Chronic Renal

Daisease

Causes, Complications, and Treatment



Chronic Renal

Dasease

Causes, Complications, and Treatment

Edited by
Nancy Boucot Cummings, M.D.

National Institutes of Health
Bethesda, Maryland

and

Saulo Klahr, M.D.

Washington University School of Medicine
St. Louis, Missouri

PLENUM MEDICAL BOOK COMPANY
New York and London



Library of Congress Cataloging in Publication Data
Main entry under title:
Chronic renal disease.

“This book is an outgrowth of the issues addressed by participants at 2 number of
NIH conferences held in the 1980s” —Pref.

Includes bibliographies and index.

1. Renal insufficiency —Congresses. 2. Renal insufficiency in children—Con-
gresses. 3. Chronic disease —Congresses. I. Cummings, Nancy B. II. Klahr, Saulo.
III. National Institutes of Health (U.S.) [DNLM: 1. Kidney Failure, Chronic—
congresses. WJ 342 C5565]

RC918.R4C58 1985 616.6"1 84-24904

ISBN-13: 978-1-4684-4828-3 e-ISBN-13: 978-1-4684-4826-9
DOI: 10.1007/978-1-4684-4826-9

© 1985 Plenum Publishing Corporation

Softcover reprint of the hardcover 1st edition 1985
233 Spring Street, New York, N.Y. 10013

Plenum Medical Book Company is an imprint of Plenum Publishing Corporation
All rights reserved

No part of this book may be reproduced, stored in a retrieval system, or transmitted
in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording, or otherwise, without written permission from the Publisher



Preface

Chronic renal disease has received increasing attention and concern since
the passage in 1972 of PL 92-603, which provided coverage for end-stage
renal disease (ESRD) treatment by the federal government. The human and
economic costs of the ESRD program serve to emphasize the need to prevent
or to arrest those diseases resulting in chronic renal failure, since none of
the available treatments is without complications and/or side effects. The
ESRD program, the only federal one that provides coverage for a catastrophic
illness for almost the entire population (those qualifying under Social
Security), cost almost $2 billion in 1983. The escalating costs of the ESRD
program are attributed to the increasing number of patients requiring
treatment and have focused concerns of the United States Government, both
Congress and the administration, on ESRD.

The National Institutes of Health (NIH), especially the Kidney, Urology,
and Hematology Division of the National Institutes of Arthritis, Diabetes,
and Digestive and Kidney Diseases (NIADDK), supports a sizable research
program that bears on chronic renal disease and in association with this has
sponsored many conferences and workshops on research on and causes and
complications of chronic renal failure. This book is an outgrowth of the
issues addressed by participants at a number of NIH conferences held in
the 1980s.

Diseases affecting the kidney vary in their pathogenic and histologic
detail and in their rate of progression, but they all result in similar alterations
in renal function and cause a common constellation of chemical and physi-
ologic abnormalities. The hallmark of chronic renal disease is a progressive
decrease in glomerular filtration rate.

Various mechanisms are responsible for kidney injury and ultimately
for chronic renal disease. These include abnormal immunologic processes,
disturbances in coagulation, infection, biochemical and metabolic disturb-
ances, vascular disorders, congenital abnormalities, obstruction to urine flow,
neoplasia, and trauma. Each of these mechanisms may interact with one or
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more of the other mechanisms to cause advancing renal disease. Progressive
kidney disease may occur as a consequence of diseases in which the kidney
is primarily involved and in which the presenting features are usually those
of renal disease. Kidney disease also can occur during the course of systemic
diseases (diabetes, hypertension) and intoxications in which renal failure may
be a presenting feature.

Although adequate data are not available about the incidence of ESRD
in North America, mortality figures suggest that there is an incidence of
about 200 cases per million population. These figures vary according to
geographic area and in relation to the proportion of blacks in the population.
The incidence of renal disease in blacks is higher than that in whites (possibly
related to the higher incidence of hypertension in the black population).

In diseases of the kidney characterized by irreversible injury, once a
critical level of renal functional deterioration is reached, progression to
ESRD invariably occurs even if the initiating event or condition has resolved
or has been eradicated. Immunopathogenic mechanisms probably account
for most forms of primary glomerular disease in humans. Although immu-
nologic events and the mediators of glomerular damage that they induce
may be responsible for initiating most glomerular diseases, certain clinical
and experimental observations suggest that the rate of progression of these
diseases is influenced by several nonimmunologic factors. The understanding
of and ability to manipulate factors responsible for progression of renal
disease have been quite limited. Although ideally therapeutic efforts should
be directed to preventing the development or to arresting the progression
of renal disease, only two modalities of effective treatment are available for
the patient with ESRD. These modalities are kidney transplantation and
dialysis (either peritoneal or hemodialysis). Currently about 75,000 patients
are undergoing dialysis in the United States and about 5000 renal transplants
are performed annually. Ideally major efforts should be directed toward
prevention of the occurrence of renal disease or progression of the disease
once it has developed. However, dialysis and transplantation remain the
major modalities for treatment of ESRD. Considerable effort has been
devoted to understanding the problems and complications that occur in
patients treated by hemodialysis, peritoneal dialysis, and/or transplantation.

This book is divided into four major sections. The first section describes
studies about the pathogenesis of renal disease. This section is divided into
two major areas: one about research trends in glomerular diseases, the most
frequent cause of ESRD, and the other about cystic diseases of the kidney,
an area that has not been well studied. Cystic diseases of the kidney,
particularly polycystic kidney disease, may affect as many as 250,000 Amer-
icans and may account for 10-12% of the patients with ESRD treated by
dialysis or transplantation. The second section of this book, “Recent Advances
on Some Complications of Chronic Renal Failure,” focuses attention on three
general areas: renal osteodystrophy and the neurologic and cardiovascular
complications of renal failure. The latter are the major cause of mortality in
patients with ESRD and/or those undergoing dialysis. The third major section
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of this book is devoted to the unique problems of the child with renal failure.
Extrapolation of information about chronic renal failure and its rate of
progression and treatment obtained in adults to children is not warranted.
In children with ESRD, problems with growth, caloric intake, and mental
retardation are of major importance. The technical problems of treating
children differ markedly from those in adults and are unique problems.
Section IV addresses selected aspects of therapy in the patient with renal
failure. It includes discussions of the use of drugs, the acute problems that
develop during hemodialysis, the control of treatment morbidity and uremic
toxicity by hemodialysis and hemofiltration therapy, the use of transplantation
and adequate immunosuppression, and nutritional therapy in chronic renal
failure. It has become evident in recent years, particularly from studies in
experimental animals, that dietary manipulations may influence the rate of
progression of chronic renal failure. If this proves to be so, dietary manip-
ulations may prove effective in delaying or even halting the progression of
renal disease in humans.

It is hoped that these chapters will prove useful to readers by helping
them develop a better understanding of these aspects of the pathogenesis,
progression, complications, and treatment of chronic renal disease.

Nancy Boucot Cummings, M.D.
Saulo Klahr, M.D.
Bethesda, Maryland

St. Louts, Missourt
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STUDIES OF PATHOGENESIS
OF RENAL DISEASE



Research Trends in
Glomerular Diseases



A Personal Perspective on the
State of the Art in Research in
Glomerulonephritis

Richard J. Glassock

During the 20 years in which I have been personally involved in research
on glomerulonephritis, the field has undergone a remarkable transforma-
tion. From the initial probing excursions into the pathogenesis of glomeru-
lonephritis in the early 1960s a highly sophisticated discipline has arisen.
Wide application of electron microscopic and immunofluorescent techniques
to human biopsy material has taught us much, focused our interest on
aberrant immune processes, and brought an ever-increasing complexity to
the classification of human glomerular diseases. Paradigms developed during
this period have, after a time of widespread acceptance, recently shown
unmistakable signs of being replaced by a new and more richly varied set of
dogmas. To the clinician, not directly involved in research in this area, the
field seems to be ever more populated with an often bewildering variety of
spontaneous and induced models of glomerular disease in experimental
animals. However, experimental approaches in animals have been the
bedrock of investigation into the pathogenesis of glomerulonephritis, and
this work has taught us much about the ways in which aberrant immune
processes bring about glomerular injury and the factors that mediate the
injury itself. Highly sophisticated procedures such as direct micropuncture
of glomerular capillaries and even isolated perfusion of individual glomeruli,
tissue culture and cell cloning of glomerular constituents, receptor binding
and enzyme kinetics, and very recently the development of monoclonal
antibodies as probes of glomerular structure promise to add exciting new

Richard J. Glassock ® Department of Medicine, UCLA School of Medicine, and Department
of Medicine, Harbor—-UCLA Medical Center, Torrance, California 90509.



6 I o Studies of Pathogenesis of Renal Disease

dimensions to our understanding of a structure that less than a decade ago
was viewed as only a passive ultrafilter serving primarily to provide a rich
supply of water and ions to the tubules for reabsorption.

Thus, the glomerulus is now known to be a site of production of several
humoral substances and to be highly responsive to the action of additional
substances reaching it via the bloodstream. The glomerular capillary wall is
now known, or thought, to consist of a dozen or more discrete antigenic
substances, some of which are important in conferring a strong negative
charge on the glomerular capillary wall, which in turn is vital to the molecular
permselectivity attributes of the filter. The emerging complexity of the
cellular, biochemical, and molecular structure of the glomerulus has been
reviewed by Dr. Gary E. Striker of the Department of Pathology at the
University of Washington. Dr. Striker and his colleagues have contributed
much to our current understanding in this rapidly evolving area.

Not surprisingly, diseases of the glomerulus may arise spontaneously or
can be experimentally induced by the interaction of a circulating antibody
with one or more of the antigenic constituents of the glomerulus. The
distribution, density, and anatomic location of these antigenic constituents
greatly influence the character of the resulting disease. In addition, antigens
not normally native to the glomerulus may be artifically planted in this site
and serve as a nidus for a potentially injurious local immune reaction. These
events may provide useful new insights into the relationship between glo-
merular disease and environmental factors. Dr. Curtis B.- Wilson of the
Research Institute of Scripps Clinic in La Jolla, California, one of the
foremost renal immunopathologists in the world, has reviewed the state of
the art in this area.

By virtue of the special hemodynamic and biophysical attributes of the
glomerular capillaries and the lymphaticlike channels of the mesangium, the
glomerulus is quite vulnerable to deposition from the circulation of a variety
of substances, including circulating aggregates of antigen and antibody, so-
called immune complexes. Since the pioneering work of Germuth and Dixon
and colleagues, it has been recognized that such immune complexes may
participate in the generation of disorders of glomerular structure and
function. Although the true nature of these immune complexes is by and
large unknown in human disease, much has been learned through experi-
mental work about the molecular and local factors influencing their deposition
in tissues, including glomeruli, and about the processes that govern their
traffic through and removal from the glomerulus. These have been reviewed
by Dr. Mart Mannik of the Division of Rheumatology at the University of
Washington. Dr. Mannik has long been involved in fundamental research
on the kinetics of immune complex disease and has made many original
contributions in this field.

The common pathways by which immune processes result in tissue
injury are being delineated. The separate and interdependent roles of
complement, polymorphonuclear leukocytes, monocytes, platelets, coagula-
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tion, and kinins are being more precisely defined. One emerging area of
great interest is the role of mononuclear cells in tissue injury.

