomerular basement membrane antibody 136

drainage 209, 210 Antimycin A 117

perinephric 208 Aorticomesenteric angle 16

renal 208 average 17
Accessory artery 5 Aorticomesenteric forceps 17
Accessory polar artery 3 Arcuate artery 8
Accessory renal arteries 8 Arcuate veins 8
Acquired structures in the left renal vein 16 Arcuate vessels 6

adhesions 21 Areolae fenestratae (of glomerular endothelium) 99

flat 21,22 Arteria renalis 4
columnar 21, 22 Ramus anterior 4

parietal venous thickening 21, 22 segmenti anterioris inferioris 4
Acute renal failure 221 segmenti anterioris superioris 4
Acute tubular necrosis 221 segmenti inferioris 4
Adhesions in the renal veins 17, 18 segmenti superioris 4

at distance 17 Arterial forceps 18

columnar 17, 20, 21 Arterial pulsating compression 18

flat 17, 20, 21 Arterial pulsating stimulus 21

venous 21 Arterial segments of the kidney 2
Afferent arteriole 36, 39, 42, 85 Arteriosclerosis 163

development of 55 Artery 4

of adult kidney 55 inferior suprarenal 4, 8

of mesonephros 30 renal 4,8
Afferent glomerular arteriole 8 anterior branch 4
Aged glomerulus 87 segmental arteries 4
Aldosterone 157, 160 antero-inferior 4
Aldosteronism 160 anterosuperior 4
Allografts 212, 214, 215, 216, 217 inferior 4

radionuclide evaluation of 214, 215, 216 superior 4

ultrasound of 212, 214, 215, 217 posterior branch 4
Alport’s disease 176 posterior segmental artery 4
Alport’s syndrome 144, 173, 176 Artery of the antero-inferior segment 5
Alternate complement pathway 136 Artery of the anterosuperior segment 5
Amphibians 25, 26 Artery of the inferior segment 5

nephric duct 26 Artery of the posterior segment 5

pronephros 25 Artery of the superior segment 5
Amyloid fibrils 147 Atherosclerosis 157, 160, 168
Amyloidosis 146, 181 ATP/ADP ratio 113, 114
Anastomoses between vessels 7 Avascular line 7
Anatomicosurgical segment 8 Avascular line of Brodel 6
Anatomicosurgical venous segments 7,9 Avascular vessels 6
Angiography, digital subtraction 212, 214 Axial angle 16
Angiomyolipoma 201, 204
Angioplasty 212, 213 Basement membrane 27, 32, 39, 42, 54, 106, 173
Angiotensin 157, 159 development of 39, 42
Angiotensin II 224 gaps of 173
Angiotensinogen 158 in mesonephric regression 32

Antibodies 124 of adult kidney 54



248

of glomerulus 106
of mesonephric glomerulus 27
thickening of by apposition 176
thickening of by mesangial interposition 181
thinning of 181
Benign recurrent hematuria 144
Berger’s disease 142
Bilateral nephrectomy 241
Biopsy, percutaneous 211, 212
Blood from renal veins 22
mixed 22
pure 22
Bowman'’s capsule 30, 36, 37, 39, 55
development of 36, 37, 39
of adult kidney 55
of mesonephric glomerulus 30
Bradykinin 159, 160
Brodel's white line 6
Brush border (see also proximal tubule) 26, 30, 43, 56
development of 43
of adult kidney 56
of mesonephros 30
of pronephros 26

Cadaver donor nephrectomy 242
Calculi, percutaneous extraction of 212
Calyces 9
development of 33, 50
Capillary formation 87
Capillaries 8
glomerular 8
peritubular 8
Capsular branches 8
Capsular plexus of vessels 8
Captopril 226
Carcinoma of the kidney 201, 203
Cardinal veins 13
inferior 13
superior 13
Cavorenoradiograms 22
CCCp 117
Chronic renal failure 221
Circulus exorenalis 8
Cirrhosis 229
Collagen 152
Collecting ducts 30, 34, 37, 47, 58
development of 34, 37, 47
of adult kidney 58
of mesonephros 30
Complement activation 136
Congenital structures in renal veins 16
endovenous septa 21, 22
intervenous spurs 21, 22
valves 21
Connecting duct of mesonephros 30
Continuous ambulatory peritoneal dialysis (CAPD) 189
Continuous arteriovenous hemofiltration (CAVH) 189
Cortical intertubular capillary plexuses 8
Cortical veins 13
Creatinine clearance 225
Crescentic glomerulonephritis 148, 155
Crescents 147, 155
Cyanide 117
Cycler-assister peritoneal dialysis (CCPD) 191
Cyclo-oxygenase system 225

Cyclosporine 244
Cyst, renal 201, 202
Cytometry 128

Cytosegregosomes (see also proximal and distal tubule) 43, 56

development of 43
of adult kidney 56
Cytosomes (see also proximal and distal tubule)
development of 43
of adult kidney 56

Deposits 151
Descending veins 7
Diabetes 146
Dialysis access 239
Digital subtraction angiography 212, 214
2,4-dinitrophenol 118
Direct sampling of renal venous blood 22
Distal tubule 26, 30, 34, 37, 47, 57
development of 34, 37, 47
macula densa 57
of adult kidney 57
of mesonephros 30
of pronephros 26
pars convoluta 57
pars recta or thick ascending limb 57
Double afferent arterioles 85
Double efferent arterioles 85
Drug-induced interstitial nephritis 222
Drug-induced renal disease 221
Duct of Cuvier 13
Efferent arteriole 85
development of 37, 43
of adult kidney 56
of mesonephros 30
Efferent glomerular arterioles 8
Endfeet of podocytes 106
Endothelial cells 99
Endothelium, honeycomb transformation of 171
Endovenous septa in renal veins 18, 20, 22
End stage renal disease 240
Enucleation technique 6
Epithelial cells 135
alterations of 181
Excretory urography 238
Extra-renal hemodynamics 228

Familial essential benign haematuria 181
Fenestrae (of glomerular endothelium) 99
Fibrillar material, deposition of 181
Fibrin 156

Fibrin thrombin 154

Fibromuscular dysplasia 162

Fissures 3

Focal glomerulosclerosis 138

Foot processes (see podocytes)

Gallium 27, 207, 208
Glomerular basement membrane 173
Glomerular capillaries 27, 30, 36, 37, 39, 40, 41,
development of 36, 37, 39, 40, 41
in mesonephric regression 30
of adult kidney 53
of mesonephros 27
splitting of 37, 41
Glomerular disease 135, 225

43, 56

53



Glomerular endothelium 27, 32, 41, 53

development of 41

in mesonephric regression 32

of adult kidney 53

of mesonephros 27

splitting of 41
Glomerular epithelial cells 106
Glomerular filtration 106
Glomerular filtration membrane 106
Glomerular lobulation 85
Glomerular physiology 135
Glomerular structure 135

Glomerulus (see also glomerular capillaries) 27, 30, 32, 34, 37,

53,99

development of 34, 37

in mesonephric regression 30, 32

of adult kidney 53

of mesonephros 27
Glucose metabolism 119
Glucose transport 119
Glycocalix 171
Gonadal arteries 8
Gonadal veins 6, 14
Goodpasture’s syndrome 136
Guillotine 6

Hematuria 140
Hemodiafiltration 189
Hemodialysis 239
Hemofiltration 189, 195
Hemolytic uremic syndrome 153
Henoch-Schonlein purpura 150
Heparan sulfate 173
Hepatorenal syndrome 221, 227
Hereditary nephritis 144

Hila of the arterial segments 3
Hilum of the kidney 7
Histocompatibility 125

HLA 123

haplotypes 156
Hydronephrosis 240
Hyperkalemia 226
Hypertension 157, 160, 167, 226
benign 164, 166

malignant 164, 165, 166
renovascular 162
Hyporeninemic hypoaldosteronism 226

IgA deposits 142
Immature glomerulus 86
Immune complexes 136
Immunosuppression 231
Incisures 3

Indium 111, 208

Inferior angle 16

Inferior cardinal veins 13
Inferior lobe of the kidney 3
Inferior phrenic vein 6, 14
Inferior suprarenal artery 4
In-growth theory 87

In situ theory 87
Interlobar artery 8
Interlobular artery 8
Interlobular veins 8
Interlobular vessels 86

Intermittent peritoneal dialysis (IPD) 190
Internal angle 16
Interpyramidal veins 7
Intersegmental limit 2
Intersegmental venous anastomoses 8
Interstitial nephritis 221
Intramembranous deposits 178
Intraparenchymatous veins 13

arcuatae 13

interlobulares 13

stellatae 13

venae interlobares 13

venulae rectae 13
Intrarenal veins 8
Intravenous pyelogram 234
Intravenous urogram 233, 234
Ion transport 113
Ischemic segments 11