Many other aspects of glomerular disease could also have been selected
for discussion, such as immunogenetics and the role of the major histocom-
patibility complex in determining the predisposition to glomerular disease
or the role of viruses in glomerular disease, to name a few. The topics
discussed represent areas of intense interest with potential practical value in
the detection, prevention, and treatment of human glomerular disease. Each
chapter provides an overview of the field, emphasizing the author’s own
contributions as well as major unresolved problem areas and promising
future directions for research. It is hoped that this brief glimpse of research
in the field of glomerulonephritis will stimulate additional original and
creative approaches to the problem.
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Biosynthesis and Immunochemical
Localization of Glomerular Components

Gary E. Striker, Federico M. Farin, Paul D. Killen, and
Jeffrey F. Bonadio

The molecular composition of the glomerulus became a target of interest
when Masugi (1934) first demonstrated that immunization of animals with
kidney tissue resulted in a diffuse glomerular lesion. The search for the
nephritogenic antigen, although not yet complete, has provided the impetus
for many studies of glomerular structure and function. The importance of
understanding the sites of synthesis and degradation of matrix constituents
relates to (1) normal glomerular structure and function, (2) localization and
disposition of immune deposits, (3) immunogenicity of individual components
(i.e., cellular and humoral responses to glomerular constituents), and (4)
genetic or acquired diseases resulting in an accumulation of abnormal matrix
constituents resulting in loss of function—chronic glomerulonephritis.

The following discussion highlights only a few of the past studies,
focusing instead on current data and new directions. The major emphasis will
be on normal glomerular structure and function, since there is little informa-
tion on matrix composition in geneticand acquired forms of chronic glomerular
diseases and others in this volume will be covering topics related to immuno-
genicity of individual components and the localization of immune deposits.

1. Structure of the Glomerulus

1.1. Origin of Cells

The glomerular visceral epithelial cells are derived from metanephric
mesenchyme. They arise from an S-shaped indentation of a cystic structure
which is the origin of the primitive nephron. In vivo the indentation carries
along endothelium and perivascular cells. Utilizing a system developed by
Grobstein, Bernstein et al. (1981) have demonstrated that the visceral

Gary E. Striker, Federico M. Farin, Paul D. Killen, and Jeffrey F. Bonadio e Department of
Pathology, University of Washington, Seattle, Washington 98195.
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epithelium develops an arborized structure resembling a mature glomerulus,
including pedicels. Furthermore, there is an adjacent lamina rara externa
and a lamina dense. These data provide strong evidence that the vascular and
epithelial components of the glomerulus may respond to independent stimuli.
Vernier and Birch-Anderson (1963) demonstrated that the vascular
indentation of the primitive glomerulus arises from the adjacent mesenchyme.
The endothelium had an adjacent basal lamina which fused, at the periphery,
with the lamina densa of the visceral epithelial cell. The third glomerular
cell type, the mesangial cell, has been shown to enter the glomerulus along
with the endothelial cell. The mesangial cell has been shown to be in commu-
nication with smooth muscle cells, and recently Barajas (1979) has postu-
lated that their physiologic function is to regulate glomerular blood flow.

1.2. Matrix

As pointed out previously, the peripheral basal lamina can be seen to
result from fusion of a basal lamina from glomerular visceral epithelial cells
and ingrowing endothelial cells. The role that each cell plays in synthesis of
the fused structure is not clear. We studied the developing kidney with
affinity-purified antibodies to collagen types I, III, and IV and to two other
basal lamina components, laminin and a heparan-sulfate-containing proteo-
glycan. We found that the fused basal lamina stained positively for type IV
collagen, the proteoglycan, and laminin. The basal lamina of the rounded
structure into which the glomerular tufts were invaginating also stained
positively for these elements. The interstitium of the kidney contained
antigens recognized by antibody to type III collagen. In the nephrogenic
zone we were unable to demonstrate positive staining with antibodies either
to the helical domain of type I collagen or to type I procollagen.

In collaboration with Dr. Jay Bernstein we were able to further dissect
the origin of molecular structure of the basal lamina. In this i vitro model
notochord and primitive renal tissue are on opposing sides of a millipore
filter in organ culture. Glomerular development proceeds to formation of a
complex, folded structure. Podocytes develop into branched structures with
mature pedicels and filtration slit membranes. There is an adjacent basal
lamina. Immunocytochemical staining reveals that this basal lamina contains
collagen (type IV), laminin, and the basal lamina proteoglycan. Interestingly,
this development proceeds in the absence of penetration of the stalk by
endothelial or mesangial cells. Thus, not only does glomerular development
proceed in the absence of the associated vasculature, but it appears that the
visceral epithelial cell can synthesize and deposit the components of the
adjacent basal lamina.

1.3. Peripheral Vascular Loop Segment

There are three components of the basement membrane: the visceral
epithelial cell layer, the basal lamina, and the endothelial cell layer. The
basal lamina zone consists of the lamina rara externa, the lamina densa, and
the lamina rara interna.
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1.3.1. Visceral Epithelial Cell Layer

The epithelial cell has relatively few i vivo markers. It has a dense
glycocalyx, and several techniques have been used to demonstrate surface
receptors for C3b (Shin et al., 1977). Its role in the synthesis of the basal
lamina was alluded to previously. We have isolated these cells in vitro and
shown that they retain their surface C3b receptors (Killen and Striker, 1979).
We have not been able to consistently demonstrate a response of these cells
to mitogens derived from macrophages or platelets. They synthesize type [V
collagen which exists as a dimer of high-molecular-weight procollagen chains
(Crouch and Bornstein, 1979). The chain composition was estimated to be
[al]e a2 by SDS polyacrylamide gel electrophoresis with a molecular weight
of 178,000. The epithelial cells also synthesized proteoglycans.

The major glycosaminoglycan retained in the cell layer was heparan
sulfate (Striker et al., 1980). The medium contained both heparan sulfate
and chondroitin 4,6-sulfate. Recently it was found that the medium proteo-
glycans consisted of two molecular species which could be isolated by
chromatography on DE52 cellulose (F. M. Farin and G. E. Striker, unpub-
lished). It remains to be seen whether the two different glycosaminoglycans
segregate on the individual proteoglycans or exist as a mixture or both.
Visceral epithelial cells in vitro also synthesize a high-molecular-weight gly-
coprotein (Killen and Striker, 1979). Approximately 60% is absorbed to a
gelatin-sepharose column and precipitable by affinity-purified antibody to
plasma fibronectin. A smaller fraction is precipitable by antibody to laminin
(kindly provided by Dr. George Martin, National Institute of Dental Re-
search). These data on fibronectin synthesis cannot be used to shed light on
the controversy of whether this material is present on the peripheral vascular
loop because epithelial cells have been shown to synthesize fibronectin in
vitro when they are dividing. However, upon reaching confluence they switch
to the synthesis of laminin.

1.3.2. Basal Lamina

The basal lamina has been shown to contain sialoglycoproteins (Mohos
and Skoza, 1969), principally in the lamina rara externa. Recently, using
histochemical techniques and specific digestion methods, Kanwar and Far-
quhar (1979a,b) have shown that the basal lamina contains heparan sulfate
as its major glycosaminoglycan. They were also able to demonstrate synthesis
of a proteoglycan containing heparan by perfusing a kidney with **S and
analyzing isolated glomeruli. Since the pioneering studies, first of Krakower
and Greenspan (1951) and then of Kefalides and Winzler (1966), many
investigators have reported on the isolation and characterization of the
collagenous composition of the whole glomerular matrix. These studies have
depended on enzymatic degradation of the intact structure for isolation of
the collagen chains (Kefalides and Winzler, 1966). Since these studies have
begun, it has become clear that type IV collagen is less resistant to proteolysis
than other collagen types (Crouch and Bornstein, 1979), that the a2 chain
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is more easily degraded than the ol monomer (Sage et al., 1979), and that
there are a number of specific degradation products (Daniels and Chu, 1975;
Tryggvason et al., 1980). In addition to these disclaimers, it should be
recognized that analyses of whole glomeruli include the mesangial region as
well as the peripheral vascular loop. There is reason to believe from
biosynthetic (Striker et al., 1976) and immunohistologic data (Scheinman e¢
al., 1980) that this region contains other collagen types. Immunohistologic
studies demonstrate that the peripheral basal lamina contains type IV collagen
(Scheinman et al., 1980). There is a controversy about whether fibronectin
is located in this region (Courtnoy et al., 1980).

1.3.3. Endothelium

The endothelial cell can be identified in vivo and in vitro because of its
cellular content of factor VIII antigen (Jaffe et al., 1973) and surface
localization of angiotensin-converting enzyme (Johnson and Erdos, 1978).
Sage et al. (1979) have recently shown that these cells synthesize collagen
types III and IV. They also identified a new collagen type which was relatively
sensitive to proteases, including thrombin. Gamse et al. (1978) showed that
these cells synthesized several glycosaminoglycans in vitro, including heparan.
Recently, Jaffe et al. (1973) demonstrated that endothelial cells isolated from
human umbilical vein synthesize fibronectin and suggested that they were
the source of plasma fibronectin. The isolation and propagation of glomerular
endothelial cells have recently been reported (Striker et al., 1984a). Cells
containing factor VIII antigen can often be found in primary isolates of
glomerular cells; however, they can only be successfully passaged in the
presence of plasma-derived growth factor.

1.4. The Mesangium

The mesangium is bounded by the lamina densa on one aspect and the
endothelium on the other. The cellular composition is of at least two types.
One is derived from the primitive mesenchyme and resembles a smooth
muscle cell morphologically (Yamada, 1955). This cell, in common with many
mesenchymal cells, will endocytose adjacent macromolecules (Farquhar et al.,
1961). It also responds to mitogens derived from platelets and macrophages
with brisk proliferative response (Striker et al., 1980). The other cell derives
from the circulation and appears to be the principal cell responsible for the
phagocytosis of material deposited in the glomerulus (Striker et al., 1979).
The mesangial matrix can be differentiated from the lamina densa in vivo
by guanidine treatment (Huang, 1979). By immunofluorescence microscopy
types IV and V collagen have been localized to this region (Scheinman et al.,
1980). Mesangial cells have been shown to localize injected angiotensin II to
their surface in vivo and to contract in response to this substance in vitro
(Ausiello et al., 1980; Sraer et al., 1974). We have isolated the contractile
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mesangial cell i vitro and studied its biosynthetic products (Striker et al.,
1980; Killen and Striker, 1979). Collagen types I, II1, and IV were identified.
Compared to smooth-muscle cells isolated from the accompanying renal
artery, mesangial cells synthesized more of both types III and IV collagen.
The total amount of collagen synthesized per cell was similar to the arterial
cell and considerably greater than the visceral epithelial cell. Like this latter
cell type, mesangial cells also synthesized fibronectin and laminin. Their
glycosaminoglycan pattern was much more complex. Dermatan, chondroitin
4,6, and heparan sulfates were all present in medium and cell layer. From
these in vitro data it was suspected that type I collagen would be found in
the mesangium; however, this was not the case in normal glomeruli.

2. Future Directions

There remains a considerable body of information about the normal
glomerulus which is either unclear or unknown. The i vitro studies of the
biosynthesis of matrix constituents have barely begun, and nothing is known
about its turnover. Furthermore, only isolated cells or organ cultures have
been examined. Specific mixing experiments have not been conducted.

The influence of inflammatory cells and their mediators on matrix
synthesis and degradation should be investigated. Neutrophils (Gader et al.,
1980; Mainardi et al., 1980) and macrophages (Werb et al., 1980) contain
proteolytic enzymes, including collagenases, which can degrade matrix con-
stituents.

In addition to these in wvitro studies, the composition of the matrix in
clinical renal disease should be further examined utilizing the probes now
available (Striker et al., 1984b).

Finally, the effect of specific alterations in matrix components might
yield useful information on the localization of material deposited in glomeruli.
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The Role of Fixed (Native) and Planted
Antigens in Glomerular Disease

Curtis B. Wilson

The humoral mechanisms of immunologic injury causing glomerulonephritis
(GN) and potentially tubulointerstitial nephritis can be classified on the basis
of the solubility of the antigens involved (Table 1) (Wilson and Dixon, 1981)
Soluble antigens in circulating or extravascular fluids, upon reaction with
antibody, lead to immune complex (IC) formation. Circulating IC can attain
widespread vascular deposition, or their localization may be confined pri-
marily to the glomerulus, which appears to be a particularly susceptible site.
Circulating IC can form involving exogenous antigens, generally from
infectious agents, or endogenous antigens, such as nuclear materials or
tumor-associated antigens (Wilson and Dixon, 1981). IC formation also
occurs extravascularly, as in the Arthus reaction (Cochrane and Janoff, 1974),
in experimental thyroiditis (Clagett et al., 1974), and in some tubulointerstitial
renal diseases in which tubular antigens, including Tamm-Horsfall protein,
have been implicated (Unanue et al., 1967; Hoyer, 1980).

Antibodies can also react directly with insoluble (kidney-fixed) antigens
(Table 1) (Wilson, 1979; Wilson and Dixon, 1979; Couser and Salant, 1980).
Tissue-fixed antigens may be either structural components of the kidney,
such as glomerular basement membrane (GBM) and other non-GBM capillary
wall materials, or substances from some extrarenal source that are trapped
or planted within the glomerulus or potentially other renal structures. Once
an immune reaction has occurred and antibody has deposited in the glomer-
ulus or extraglomerular renal tissue by either mechanism, mediation systems
are brought into play, leading to tissue injury. Depletion studies have clearly
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Table 1. Categorization of Antibody-Induced Renal Injury Based on the Solubility and
Location of the Antigens Involved

Antibodies reactive with soluble antigens
Soluble antigens in the circulation
Circulating immune complex disease
Exogenous antigens—e.g., drugs, microbial antigens
Endogenous antigens—e.g., nuclear proteins, tumor antigens
Soluble antigens in the extravascular fluids
Extravascular immune complex disease
Experimental models—Arthus reaction, tubular antigens
Antibodies reactive with insoluble or tissue-fixed antigens
Structural antigens of the kidney
Classic basement membrane antigens
GBM antigens
TBM antigens
Other nonclassical glomerular capillary wall antigens
Experimental models—glomerular antigens in rats (Heymann’s nephritis), rabbits
Exogenous or endogenous antigens trapped or “planted” in the kidney
Experimental models—e.g., immunoglobulin, immune complexes, mesangial deposits,
charged molecules, lectins, ?bacterial products, PDNA

shown a role for complement, polymorphonuclear leukocytes (Cochrane,
1978), and recently monocytes/macrophages (Schreiner et al., 1978; Hold-
sworth et al., 1981) in certain stages of glomerular damage in experimental
animals.

1. Nephritogenic Basement Membrane Antigens

1.1. Experimental Anti-Basement Membrane Antibody Diseases

Of tissue-fixed antigens that react deleteriously with antibody, the GBM
has been recognized as a nephritogenic antigen from experiments dating
back through the work of Masugi in the 1930’s to the original observation
of Lindemann in 1900, who showed the nephrotoxicity of heterologous
antikidney antisera (Unanue and Dixon, 1967). More recently, tubular base-
ment membrane (TBM) has been shown to be the nephrotogenic antigen in
certain forms of tubulointerstitial nephritis (Andres and McCluskey, 1975;
Wilson and Dixon, 1981). Experimentally, heterologous anti-GBM antibody-
induced GN occurs in two phases. The first or immediate phase is produced
when a sufficient amount of antibody is administered. In the rat, this takes
about 75 pg of antibody per gram of kidney (Unanue and Dixon, 1965a).
Seven to ten days after administration of the antibody, a second, autologous
or delayed phase occurs when the host makes an immune response to the
foreign or planted immunoglobulin that is bound to its glomerulus (Unanue
and Dixon, 1965b). This phase of injury is the classic example of a planted
antigen leading to glomerular injury.
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Table 2. Anti-Basement Membrane Antibody Diseases in Man

Anti-GBM antibodies are associated with:
Combined pulmonary hemorrhage and glomerulonephritis (Goodpasture’s syndrome)
Severe, often rapidly progressive glomerulonephritis
Occasionally milder, sometimes remitting forms of glomerulonephritis
Pulmonary hemorrhage presenting as idiopathic pulmonary hemosiderosis
Recurrent or de novo glomerulonephritis after transplantation
Anti-TBM antibodies are associated with:
Tubulointerstitial nephritis
Complicating anti-GBM glomerulonephritis
Complicating immune complex glomerulonephritis
Some drug-associated tubulointerstitial nephritis
Rarely primary tubulointerstitial nephritis
Recurrent or de novo tubulointerstitial nephritis after transplantation
Other anti-basement membrane antibodies may be responsible for:
Choroid plexus injury
Intestinal injury

Several models of both anti-GBM and anti-TBM antibody-induced
diseases have been produced in experimental animals by active immunization
with GBM, GBM-like antigens isolated from the urine, or TBM (Wilson and
Dixon, 1981). For example, sheep immunized with GBM in adjuvant develop
a fulminant proliferative GN, with immunologic evidence of anti-GBM
antibodies bound to the GBM (Steblay, 1962). Furthermore, anti-GBM
antibodies recovered from their circulations transfer the disease to normal
sheep (Lerner and Dixon, 1966).

1.2. Anti-Basement Membrane Antibody Diseases in Man

In 1967, Lerner and associates demonstrated the immunopathologic role
of anti-GBM antibodies in a series of patients with GN and linear deposits
of IgG along their GBMs (Lerner et al., 1967). Anti-GBM antibodies, either
obtained from the circulations of these patients or eluted (acid pH) from
their renal homogenates, were capable of transferring GN to subhuman
primates. The immunopathogenicity of anti-GBM antibodies in human GN
was further confirmed when glomerular injury recurred in a renal transplant
placed in one of these patients who had demonstrable circulating anti-GBM
antibodies. With the help of many collaborators located around the United
States and abroad, we have been able to identify almost 700 patients with
anti-GBM antibodies. As the series grows, an increasingly larger spectrum
of clinical manifestations emerges (Table 2). About 61% of the patients have
a condition called Goodpasture’s syndrome, consisting of pulmonary hem-
orrhage and GN. About 37% have GN alone, and 2% have their clinical
disease confined to the lung. GN is often rapidly progressive but may be
milder and self-remitting. Anti-TBM antibodies accompany the anti-GBM
antibodies in about 70% of instances (Lehman et al., 1975). At least two types
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of anti-TBM antibodies are associated with anti-GBM disease, one reacting
with the TBM of only a few tubules and the other reacting diffusely with
the TBM of all cortical nephrons. Anti-TBM antibodies also occasionally
complicate IC-induced GN and drug-related renal injury, for example, in
association with methicillin-related tubulointerstitial nephritis (Border et al.,
1974). There are also a few patients who may have primary tubulointerstitial
anti-TBM disease (Andres and McCluskey, 1975; Wilson and Dixon, 1981).
The choroid plexus basement membrane is an occasional additional site for
the reaction of anti-basement membrane antibodies (Wilson and Dixon,
1981). We have seen one patient with intractable diarrhea and nephrotic
syndrome who had anti-basement membrane antibodies that reacted with
the basement membrane of the jejunum in addition to the TBM (Wilson
and Dixon, 1981). Even transplanted kidneys may provide a reactive site,
and a complication of this surgical procedure is the recurrence or de novo
production of both anti-GBM and anti-TBM antibodies (Wilson and Dixon,
1973).

Very little is known about the stimuli that initiate spontaneous autoim-
mune anti-GBM antibody responses. Since the anti-GBM antibody response
is usually transient, the stimulus may also be short-lived. Although no obvious
stimulus has been identified as common to an appreciable number of patients,
some possible stimuli, such as influenza A2 infection, hydrocarbon solvent
and drug exposure, and renal injury, are associated temporally with the
onset of disease in a few patients (Beirne and Brennan, 1972; Wilson and
Dixon, 1973; Border et al., 1974; Beirne et al., 1977). Occasionally, immu-
nologic renal injury can precede the formation of anti-GBM antibodies, as
in membranous GN (Klassen et al., 1974) or systemic lupus erythematosus
(Wilson and Dixon, 1981). We have three patients in our series who have
developed anti-GBM antibody after treatment of Hodgkin’s disease or other
lymphomas. Others have noted this association (Kleinknecht et al., 1979). It
may be that stroma of the lymph node, particularly after treatment with
radiation for lymphoma, may in some way induce anti-GBM antibodies in
occasional patients much as lymphoid stroma induced anti-GBM antibodies
in anti-lymphocyte globulin preparations some years ago (Wilson et al., 1971).
Differences in basement membrane antigens also occur between individuals,
which, as will be discussed later, have contributed to the formation of anti-
GBM and/or anti-TBM antibodies after renal transplantation (Wilson, 1980a).
Basement membrane antigens are also present in the urine (and serum)
(McPhaul and Dixon, 1969; Willoughby and Dixon, 1970). When concen-
trated and reinjected, the urinary antigens can induce nephritogenic anti-
GBM antibodies in experimental animals (Lerner and Dixon, 1968). Similar
antigens conceivably could lead to induction of anti-basement membrane
antibodies in man.

Several years ago, we developed a radioimmunoassay for anti-GBM
antibodies utilizing as an antigen a collagenase-solubilized GBM preparation
(Wilson et al., 1974a). Other assays are available for the same purpose but
involve somewhat different methods of GBM antigen solubilization (reviewed
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in Wilson and Dixon, 1981). The collagenase-solubilized GBM antigen blocks
the reaction of anti-GBM antibodies with basement membranes detectable
by indirect immunofluorescence, suggesting that the antigen mixture contains
most, if not all, the relevant nephritogenic GBM antigens. Th antigen is
nephritogenic in animal studies.

The reactive antigen can be characterized by polyacrylamide gel electro-
phoresis (PAGE) (Holdsworth et al., 1979). When the immune precipitates
of human anti-GBM antibodies and collagenase-solubilized antigens are
analyzed by PAGE, two peaks of reactivity having molecular weights of
approximately 54,000 and 27,000 are identified. These reactive peaks have
about an 80% homology on peptide map analysis. Some reactive material
does not enter the gel. It is possible to isolate the reactive antigen peaks by
immunoabsorption. Amino acid analysis of the material purified by immu-
noabsorption reveals that there is no hydroxyproline or hydroxylysine,
indicating its noncollagenous nature. The antigenic mixture has significant
amino acid differences from the whole isolated GBM, having considerably
more serine, glutamic acid, and lysine, and less proline, valine, methionine,
isoleucine, leucine, tyrosine, phenylalanine, and arginine. Qualitative assess-
ment of the carbohydrate content of the reactive materials suggests a
heteropolysaccharide content. It is possible to obtain fractions that are
enriched for either the 54,000- or the 27,000-molecular-weight peaks.
Although all sera with anti-GBM antibodies react with both fractions, most
sera bind better to the fraction enriched for the 54,000-molecular-weight
peak. Samples from a few patients react preferentially with the fraction
enriched for the 27,000-molecular-weight material, and several sera react
similarly with both fractions. Thus, individuals vary somewhat in reactivity,
which may allow for further subdivision of the anti-GBM antibody patient
population.