Juxtaglomerular apparatus 30, 37, 42, 43, 55, 56

afferent arteriole 55
development of 37, 42, 43
efferent arteriole 56

extraglomerular mesangium or agranular cells 55, 56

granular juxtaglomerular cells 55, 56
macula densa 56
of mesonephros 30

Jv (volume absorption) 118

K+/O, ratio 116

Kidney, nomenclature 4
anterior surface 4
inferior extremity 4
posterior surface 4
superior extremity 4

Lamina densa 135, 173

Lamina fenestrata (of glomerular endothelium) 99

Lamina rara interna, widening of 181
Left renal vein 6, 14
adhesions of 18

distance between superior contour and vertex of vascular

angle
inter-arterial portion 17
length of 14
level of opening 15
morphology of the terminal portion 15
bulb 15
cylinder 15
hourglass 15, 18
left based cone 15
right based cone 15
Left suprarenal vein 6, 14
Linear deposite 149
Lipoid nephrosis 138
Living donor 241
evaluation 241
management 241
nephrectomy 242
Lobar artery 8
Lobes (or lobules) 3
Lobulation 9
Loop model 84
Loop of Henle 37, 47, 57
development of 37, 47

249



250

of adult kidney 57
Lordosis 18

Ludwig’s arteriole 84
Lumbar veins 6, 14
Lymphocytes 127
Lymphoma 206
Lysyl-bradykinin 159, 160

Macula densa (see juxtaglomerula apparatus and distal tubule)
Magnetic resonance imaging 215
Malignant ureteral obstruction 239
Mass transfer area coefficient (MTAC) 192
Mature glomerulus 87
Medullary sponge kidney 200
Membranoproliferative glomerulonephritis 140
Type I 140
Type I 140
Type HI 140
Membranous deposits 138
Membranous glomerulonephritis 138, 176
Mesangial alterations 184
Mesangial cells 109, 184
Mesangial deposits 176
Mesangial matrix 173
Mesangiolysis 186
Mesangium 30, 39, 42, 54, 55, 109
development of 39, 42
functions of 55
in mesonephric regression 30
of adult kidney 54
of mesonephros 30
Mesonephros 13, 26-30
regression of  30-32
Metanephric nephron, stages of development 33-37
of metanephric cap 33
of metanephric vesicle 33
of S-shaped body 34
of intracleftal position 36
of double spiral 37
Metanephros, development of 32-50
Microvilli (of glomerular endothelium) 99
Microfibrils 181
Monitoring 130
Monoclonals 127

NAD, NADH 114
Na+*, K* ATPase 114
Na+/O, ratio 117, 120
NaHCO; 121
National CAPD registry 193
Necrosis 150, 154
Nephrectomy 3, 5, 237, 241
partial 3,5,11
superior polar 3
total 6, 11
Nephric duct 25
Nephrologist 233
Nephrosclerosis 157, 163, 165, 166
Nephroscopes 235
Nephrosegmentectomy 5, 6, 11
multiple 11
simple 11
Nephrostome 26
Nephrostomial tubule 26
Nephrotic syndromes 138, 221, 223

Nephrotoxicity 221
Nodular glomerulosclerosis 146
Nutrition 194

Obstructing urinary calculi 234
Obstructive uropathy 240
Oligomycin 117

Oliguria 152, 230
Oncocytoma 201

Orthostatic albuminuria 18
Ouabain 113

Ovarian vein 6, 14

Parietal thickening 20
Pedicels of podocytes 106
Pelvis, development of 32, 33, 50
Percutaneous nephrostomy 234
Perforating arteries 8
Periarteritis nodosa 150
Peritoneal blood flow 191
Peritoneal dialysis 191, 239
Peritoneal membrane 191
Peritonitis 191, 193
Peritubular plexus 8
Plexus model 84
Podocytes 27, 32, 36, 37, 39, 41, 54, 106, 135
development of 36, 37, 39, 41
foot processes 54
in mesonephric regression 32
of adult kidney 54
of mesonephros 27
Polar veins 7
Polycystic renal disease 241
Pored domes (of glomerular endothelium) 102
Post-infectious glomerulonephritis 140
Precontrast tomographic cuts of the kidney 234
Prepyelic territories 3
Prepyelic trunks 7
Pretransplant recipient 240
urologic surgery 240
urological evaluation 240
Proliferation 149
Pronephros 25, 26
Prostacyclin - 224
Prostaglandin synthesis 225
Prostaglandins 159, 224
Prostanoids 224
Proteinuria 147
Proximal tubule (see also brush border) 113
development of 34, 35, 37, 43
junctional complex 57
in mesonephric regression 32
of adult kidney 56, 57
pars convoluta 57
pars recta 57
of mesonephros 30
of pronephros 26
Pulsating compression on the left renal vein 17
Pyelonephritis, bacterial 205
Pyramidal zone 7