The immunoabsorbent-purified GBM antigen material detects anti-
basement membrane antibodies in almost all patients who have other
immunopathologic features of anti-basement membrane antibody disease
(Wilson, 1980b). There is little quantitative difference in the levels of antibody
binding between patients with Goodpasture’s syndrome and those with anti-
GBM antibody-induced GN alone, implying that the different clinical pres-
entations are not related to the quantities of anti-GBM antibody detected.
For positive identification, serum must be obtained early in the course of
disease, since the production of circulating anti-GBM antibody is transient,
disappearing within a mean duration of about 15 months (range 1-58
months). We have seen one woman who had three bouts of Goodpasture’s
syndrome over an 1ll-year period, with reasonable documentation of anti-
GBM antibodies during the first and last episodes (Dahlberg et al., 1978).
Some differences in the anti-basement membrane antibodies of patients with
Goodpasture’s syndrome and those with GN alone are suggested by the
relative extent of nonrenal basement membrane reactivity demonstrated
some years ago by using immunofluorescence (McPhaul and Dixon, 1970).
We have just completed a survey of circulating anti-lung basement membrane
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antibodies in 60 patients with anti-GBM antibody-induced Goodpasture’s
syndrome compared to 60 patients with anti-GBM antibody-induced GN
only. Samples from patients with Goodpasture’s syndrome reacted with lung
basement membrane antigens, as tested by indirect immunofluorescence,
much more frequently than did those with GN alone. Since the clinical
division between the two groups is rather arbitrary, some of the overlap may
reflect incorrect clinical classification.

The observation that anti-GBM antibody production is transient (Wilson
and Dixon, 1973) has generated enthusiasm for aggressive treatment to
hasten the decline of antibody production and remove antibody already
present in the circulation. This is done with immunosuppressive regimens—
including steroids, cyclophosphamide, and other immunosuppressive
drugs—and plasma exchange to remove 4-5 liters of plasma every day,
replacing the plasma volume with physiologic fluids that do not contain
antibody (Lockwood et al., 1975; Johnson et al., 1978). Individual episodes
of pulmonary hemorrhage do not correlate well with levels of detected anti-
GBM antibody. For many patients, clinical problems such as infection and
physiologic disturbances, as in fluid overload (Rees et al., 1977; Johnson et
al., 1978), bring on a bout of pulmonary hemorrhage which can be very
severe and actually life-threatening, although generally short-lived. At the
moment, combined plasma exchange and plasmapheresis therapy are in
tavor (Lockwood et al., 1979). Evaluation must await carefully controlled
clinical trials which are in progress (Johnson et al., 1979). In the most
advanced trial, some improvement has been noted in patients treated with
immunosuppressive regimens and plasmapheresis compared with those
treated with immunosuppression alone; however, the number of patients
studied is still small. From the random data available to us from individual
patients at many centers (patients not treated in a uniform manner), benefits
are suggested. In patients with only mild-to-moderate renal damage, only
20% who were untreated retained adequate renal function to support life
without dialysis. About 40% of those treated with steroids and immunosup-
pressive agents alone and 70% of those treated with combined steroids,
immunosuppression, and plasma exchange therapy had initial improvement
with maintenance of adequate renal function. We do not yet know how many
of these with initial improvement will eventually deteriorate and lose renal
function but some do so in a matter of months (Johnson et al., 1978; Finch
et al., 1979).

Often, patients with anti-GBM antibody disease lose renal function and
are considered for renal transplantation. As noted earlier, one of the most
convincing pieces of evidence demonstrating the nephrotoxicity of human
anti-GBM antibodies was the observation of recurrent GN in kidneys trans-
planted into patients while circulating anti-GBM antibodies were present
(Lerner et al., 1967; Wilson and Dixon, 1973). If transplantation is postponed
until anti-GBM antibody has largely disappeared from the circulation,
patients do not usually develop clinically severe recurrences when heavily
immunosuppressed for transplant management. Whether the patient’s ability
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to produce autoimmune anti-GBM antibody responses has disappeared, or
whether this function is simply blunted by the immunosuppressive regimen,
remains to be evaluated fully. This question could be answered recently in
a woman who had classic anti-GBM antibody-induced Goodpasture’s syn-
drome (Almkuist et al., 1981). Circulating anti-GBM antibody had disap-
peared after nephrectomy and remained absent over a 2-year period of
follow-up. The patient was then transplanted with an identical twin kidney,
without the usual transplant immunosuppression. She soon redeveloped
circulating anti-GBM antibody and had clinical and immunopathologic
evidence of recurrent anti-GBM antibody-induced GN. Subsequently, im-
munosuppression and plasma exchange terminated the antibody response,
and graft function was preserved. The initial nonimmunosuppressed course
allowed redevelopment of the anti-GBM antibody response, apparently
stimulated by antigens in the identical twin kidney.

We have been interested recently in the differences in nephritogenic
basement membrane antigens between individuals as another potential
inducer of anti-basement membrane antibody responses in the renal trans-
plant population (Wilson, 1980a). There are strain and individual differences
in basement membrane antigens in animals and in man. For example, the
brown Norway rat contains a nephritogenic TBM antigen that the Lewis rat
lacks (Lehman et al., 1974a). Anti-TBM antibodies can be induced in a Lewis
rat by transplanting it with a TBM antigen-positive kidney from a brown
Norway X Lewis F; hybrid (Lehman et al., 1974b). We have seen one similar
example in a man who lacked the usual nephritogenic TBM antigens in his
own kidneys, and who, upon receiving two separate kidney grafts, each with
the normal TBM antigens, developed anti-TBM antibodies both times (Wilson
et al., 1974b).

Some kindreds of individuals with the hereditary kidney disease termed
Alport’s syndrome lack the usual nephritogenic GBM antigens (McCoy et al.,
1976). One individual with Alport’s syndrome who lacked the nephritogenic
GBM antigens in his own kidney developed anti-GBM antibodies when
transplanted with a normal kidney (Wilson, 1980a). Researchers in England
recently found that patients with anti-GBM antibody-induced Goodpasture’s
syndrome had a high frequency of DRW2 alloantigen (Rees et al., 1978).
Whether such a genetic distribution, if confirmed, relates to the antibody
response or to the distribution of GBM antigens remains to be determined.

2. Other Nephritogenic Glomerular Capillary Wall Antigens

These newly recognized nephritogenic immune systems differ from the
classical GBM antigenic mechanisms described previously only in the nature
of the antigens involved (Table 1). We sometimes elute antibody from human
GN kidneys that appears to react with antigens like those from the animal
models to be discussed, suggesting that human counterparts of these models
will be identified.
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2.1. Structural Glomerular Antigens

By immunofluorescence study, 30-40% of older New Zealand white
rabbits have evidence of GN (Verroust ¢t al., 1974). Their glomerular disease
is characterized by irregular, granular deposits of immunoglobulin and
complement in the glomerular wall which are suggestive of those seen in IC
types of GN. By electron microscopy, irregular, nearly continuous electron-
dense deposits are seen along the subepithelial aspect of the GBM. The
electron-dense deposits are not as distinct and circumscribed as deposits
usually associated with IC GN. The immunoglobulin eluted from these
kidneys reacts with the glomerular capillary wall of normal rabbits (by indirect
immunofluorescence) (Woodroffe et al., 1978). The reaction of the eluate is
somewhat irregular, with reactive sites appearing to extend away from the
epithelial aspect of the GBM. When the fixation of the eluted antibody was
evaluated at the ultrastructural level with immunoperoxidase techniques,
binding was detected in the areas where the epithelial cell foot processes
attach to the GBM (Neale and Wilson, 1978). This, then, is an example of a
nonclassic GBM glomerular capillary wall antigen that is involved in spon-
taneous GN. The physicochemical nature of this new nephritogenic antigen
remains to be defined. A radioimmunoassay is being developed to detect the
antibody in rabbits and in turn may prove useful in extending our under-
standing of similar systems to man.

Another GN that seems to involve the direct reaction of antibody with
glomerular capillary wall antigens is the model developed by Heymann and
colleagues in the late 1950s, employing rats immunized with rat kidney
suspensions in adjuvant (Heymann et al., 1959). By immunofluorescence,
rats with Heymann’s nephritis have granular immunoglobulin and comple-
ment deposits along the GBM, and by electron microscopy, electron dense
deposits are present on the subepithelial aspect of the GBM. The immuno-
fluorescence deposits are not as round and circumscribed as those usually
associated with circulating IC deposits, but are rather more geographic in
nature, suggesting that they may outline structures within the glomerular
capillary wall. In 1967, it was found that eluates from these kidneys reacted
with renal tubular brush border antigens of the proximal renal convoluted
tubule, leading to the postulate that this disease was an autologous IC
disease involving formation and glomerular deposition of antibody and renal
tubular brush border antigen (Edgington et al., 1967, 1968). A crude extract
of renal tubules (termed Fx1A) was found which induced the lesion, and a
28 S lipoprotein purified from the Fx1A (termed RTE-a-5) could induce
the illness when given in very small quantities (Edgington et al., 1968). In the
mid-1970s, a model with similar immunopathologic findings was induced
using heterologous anti-Fx1A antibodies (Barabas and Lannigan, 1974;
Feenstra et al., 1975). Recent studies indicate that the glomerular binding of
the heterologous anti-Fx1A antibodies proceeds slowly over several days
(Salant et al., 1980). In 1978, in vivo and in vitro studies using perfused
kidneys suggested that the heterologous anti-Fx1A antibodies bound to
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antigen already present in the glomerulus (Couser et al., 1978; Van Damme
et al., 1978). The antibody was infused in such a way as to exclude the
presence of circulating antigen and subsequent IC formation.

A question then arose regarding the nature of reactivity in the active
Heymann’s nephritis model. We found that eluates of kidneys from rats with
Heymann’s nephritis contained antibody that could bind to an antigen(s)
present within normal rat glomerular capillary walls (Neale and Wilson,
1979). The antibodies binding to the glomerular capillary wall were present
in lower dilutions than those also present that bound to the renal tubular
brush border antigens, as had been observed earlier by Edgington et al.
(1967, 1968). By using an immunoperoxidase electron microscopic method,
it was possible to localize the reactive antigen in the glomerular wall in a
scattered granular distribution concentrated along the subepithelial aspect
of the GBM (Neale and Wilson, 1979). Similar eluates bind to glomeruli
when passed through the isolated perfused kidney described previously
under circumstances in which IC formation is excluded. This process shows
that the eluted antibody can bind directly to the glomerulus (T. J. Neale, W.
G. Couser, and C. B. Wilson, unpublished observations). These studies,
however, neither exclude an additional role of tubular antigen-antibody IC
in this model, as postulated by Edgington et al. (1967), nor do they provide
information regarding a separation, if any, between glomerular and tubular
antigens and the antibody reactivities to them.

Based on the rabbit and rat models, the concept of direct antibody attack
against glomerular antigens can be expanded to include not only the GBM
but at least two other glomerular capillary wall antigens. These antigens are
concentrated around the epithelial cell foot processes in the rabbit model
and are present as scattered granular accumulations along the subepithelial
aspect of the GBM in the Heymann’s nephritis model.

2.2. Planted Glomerular Antigens

Materials normally exogenous to the glomerulus may become trapped
or planted within the glomerular capillary wall for subsequent nephritogenic
immune reaction. As mentioned earlier, heterologous anti-GBM antibody in
the autologous phase of experimental anti-GBM antibody-induced GN is a
classic example of a planted nephritogenic antigen. In IC-induced GN, the
IC becomes a source of planted antigen (or antibody) for continued inter-
action of antibody (or antigen) from the circulation. In experimental situa-
tions, it is possible to show that antibody or antigen alone can bind to the IC
deposits. Once an IC lesion starts, it can in theory be perpetuated by
interactions of either antigen or antibody alone from the circulation, as they
react with previously planted IC. The most convincing evidence that materials
from the circulation interact with planted IC in the serum sickness models
is the situation in which extreme antigen excess is created purposely; just as
IC are dissolved in vitro by such a manipulation, they are removed quanti-
tatively from the glomerulus (Wilson and Dixon, 1971). As a result, the
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rabbit with chronic serum sickness GN recovers completely if treatment
begins before irreversible damage is done (Wilson, 1974). Extreme antigen
excess treatment also rapidly terminates specific antibody production, pro-
viding another therapeutic benefit.

Other planted antigens are known or have been discussed. Material
taken up in the mesangium can react with antibody and in turn can cause
GN (Mauer et al., 1973). It has also been suggested that DNA may combine
with the GBM for subsequent IC formation iz situ when anti-DNA antibody
is present (Izui et al., 1976, 1977). If so, this mechanism could play a part in
some of the autoimmune anti-DNA diseases that are inducible with bacterial
lipopolysaccharide or parasites.

Just as antigen and antibody can combine with deposited IC in situ, other
antibodies formed by the host to components of the IC deposit, for example,
anti-idiotypic antibody, rheumatoid factor, or potentially immunoconglutin-
ins, might add to the deposit and thus increase phlogogenicity. Once a nidus
of planted antigen is present, continuing development of the inflammatory
lesion is possible.

We were interested to see if material that binds to the glomerular
capillary wall for physicochemical reasons could serve as a nephritogenic
planted antigen. We used the lectin concanavalin A (Con A), which binds to
carbohydrate in the glomerular capillary wall (Golbus and Wilson, 1979).
Con A infused into the renal artery of a rat binds to the glomerular capillary
wall in a pattern determined by how much is given and the time sequence
of sampling; the localization is rather linear early and becomes more irregular
and scattered later. Passively administered antibody reacts with the planted
Con A-incited GN (Golbus and Wilson, 1979). In quantitative terms, when
sufficient Con A is infused to plant 75 pg/g of kidney, glomerular injury
occurs when about 70 ug/g of the administered anti-Con A antibody binds.
As mentioned earlier, it takes a similar amount (about 75 ug) of anti-GBM
antibody per gram of kidney to induce immediate phase anti-GBM antibody
injury in the rat (Unanue and Dixon, 1965a). Con A planted in the kidney
of a rat previously immunized to Con A also incites glomerular injury by
interaction of the autologously formed antibody. This lectin model clearly
establishes the nephritogenic potential of antigens fixing to the glomerular
capillary wall for any of a variety of physicochemical reasons, including
charge characteristics of the polyanionic glomerular capillary wall by attract-
ing cationic substances such as protamine, ruthenium red, and other cationic
dyes (Farquhar, 1978). Some infectious organisms pathogenic for man have
materials with lectinlike properties, suggesting similar potentials. Occasion-
ally, patients have bacterial antigen localized within the glomeruli, but little
or no immunoglobulin, suggesting the possibility that bacterial antigens bind
directly to the glomerulus (Treser et al., 1969; Hyman et al., 1975; Pertschuk
et al., 1976), in turn serving as planted antigens for in situ IC formation
within the glomerular capillary wall.
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3. Conclusion

In conclusion, the nephritogenic immune reactions involving tissue-fixed
antigens, either structural components of the kidney or foreign materials
trapped there, have been reviewed. Our current understanding of anti-GBM
antibody disease has been outlined. The spontaneous or induced models of
nonclassic GBM or planted glomerular capillary wall antigens in nephrito-
genic immune reactions with the potential human counterparts have been
summarized. Research in the area of nephritogenic immune reactions
involving tissue-fixed antigens must progress on several interrelated fronts
in both man and experimental systems. We need to improve methods of
identification to understand incidence, clinical pathologic correlates, and
natural history. The role of nephritogenic reactions involving nonclassic
GBM and planted antigens in human GN must be determined. The physi-
cochemical nature of the nephritogenic antigens, their physiology, metabo-
lism, and genetic determinants need to be understood. The factors that lead
to the induction of the nephritogenic “autoimmune” antibody responses
must be explored through basic immunology and clinical observations.
Additional information on humoral and cellular mediation systems, and in
particular factors influencing progression of immune renal injury, is needed.
Manipulation of these factors may provide therapeutic benefit. The thera-
peutic efforts currently being tried need to be evaluated in large and well-
controlled trials to judge their real value. Attempts to develop immunologi-
cally specific interruption of the nephritogenic immune reactions should be
the goal for effective and lasting management. This is an exciting area and
one in which meaningful progress can be expected. This progress will in
turn decrease the number of individuals facing the expensive and less than
satisfactory management of end-stage renal failure.
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Deposition of Circulating Immune
Complexes in Glomeruli

Mart Mannik

Experimental and clinical investigations have established the relationship
between circulating immune complexes and the deposition of immune
complexes in glomeruli. In spontaneous disease models, in models induced
by antigen administration, and in human glomerulonephritis the principal
locations of immune complexes are in the subendothelial, mesangial, and
subepithelial areas. The presence of immune complexes in glomeruli can
result from local formation, as reviewed in the paper by Dr. Curtis B. Wilson,
or from deposition of these substances from circulation. The purpose of this
review is to consider the pertinent information on glomerular deposition of
circulating immune complexes.

The known and potential variables related to the mechanisms that lead
to glomerular deposition of circulating immune complexes are numerous.
The categories of variables include: (1) the characteristics and quantity of
circulating complexes and (2) the structural and functional features of the
glomerular capillaries.

1. Characteristics of Immune Complexes

The essential features of immune complexes are antigens, antibodies,
and the nature of the union between these reactants.
1.1. Antigens

Antigens can range from small molecules (e.g., haptens) to macromole-
cules, cells, or microbes. A consideration of soluble, circulating immune
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complexes and their deposition in glomerular structures excludes the dis-
cussion of particulate immune complexes, e.g., antibody-coated red cells or
antibody-coated microorganisms. The chemical nature of antigens influences
the biologic properties of the formed antigen—antibody complexes. The
valence of antigens, defined as the number of antigenic determinants for a specific
antibody, alters the nature of formed complexes. Antigens may range from
uni- to multivalent for a given antibody, and they may possess one or many
different antigenic determinants. The physical size and charge of antigens
influence the biologic properties of formed antigen—antibody complexes.
Finally, antigens alone may bind to glomeruli or interact with cell receptors
thereby altering the fate of circulating immune complexes.

1.2. Antibodies

Antibodies in immune complexes may belong to the IgG, IgA, IgM,
IgD, or IgE classes of immunoglobulins that will dictate the biologic activities
of immune complexes, including complement activation and interaction with
receptors on phagocytic cells. The valence of I1gG, monomeric IgA, IgD, and
IgE is 2, whereas the polymeric IgA and IgM have higher valences, depending
in part on the physical size of antigens.

1.3. The Lattice of Immune Complexes

Defined as the number of antigens and number of antibody molecules
in a given immune complex, the lattice of immune complexes has an
important role in the expression of biologic properties of these materials.
The valence of antigens dictates the lattice of immune complexes. Monovalent
antigens at best can form AgyAb; complexes. Large-latticed immune com-
plexes and immune precipitates cannot be generated. Even bivalent antigens
do not build a sufficient lattice to form a precipitate. Only multivalent
antigens form large-latticed soluble complexes and immune precipitates. The
degree of antigen excess in relation to the point of maximal precipitation
also alters the lattice of complexes; i.e., in very high degrees of antigen excess
only small-latticed complexes are formed (e.g., Ag1Ab;, AgsAby, or AgoAby).
Furthermore, low-avidity antibodies tend to form small-latticed complexes,
and at very low concentrations of the reactants the formed complexes shift
toward formation of small-latticed complexes, even when the antigen—
antibody ratio and antigen valence favor formation of large-latticed com-
plexes. Thus, a number of features can alter the lattice of circulating immune
complexes.

14. Characteristics of Circulating Immune Complexes That Influence
Glomerular Deposition

In chronic serum sickness models of glomerulonephritis subendothelial,
mesangial, and subepithelial deposits of immune complexes were encoun-
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tered. In these models it was not possible to distinguish with certainty between
local formation of antigen—antibody complexes and deposition of immune
complexes from circulation. The injection of characterized, preformed
immune complexes into experimental animals has elucidated several variables
that influence glomerular deposition of complexes. These studies have
focused on the use of antibodies of the IgG class of immunoglobulins with
few exceptions. Rifai et al. (1979) used mouse plasmacytoma (MOPC-315) as
a source of IgA antibodies to the dinitrophenyl (DNP) group to form immune
complexes with DNP-BSA conjugates. Upon injection into mice these
preformed immune complexes localized principally in the mesangial area.
Furthermore, soluble, preformed immune complexes prepared with IgA
antibodies and dextrans as antigens, varying in size and in isoelectric point,
localized after intravenous injection in the mesangial area, most likely because
of rapid removal of these antigens from circulation and formation of large-
latticed complexes (Isaacs and Miller, 1983). Aggregated human IgM as a
surrogate for immune complexes localized upon injection into rats in the
mesangial and subendothelial areas (Kijlstra et al., 1978). All subsequent
comments will be confined to immune complexes containing the IgG class
of antibodies.

The total load or concentration of immune complexes in circulation
influences the extent of their deposition in glomeruli. A relatively small
amount of circulating antigen was deposited in glomeruli in acute or chronic
serum sickness models (Wilson and Dixon, 1970, 1971). A small fraction of
injected, preformed complexes deposited in kidneys (Arend and Mannik,
1971). The concentration of circulating immune complexes is a dynamic
balance between the rate of immune complex formation and the rate of
immune complex removal. Very little is known about the rate of immune
complex formation in spontaneous disease models and human diseases. The
hepatic mononuclear phagocyte system (Kupffer cells) plays the key role in
removal of soluble circulating immune complexes. Large-latticed immune
complexes (defined as containing more than two antibody molecules, i.e.,
>AgsAbs) were effectively removed from circulation by the Kupffer cells
owing to interaction with Fc receptors, whereas small-latticed complexes
(Ag1Ab;, AgoAb;, AgoAby) persisted longer in circulation than large-latticed
complexes (Mannik et al., 1971; Arend and Mannik, 1971; Mannik and
Arend, 1971; Haakenstad and Mannik, 1976). The hepatic uptake of immune
complexes was saturable and resulted in prolonged circulation and enhanced
glomerular deposition of complexes (Haakenstad and Mannik, 1974; Haak-
enstad et al., 1976). When the mononuclear phagocyte system was activated
in mice with Corynebacterium parvum, clearance of circulating immune com-
plexes was enhanced and glomerular deposition decreased in comparison to
control mice (Barcelli et al., 1981).

The injection of preformed immune complexes into unimmunized
animals has shown that circulating immune complexes deposit only in the
subendothelial and mesangial areas of glomeruli and not in the subepithelial
area, when they were examined both by immunofluorescence and by trans-
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mission electron microscopy. These studies were all done in mice, using
rabbit antibodies to BSA (Okumura et al., 1971), to HSA (Haakenstad et al.,
1976), or to DNP-BSA (Koyama et al., 1978).