Radicles 8,9

Rami ureterici 4
Reimplantation 240
Renal agenesis 27



Renal angiography 227
Renal artery 4,11
Renal biopsy 171, 233, 239
biopsy technique 233
incision 233
open 233
percutaneous technique 233
Renal connective capsule 53
Renal dysfunction 221
Renal failure 221
Renal hemodynamics 231
Renal insufficiency 223, 226
Renal oxygen consumption 113
Renal pedicle 3, 6
Renal prostaglandins 229
Renal pyramids 9
Renal segmentation 5
Renal segments 5
Renal sinus 3
Renal superior pole 2
Renal surgery 235
anterior incision 236
anterior (trans- or extraperitoneal) approach 235, 236
calculus surgery 235
lateral approach 235, 236
posterior approach 235, 237
posterior lumbar approach 237
Renal transplantation 238, 239
Renal trauma 205, 207
Renal vascular arrangement 83
Renal veins 7
arcuate 7
catheterization 22
external diameter of 14
interlobar 7
interlobular 7
phleboradiograms of 20
projection of on vertebral column 14
opening of 14
trunk of 14
spurin 20
straight 7
Renal zones 7
perirenal 7
sinusal 7
subcapsular 7
suprapyramidal 7
Renin 157, 158, 159, 163, 166, 168
Renin-angiotensin 158, 166, 226
Renin-angiotensin-aldosterone 157
Renocaval angle 15
external left interior 15
Renocaval spur 19
Renovascular hypertension 162
Retrograde pyelogram 238
Retropyelic artery 5
Retropyelic territories 3
Retropyelogram 238
Right renal vein 6, 14
Roots of the renal vein 8, 13
left 13
right 13
Roots of the trunk of the renal vein 9
Rotenone 118
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Sacculation model 84

Scanning electron microscopy 83

Scleroderma 152

Sclerosis 153

Segment 1,2
anatomicosurgical 1

Segmenta renalia 4
segmentum anterius inferius 4
segmentum anterius superius 4
segmentum inferius 4
segmentum posterius 4
segmentum superius 4

Segmental infarction 1

Segmental renal disease 11

Segmental veins 9, 13

Segmentation 1

Segmentectomy 9, 11

Segments (or zones) 1

Segmentum 1

Splitting of lamina densa 146

Spur in the renal veins 20, 21, 22

Stellate veins 8

Steroids 231

Subacute renal insufficiency 230

Subcardinal veins 13

Subendothelial deposits 176, 178

Subepithelial deposits 176

Superior mesenteric artery 17
width of 17

Superior pole 3

Supernumerary artery 8

Supplemental artery 8

Systemic lupus 150

Techniques 136
Temporary proximal urinary diversion 234
Terminal arteries (or end arteries) 1
Testicular vein 6

right 14
Thin basement membrane 144
Thromboxanes 224
Toad bladder 121
Transfusion 124
Transplant nephrectomy 243
Transplant recipient management 243
Transplantation 123, 233
Transverse anastomosis 13
T-subset 130
Tubular deposits 176
Tubuloreticular inclusions 171, 176

Ureteral calculus surgery 235, 238
Ureterolithotomy 238

Ureteyopelvic junction obstruction 238
Ureterotomy 238

Urinary diversion 241

Valves 18
bicuspid 19
competent 19
ostial 18, 19
parietal 18,19
sufficient 19
tricuspid 19
unicuspid 19
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Vasa recta 84 Venous intrarenal arrangement 7
Vascular angle 16 Venous parietal thickening 17
Vascular casting 83 Venous perirenal arch 13
Vascular segmentation of the kidney 7 Venous radicles 8
Vasa recta 8 Venous segments 8
Veins from perirenal fat 14 segmentum inferius venosum 9
Vena segmenti inferioris venosi 9 segmentum medium venosum 9
Vena segmenti medii venosi 9 segmentum superius venosum 9
Vena segmenti superioris venosi 9 Venous splenorenal shunt 22
Venous anastomoses 9 Venulae rectae 13
intersegmental 9
intrasegmental 9 Wagener’s granulomatosis 150
Venous distribution 7 Wedge-type techniques for nephrectomy 6
‘brush type’ 7
Venous fan 7 Xenon washout techniques 227
Inferior polar group 7
Middle group 7 Zones 2,7

Superior group 7