Several lines of evidence suggested that only large-latticed immune
complexes (>AgsAbz) were deposited from circulation into the subendo-
thelial and mesangial areas. First, when mixtures of large-latticed and small-
latticed complexes were administered, deposition in glomeruli progressed
only while large-latticed complexes persisted in circulation, and the deposits
declined in intensity while small-latticed complexes remained in circulation
(Haakenstad et al., 1976). Second, when only small-latticed complexes were
administered, achieved by preparing HSA—anti-HSA complexes at 50-fold
antigen excess, no glomerular deposition was seen over a 4-day period
(Mannik and Haakenstad, 1977; Haakenstad et al., 1982). Third, when
preformed large-latticed immune complexes were allowed to deposit in the
mesangial and endothelial areas, then the administration of excess antigen
resulted in release of all extracellular complexes, by conversion of large-
latticed to small-latticed immune complexes (Mannik and Striker, 1980).

The role of antibody avidity in deposition of immune complexes in
glomeruli has been examined by several investigators, but only some examples
will be considered here. In one study preformed complexes were prepared
at 80-fold antigen excess from ovalbumin and rabbit antibodies to ovalbumin,
using either high- or low-avidity antibodies (Germuth et al., 1979a,b). The
injection of preformed immune complexes made with low-avidity antibodies
resulted in epithelial deposits, detected by immunofluorescence microscopy
and by electron microscopy. In contrast, when complexes prepared with
high-avidity antibodies were injected, the complexes were localized in the
mesangial area. The difference was attributed to the variation in antibody
avidity. Three points are of note in relation to these experiments. First, free
ovalbumin, with a molecular weight of 40,000, persists in circulation of mice
for a short time with half of the material removed in less than 10 min.
Therefore, the injected 80-fold excess antigen is quickly removed from
circulation. Second, the complexes prepared at 80-fold antigen excess most
likely were small latticed. Third, the lattice of complexes prepared with low-
and high-affinity antibodies would differ mainly in the dissociation into free
antigen and free antibody. The most likely explanation for the observed
results is that with rapid loss of excess antigen, the complexes with high-
avidity antibodies were converted to large-latticed complexes and localized
in the mesangial area. On the other hand, with loss of excess antigen, the
complexes with low-avidity antibodies dissociated into free antigen and free
antibody, thus creating alternating presence of antigen and antibody with
repeated injections and resulting in local formation of immune complexes
in the subepithelial area, as demonstrated experimentally by Fleuren et al.
(1980).

The conclusion of Koyama et al. (1978) that immune complexes made
with high-avidity antibodies and DNPgo'BSA localized in the mesangial area
and immune complexes made with low-avidity antibodies and DNP2o-BSA
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resulted in no glomerular deposition also is best explained on the basis of
the lattice of formed complexes. The former combination of reactants
resulted in large-latticed and the latter in small-latticed complexes. The same
authors also showed that antigen valence influenced glomerular localization
of complexes. Complexes prepared with DNPso-HSA and antibodies with
moderate avidity localized in the mesangial area, but complexes with the
same antibody and DNP;-BSA had only minimal deposition in glomeruli.
The latter complexes most likely consisted only of small lattices under the
conditions used. These observations indicate that the influence of antibody
avidity in glomerular localization of complexes is expressed through varying
lattice formation and the ability of complexes made with low-avidity antibodies
to dissociate into free antigen and free antibody.

Several investigations have explored the interaction between the fixed
negative charge on the glomerular capillary wall and variations in the charge
of immune complexes. Gallo et al. (1981) showed that positively charged
immune complexes decorated the fixed negative charges of mouse laminae
rarae interna and externa, but the development of immune deposits was not
further followed since the observations were only extended to 1 hr after
injection of the immune complexes. Gauthier et al. (1982) showed that
cationized antibodies alone or small-latticed (AgsAbz, Ag;Ab;) immune
complexes prepared with these antibodies persisted only for a few hours in
glomeruli. In contrast, immune complexes with larger lattices and containing
cationized antibodies initially bound to the fixed negative sites in the lamina
rara interna and then condensed into extensive, subendothelial deposits in
the capillary loops. With passage of time these deposits tended to migrate
toward the mesangial area (Gauthier et al., 1982). Immune complexes with
cationic antigens have a comparable sequence of deposition. Immune com-
plexes with negatively charged antibodies deposited in the mesangial area,
indicating that at least some part of mesangial deposition of immune
complexes is not dependent on charge—charge interactions (Gauthier et al.,
1984).

The significance of charge—charge interactions in the planting of antigens
for in situ formation of immune complexes has been examined in detail both
with passive models in rats (Oite et al., 1982) and with active models in rats
and rabbits (Oite et al., 1983; Border et al., 1982). The conclusion has been
reached that cationic molecules with molecular sizes up to and above 400,000
can penetrate the glomerular basement membrane to form immune com-
plexes in the subepithelial area as seen in membranous glomerulonephritis,
whereas proteins with molecular weight of 900,000 and above do not
penetrate the lamina densa (Vogt et al., 1982). Accordingly, small-latticed
immune complexes may reach the subepithelial area if the molecular weight
does not exceed 900,000. In one study the conclusion was reached that
immune complexes can indeed reach the subepithelial area, using complexes
that were covalently cross-linked with a two-stage cross-linking reagent, but
the size of the injected complexes was not carefully defined (Caulin-Glaser
et al., 1983). Thus, some uncertainty remains with regard to the passage of



34 I o Studies of Pathogenesis of Renal Disease

intact immune complexes through the lamina densa of the glomerular
basement membrane. On the other hand, Vogt et al. (1982) have suggested
that immune complexes localized in the subendothelial area may dissociate,
pass through the lamina densa as separate molecules of antigen and antibody,
and reform immune complexes in the subepithelial area.

The sequence of deposition of circulating immune complexes in glo-
merular structures by electron microscopy is of some interest. After the
intravenous injection of a single bolus of immune complexes (Haakenstad et
al., 1976), electron-dense deposits were first seen in endothelial fenestrae
and the subendothelial area, particularly adjacent to the mesangium. This
was followed by development of mesangial deposits. When the large-latticed
complexes cleared from circulation, then the visible deposits disappeared
first from the endothelial fenestrae, then the subendotheial area, and
eventually from the mesangial area. The injected immune complexes in these
preparations were soluble and ranged up to about 22 S on ultracentrifugation,
obviously not approaching the size of deposits visualized by electron micros-
copy in tissue specimens. Therefore, during the glomerular filtration process
at the glomerular capillary wall a rearrangement or condensation of immune
complexes must occur to form precipitates that become visible by electron
microscopy. During this process the excess antigen must not become concen-
trated locally since otherwise precipitates would not be achieved. The
formation of the precipitates or large aggregates as visible deposits appears
to depend on immunospecific reactions since (1) the immune deposits are
dissolved by large amounts of excess antigen (Mannik and Striker, 1980); (2)
when in mice immune deposits developed simultaneously with ferritin and
with fibrinogen as the antigens, the immune deposits were segregated by
electron microscopy to those containing ferritin and those containing
fibrinogen without mixed deposits (Kubes, 1977).

Proof for condensation of immune complexes into larger lattices was
provided with a system where covalent bonds could be established between
the haptenic group and antibody-combining site after complexes with a
desired lattice had been formed (Mannik et al., 1983). The complexes that
had a fixed lattice and were not able to precipitate initially interacted with
glomerular structures to the same extent as complexes that were not covalently
cross-linked. With passage of time the cross-linked complexes disappeared
from glomeruli in less than 8 hr, whereas the non-cross-linked complexes
persisted and evolved into large, electron-dense deposits. The necessity of a
precipitating antigen—antibody system for development of electron-dense
immune deposits in the subepithelial area was demonstrated by using varying
hapten density on a carrier protein (Agodoa et al., 1983). With nonprecipi-
tating antigen—antibody systems and cationic antigens, transient immune
deposits were present by immunofluorescence microscopy, and electron-
dense deposits did not evolve. When precipitating antigen—antibody systems
were used, then the deposits persisted by immunofluorescence microscopy
and electron-dense deposits evolved. These series of experiments emphasized
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the requirement for precipitating antigen—antibody systems for development
of persisting glomerular immune deposits.

The precedlng discussion of rearrangement of soluble immune com-
plexes into immune precipitates during deposition in glomeruli raises the
question of how a variety of protein aggregates form deposits in glomeruli,
including aggregated albumin, aggregated IgG, and aggregated IgM (Michael
et al., 1967; Kijlstra et al., 1978). The answers to this question are not known.
Polymers of IgG, however, are known to undergo nonimmunospecific
protein—protein interactions (Nardella and Mannik, 1978) that may explain
formation of large deposits, again provided that local concentration increases
owing to either filtration process or electrostatic interactions.

The current concepts on the role of the nature of circulating immune
complexes on glomerular deposition can be expanded by the study of
deposition of a carefully characterized spectrum of antigen—antibody com-
plexes containing varying antibodies and varying antigens. The concepts
derived from experimental animals can be applied to the characterization of
circulating immune complexes in human diseases.

2. Structural and Functional Features of Glomerular Capillaries in Relation
to Deposition of Circulating Immune Complexes

The role of the negative charge on the glomerular capillary wall in
deposition of circulating immune complexes was considered in the preceding
section.

The role of the C3b receptors in localization of circulating immune
complexes in glomeruli remains uncertain. These receptors have been
identified with certainty only in human and primate glomeruli and were
identified only on epithelial cells (Carlo et al., 1981). When preformed
immune complexes were injected into mice, mouse C3 accumulated in
glomerular deposits with some delay (Haakenstad et al., 1976), indicating
that the antigen—antibody deposits formed in glomeruli prior to binding C3.
Complement components can solubilize already formed immune complexes
(reviewed by Takahashi et al., 1980) or prevent formation of immune deposits
(reviewed by Schifferli and Peters, 1983). The tissue deposition of such
immune complexes with attached components of complement has not been
examined.

The purposeful and known alteration of the glomerular structure or
function should help to clarify the mechanisms of glomerular deposition of
immune complexes. The bulk of completed work in this area has been
directed at the deposition and removal of immune complexes or surrogates
of immune complexes in the mesangium. This topic was recently reviewed
by Michael et al. (1980).

The prior deposition of ferritin—antiferritin complexes in the mesangial
areas of rats delayed the egress and appeared to have enhanced the deposition
of aggregated human IgG, used as a surrogate for immune complexes (Keane
and Raij, 1980). Ford and Kosatka (1980) suggested enhanced deposition of
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circulating immune complexes in mice when prior immune complexes were
formed in the mesangium, but kinetics of deposition were not examined,
and the systems used may have caused some of the observed changes. The
binding of antibodies to rat glomerular basement membrane (Mauer et al.,

1974) and the treatment of rats with aminonucleoside of puromycin (Mauer
et al., 1972) enhanced the deposition of aggregated human IgG in the
mesangium and probably thereby delayed the egress of this substance from
the mesangium. The mechanisms for these alterations in mesangial deposition
of the surrogates of immune complexes remain uncertain. Furthermore, the
reduction of endothelial fenestrae did not impair the mesangial deposition
of the same probe for mesangial function (Keane and Raij, 1981). Bilateral
obstruction of ureters resulted in initially decreased and subsequently en-
hanced accumulation of aggregated human IgG in glomerular mesangium
of rats (Raij et al., 1979).

A decrease of mesanglal dep051t10n of injected, preformed, immune
complexes was observed in rats that had subeplthehal deposits of immune
complexes as part of the induced autologous immune complex nephritis
(Schneeberger et al., 1980). In these experiments some loss of the injected
immune complexes occurred in urine as part of the induced proteinuria.

All these experiments collectively show that know alterations of the
glomerular structure and function can alter the deposition of immune
complexes in glomeruli. The meaning of these observations, however, in
relation to the mechanisms of immune complex deposition from circulation
remains to be elucidated.
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Renal Cystic Disease as the Target of
Research

Kenneth D. Gardner, |Jr.

1. Introduction

Cystic diseases account for 10% of all end-stage kidney disease (Cleveland
and Fellner, 1979). Through Medicaid and Medicare their treatments cost
our society about $200 million annually. Federal support for research into
these conditions—their cause(s), prevention, arrest, and detection—approx-
imates $500,000 a year. That is to say, of every federal dollar spent on renal
cystic disease, more than 99 cents goes for treatment; less than 1 cent goes
for research. This pittance of $500,000 reflects not defective central man-
agement but rather a relative lack in the field of interested, qualified
investigators who are competitive for federal research dollars.

This section is intended to stimulate, intrigue, and inform the non-cyst-
ites among us about where we have been in renal cystic disease and where
we might go. Our ultimate goal is the arrest, prevention, or cure of these
often lethal, most certainly costly, disorders.

2. Cyst Formation

In his classic essay on adult polycystic kidney disease (APKD), Dalgaard
(1957) noted a relatively constant pattern of clinical evolution among
hundreds of subjects: pain, then enlargement, and finally failure of kidney
function. He postulated that cysts, progressively enlarging, compress other-
wise normal adjacent renal tissue until it is unable to function. In brief, in
APKD, Dalgaard attributed renal failure to cyst expansion.
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In the quarter century that has ensued, researchers of cystic kidney
disease have sought answers to three questions that are inherent in Dalgaard’s
postulate: Why do cysts form? Why do they enlarge? Does their enlargement
cause renal failure?

In the susceptible kidney, cysts conceivably could form for a variety of
reasons. Increased compliance of tubular basement membrane or increased
intraluminal pressures—the consequence of obstruction, increased filtration,
or decreased net reabsorption of water—could cause tubular walls to blow
out. Fibrosis in the interstitium could pull on tubular walls, causing them to
pouch out. Tubular cells could grow into the interstitium, undergo central
necrosis, and leave a cystic cavity communicating with the nephrons. A tubule
could elongate, become redundant, and lose its common wall. Adjacent
tubules could coalesce, giving rise to cysts between nephrons.

Three of these possibilities can be laid quickly to rest. Microdissection
and microscopic examination of susceptible and developing cystic kidneys
do not reveal interstitial fibrosis, evidence of looping, or coalescence of
tubules (Baert, 1978). Evidence has accumulated, however, to support both
the “blowing out” and the neoplasia hypotheses. Virchow saw solutes plugging
tubules in adult polycystic disease and cited obstruction as its cause (Editorial,
1969). Several other European pathologists described cellular proliferation
in APKD, sometimes to the point of neoplasia (Nauwerck and Huischmid,
1893).

More recently the “blowing out” and the neoplasia hypotheses have been
the subject of both clinical and laboratory investigations. The clinical studies,
primarily of APKD, group themselves into three major categories: morpho-
logic studies, inulin and isotope perfusion, and cyst fluid analyses.

Microdissection and reconstruction studies reveal that cysts are focal
dilations or appendages of nephrons (Lambert, 1947). In APKD they occur
at various sites, most commonly in the loop of Henle and along the collecting
tubule and duct.

Inulin perfusion studies have yielded conflicting results. Earlier studies
demonstrated that inulin enters and accumulates in cysts in the polycystic
kidney (Lambert, 1947; Bricker and Patton, 1955). More recent observations,
however, contradict this finding (Muther and Bennett, 1980).

In Sweden, Jacobson and his co-workers (1977) injected tritiated water
into cysts in vivo and serially sampled the cyst fluid thereafter. The concen-
trations of tritiated water in cyst fluid fell with time. Turnover rates of cyst
fluid were calculated to be as high as 100 ml/day, far in excess of the single-
nephron glomerular filtration rate in the human kidney. The question of
how such high turnover rates might occur was not answered.

Analyses of cyst fluid have yielded several findings of interest: Cysts
contain fluid whose compositions resemble that of proximal or distal tubular
fluid (Gardner, 1969; Huseman et al., 1980). Sodium concentrations may
range, for example, in a bimodal distribution from highs of 150 to lows of
1 or 2 mEqg/liter. In cysts with low sodium concentrations, amino acids reach
concentrations of 50 mEq/liter (Gardner, 1969). Cyst fluid osmolality ap-
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proximates that of plasma. “Hippurates” appear in low concentrations in
both proximal and distal cysts (Huseman et al., 1980).

The results of these studies of clinical material have led to conclusions
that, in APKD at least, cysts communicate with nephrons, are functional,
and do contribute to the formation of urine. They shed little, if any, light
on the question of pathogenesis.

During these clinical studies, however, several investigators measured
intracystic hydrostatic pressures (Jacobson et al., 1977; Huseman et al., 1980).
The findings are surprisingly consistent. The conclusions are not. Hydrostatic
pressures are elevated in some cysts, but not all, of virtually all cystic kidneys
studied in vivo. Do these findings confirm or deny the presence of obstruction?
The question is under debate.

Dunnill and co-workers (1977) added a new dimension to our under-
standing of renal cystic disorders when they described the morphology of
acquired cystic disease in humans. Noncystic kidneys of patients on chronic
hemodialysis may undergo new cell growth and cyst formation. Studies of
the composition and dynamics of cyst fluid in these kidneys have not been
performed. Nonetheless it now is clear that renal cystic disease in man can
be acquired as well as inherited.

Because clinical material is relatively scarce and difficult to study,
laboratory models of renal cystic disease have been given increasing attention.
They consist, like their human counterparts, of both inherited and acquired
disease. The former occurs in rats, cats, pigs, and mice. The latter is produced
primarily by the feeding of cystogenic chemicals to rats. Of the two varieties,
acquired cystic disease is the more widely studied. It resembles human disease
in that cysts form and enlarge in once-normal kidneys.

Structurally, the animal models, too, display new cell growth, primarily
along collecting tubules and ducts (Evan et al., 1979). It is visible as hyperplasia
and micropolyp formation. It occurs in inherited and in acquired disease. It
appears, before cysts form, along collecting tubules in response to the
cystogens diphenylamine (Evan et al., 1978) and nordihydroguaiaretic acid
(Evan and Gardner, 1979). Sometimes the polyps that develop appear to
partially obstruct nephrons.

Functionally, in the chemically induced models intracystic hydrostatic
pressures are elevated (Evan et al., 1978) or may rise in response to the
introduction by microperfusion of fluid into dilated proximal tubules on the
surface of the kidney (Evan and Gardner, 1979). Water filtration and
reabsorption rates, as measured by micropuncture techniques, appear to be
intact. The excretion of tritrated inulin is delayed from these nephrons.
From observations such as these, the conclusion has been drawn that cystic
nephrons are partially obstructed (Evan et al., 1979).

A second school of thought about pathogenesis has sprung from the
study of another chemical model, that induced in rats by the feeding of
diphenylthiazole (DPT) (Carone et al., 1974). In that model fewer than 5%
of dilated, cystic nephrons had elevated pressures. To explain cyst formation
the concept was invoked that DPT increases the compliance of tubular
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basement membrane, allowing the normal transmural pressure gradient of
some 5 mm Hg to distend the wall. This concept focuses on the prevalence
of nephrons with normal pressures rather than on those with elevated
pressures. As is the case with human disease, then, the significance of some
normal and some elevated hydrostatic pressures in the models has given rise
to controversy (Gardner, 1981).

3. Summary

To summarize, I have highlighted evidence that supports roles for
neoplasia, disordered cell growth, obstruction, and altered mural compliance
in the pathogenesis of renal cysts. The new cell growth that occurs in cystic
kidneys both in inherited and in acquired disease, both in human and in
animal, implicates neoplasia. The occurrence of polyps across species lines
and in pathogenetically dissimilar forms of renal cystic disease strengthens
the likelihood that neoplasia plays a role in cyst formation. The facts that
polyps may partially occlude lumens, that intracystic pressures are increased,
and that the excretion of [*HJinulin is delayed from cystic nephrons, all
favor obstruction. Altered mural compliance is suggested by the observation
that pressures are not elevated in most tubules of one cystic model (DPT).

Based on occasional publications, three additional, possible contributors
to renal cyst formation need to be mentioned: There is a chance that cystic
renal disease may result from nonspecific tubular damage. When the papillary
region of rabbit kidneys is excised, tubules dilate and corticomedullary cysts
form (Cuttino et al., 1977). The renal lesion produced by lead is characterized
by cysts late, but by acute tubular necrosis early, in its course (Boyland et al.,
1962). Small cysts were noted by Oliver in the kidney from a patient with
recurrent episodes of paroxysmal cold hemoglobinuria (Oliver et al., 1951).

It also may be that aging contributes to cyst formation. Simple cysts, at
least, increase in frequency with age. Baert and Steg (1977) believe their
origin lies in collecting tubular diverticulae, which also become more prevalent
as the kidney approaches senesence.

Finally, there is the theme of the cystogenic metabolite, introduced by
McGeogh and Darmady (1975) from experience with the chemical cystogens.
They were the first to suggest that some product of an inherited defect in
metabolism might favor the formation of renal cysts.

Among questions that future research into renal cystic disease might
answer are the following:

1. What is a “cyst”? Are morphologists satisfied that dilated tubules
are cysts or must cysts be fluid-filled sacs with no, one, or two, but
not more, communications with the nephron?

2. Are diverticula forerunners of cysts? What is the difference between
them?

3. Could accelerated aging explain the process of cyst formation?
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4. In fact, is there a cystogenic metabolite? Need we do other exper-
iments, besides transplanting noncystic kidneys into patients whose
native cystic kidneys have failed and then waiting to see if the
transplanted organs become cystic?

5. Is tubular wall compliance, normally low, increased in the kidney
susceptible to cyst formation? ‘

6. Why is tubular cell growth altered in the several forms of renal
cystic disease? Is it response to injury, an inherited defect in tubular
cell replication, or what? Is it restricted to only cystic diseases of
the kidney?

7. Why do cysts form and enlarge?

8. Does their enlargement lead to progressive renal disease?

9. Could pharmacologic intervention limit cyst growth and thereby
slow, arrest, or prevent costly end-stage renal disease?

10. Does water get into cysts and if so, how?

In this section, a group of investigators, whose special interests are
directly or indirectly relevant to renal cystic disease, review several aspects
of this entity. Drs. Bernstein and Evan review the morphology of inherited
and of acquired renal cystic disease in man and animals. Dr. Toback seizes
on the proliferative element and reviews the subject of ordered and disor-
dered growth of renal tubular cells. Drs. Grantham and Bennett present the
issues surrounding the movement and passage of molecules, including inulin
and water, into and out of cysts. Dr. Welling correlates cyst function with
cyst wall structure. Dr. Holmes presents studies of early polycystic kidney
disease. We seek to answer the most practical question of all: Can we cure
renal cystic disease by stopping the growth of cysts?
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Morphology of Human Renal Cystic
Disease

Jay Bernstein

1. Introduction

This chapter contains a discussion of certain morphologic features of
autosomal dominant, adult polycystic kidney disease (APKD) in relation to
current theories of pathogenesis. The principal theories are (1) obstruction
of tubular lumina by epithelial hyperplasia and (2) increased compliance of
tubular walls secondary to an abnormality in the tubular basement membrane.

The first of the two hypotheses has old roots and was revived recently
by Evan and Gardner (1979), who observed epithelial hyperplasia in exper-
imental cystic disease. The observation was then confirmed in human cystic
kidneys by Evan, Gardner, and Bernstein (1979), demonstrating the relevance
of the experimental models to the clinical disease. The second hypothesis,
suggested on the basis of experimental observations by Carone et al. (1974),
was supported by Grantham and colleagues (Cuppage et al., 1980; Huseman
et al., 1980) in clinical studies of solute concentrations and hydrostatic
pressures in human cystic kidneys. Their data indicate that cysts probably
occupy relatively short segments of nephrons, and they found the pressures
in most cysts to lie within the normal range of transmural tubular pressure.
They have interpreted their findings to mean that portions of tubules dilate
without increased pressure and, hence, without obstruction, perhaps as the
result of increased stretchability of tubular basement membranes.

The morphologic observations provide no insight into the etiology of
APKD. They do not serve to differentiate between a developmental abnor-
mality in nephrogenesis leading to malformation and an inherited defect in

Jay Bernstein e Department of Anatomic Pathology, William Beaumont Hospital, Royal Oak,
Michigan 48072. This work was supported in large part by a grant from The William Beaumont
Hospital Research Institute.
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Figure 1. The kidney in an “early”
stage of APKD contains numerous
cysts with well-preserved intervening
parenchyma. The patient was a
young adult, asymptomatic for renal
disease, who died of a ruptured cer-
ebral aneurysm, and postmortem ex-
amination showed renal and hepatic
cysts. Hematoxylin and eosin stain,
X 10.

metabolism leading to abnormal tubular components. Either could theoret-
ically set the stage for progressive cyst formation, although the distinction
does carry implications for potential therapeutic intervention and pharma-
cologic mediation of the abnormality.

2. Distribution of Cysts

Most of us are acquainted with the gross appearance of terminal APKD,
in which the kidney is greatly enlarged and in which the parenchyma appears
to be replaced entirely by cysts. Cysts in early stages of APKD are restricted
and localized in their distribution, which is sometimes disseminated and
sometimes segmental, and not all nephrons are affected. Eulderink and
Hogewind (1978) have demonstrated focal nephronic involvement of neph-
rons in young infants with what appears to have been incipient APKD. I
have illustrated the point that cysts early in the course of APKD are focally
distributed and that the intervening parenchyma is histologically normal
(Bernstein, 1979) (Fig. 1). Although I assumed then that APKD progresses
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Figure 2. The kidney in a late stage of APKD contains large cysts, and the intervening
parenchyma is severely atrophic, with glomerular sclerosis, tubular atrophy, and interstitial
fibrosis. Vascular sclerosis is inconsequential. The parenchymal atrophy may have contributed
more to renal insufficiency than parenchymal replacement by cysts. Periodic acid—Schiff stain,
% 40.

through the involvement of additional nephrons, Huseman et al. (1980) have
estimated that only a small proportion of the nephrons are likely to be
affected. Indeed, microscopic examination of the end-stage lesion shows a
surprisingly large amount of solid renal parenchyma, and it appears unlikely
from visual impression alone that the disease progresses to renal insufficiency
simply because of cystic replacement of the parenchyma. It appears more
likely that renal insufficiency results in large part from secondary effects on
the adjacent parenchyma. The remaining parenchyma is atrophic and
sclerotic (Fig. 2), perhaps from the pressure of enlarging cysts, perhaps from
circulatory impairment.

Several earlier morphologic studies have shown, in relation to the
observations of Huseman et al. (1980) on the functional localization of cysts
to segments of nephrons, that cysts do indeed occupy relatively small segments
of nephrons. Localized nephronic dilatation was shown by Lambert (1947)
in his reconstructions of sectioned kidneys and by Heggo (1966) and Baert
(1978) in their microdissections. Baert showed a predilection of the cysts for
Henle’s loops and the collecting tubules, confirming Heggo’s observations,
and he showed localized dilatations of proximal and distal convolutions.
Incidentally, he found no evidence of abnormal ductal branching or abnormal
nephronic attachment to ducts, and he also found the kidneys to contain
many normal nephrons. He suggested that the cysts might arise from tubular
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Figure 3. A small cyst is lined with hyperplastic epithelium that is thrown into intracystic polyps
and papillae. Note severe fibrosis of the surrounding parenchyma. Hematoxylin and eosin stain,
% 50.

diverticula (Baert and Steg, 1977), which increase in number with age, but
diverticula are ordinarily restricted to the distal tubule (Darmady and
Maclver, 1980).

The occurrence of segmental cyst formation can be interpreted to mean
that there are localized points of predilection, i.e., that some segments
ordinarily have weaker walls or thinner basement membranes than other
segments and dilate preferentially, even were the basement membrane to be
diffusely abnormal. It also might mean that any hereditary weakness of the
wall must be accompanied by a local factor, such as obstruction, to account
for segmental involvement.

3. Evidence of Local Obstruction

Our finding of polypoid epithelial hyperplasia within cysts (Fig. 3) was
an unexpected observation which assumed immediate significance because of
its obvious resemblance to the morphologic findings in experimental cystic
disease. Studies carried out by Evan and Gardner (1979) had shown that the
dilated ducts in experimental nordihydroguaiaretic acid-induced cystic dis-
ease contained epithelial polyps and that luminal obstruction could be
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9,

Figure 4. The epithelium lining the cyst is hyperplastic and forms small intracystic polyps with
vascular cores. Epon section, Azure II-methylene blue stain, X400.

inferred from functional studies. The polyps in APKD result from epithelial
hyperplasia (Fig. 4), and polyps are sometimes so numerous within individual
cysts that they might be regarded as forerunners of neoplasia. Scanning
electron microscopy shows the linings of some cysts to be literally studded
with polyps, and it shows polyps also to be located at the distal ends of the
cysts in position to have occluded the lumens (Evan et al., 1979).

4. Epithelial Hyperplasia in Other Types of Cystic Diseases

The theory according prime importance to luminal obstruction gains
support from the presence of epithelial hyperplasia in several other forms
of renal cystic disease, both hereditary and acquired. Each of the conditions
also postulates a weakness of the tubular basement membrane, but none has
been demonstrated. The epithelial hyperplasia, however, is apparent on
microscopic examination. For example, in end-stage renal disease, particu-
larly in patients receiving long-term hemodialysis, the kidneys become cystic
in association with epithelial hyperplasia (Dunnill et al., 1977; Krempien and
Ritz, 1980). Cell proliferation can lead to neoplasia, and the kidneys can
become considerably enlarged as the result of disseminated cyst formation.

In localized cystic disease, a form of renal cystic disease that appears to
be nonhereditary and nonprogressive (Cho et al., 1979), cyst formation is
limited to one portion of one kidney and is accompanied by epithelial
polypoid hyperplasia. Cyst formation in tuberous sclerosis and in von Hippel-
Lindau disease is associated with epithelial proliferation (Bernstein, 1979),
which in von Hippel-Lindau disease places the patient at considerable risk
of developing renal cell carcinoma.
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In all these conditions cyst formation has been associated with epithelial
hyperplasia. Is it necessary also to have increased tubular compliance?
Perhaps, but the evidence is lacking.

5. Tubular Enlargment Results from Increased Intratubular Pressure

If cysts enlarge as the result of luminal obstruction, there has to be
increased transmural pressure. The studies of cyst pressures in excised
kidneys carried out by Huseman and colleagues (1980) failed to demonstrate
such increases, but the measurements were carried out on nephrectomized
kidneys. Although the statement is unsupported by objective data, I have an
impression that excised cystic kidneys are softer and flabbier than the same
kidneys n situ with intact circulation. Even though the artery and vein of an
excised kidney are firmly ligated, considerable fluid is lost through disrupted
hilar lymphatics. I assume that pressure is also lost. Others (Bjerle et al.,
1971) have found increased pressures.

In the absence of actual measurements and direct evidence, certain
circumstantial evidence comes to mind. I indicated earlier that cystic kidneys
contain considerable residual parenchyma that has undergone atrophy, with
glomerular sclerosis, tubular atrophy, and interstitial fibrosis (Fig. 2). The
atrophy and sclerosis are sometimes most marked around cysts or between
adjacent ones. The effect appears to have resulted from pressure, although
it also could have resulted from ischemia. The arteries in cystic kidneys are
not especially or consistently sclerotic, but splaying and stretching could have
the same effect as luminal vascular obstruction.

Therefore, it is of some interest to observe that the cysts in APKD are
regularly surrounded by layers of smooth muscle cells and that the neigh-
boring interstitium also contains smooth muscle (Bernstein, 1979) (Fig. 5).
Whether the cells result from hyperplasia of existing elements or metaplasia
of other stromal elements, the phenomenon is present in both early and late
specimens. I interpret the muscular hyperplasia to be a response to increased
pressure and tension. Precedent for this interpretion lies in studies of arterial
muscular hypertrophy in experimental hypertension (Wiener et al., 1977).
Smooth muscle increases as a response to increased arterial tension, and I
hypothesize that similar changes take place in the stroma surrounding renal
cysts. The muscle fibers may differentiate from fibroblasts, as they do in
experimentally obstructed kidneys (Nagle ez al., 1973), but the fibers in APKD
do not have the ultrastructural characteristics of myofibroblasts.

6. Summary

The morphologic features of APKD indicate that cysts arise as localized
dilatations of nephrons and ducts as the result of luminal obstruction. The
obstruction appears to result from polypoid epithelial hyperplasia. An
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Figure 5. The cyst is lined with flattened epithelium resting on a thickened basement membrane
and is surrounded by smooth muscle cells. The smooth muscle fibers are separated by bundles
of collagen fibers. Electron micrograph, X 7500.

inherited defect in basement membrane, leading to increased tubular com-
pliance, may be present and may be enhanced by that local obstruction.
There are several preferential sites of cyst formation—Henle’s loop and the
collecting tubule—where there may ordinarily also be inherent weakness of
the tubular wall or basement membrane. The morphologic evidence indicates
that only a minor proportion of nephrons are involved in the process and
that progression of the disease results from atrophy and sclerosis of the
remaining parenchyma. Such structural alteration and functional compro-
mise could result from ischemia, but there is also morphologic evidence of
increased tubular tension, which may be expected to have compromised the
adjacent parenchyma.
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Morphology of Polycystic Kidney
Disease in Man and Experimental
Models

Andrew P. Evan and Kenneth D. Gardner, Jr.

1. Introduction

Although diagnosis of polycystic kidney disease has been possible for many
years, we still have only a limited understanding of the pathogenesis of the
disease, partly because of the difficulty in obtaining human cystic kidneys in
different stages of cyst formation. At present only a few human kidneys with
early-onset polycystic changes have been evaluated for both structural and
functional changes (Baert, 1978). Therefore, growing attention has been
given to various animal models that possess lesions that mimic human
polycystic kidney disease (Goodman et al., 1970; Carone et al., 1974; Gardner
et al., 1976; Evan and Gardner, 1976, 1979; Evan et al., 1979). There are
presently three types of animal models for experimental polycystic kidney
disease: (1) chemically induced, (2) traumatically induced, and (3) genetically
transmitted. The chemically induced models have received the most attention
in that a large number of compounds have been reported to produce cysts
in small laboratory animals. Furthermore, these models allow opportunity to
follow the acquisition and sequential growth of cysts. Of the various renal
cytogens, three compounds, all of which are antioxidants, have received the
greatest attention. These substances are diphenylamine (DPA), nordihydro-
guaiaretic acid (NDGA), and diphenylthiazole (DPT).
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Figure 1. These low-magnification light micrographs show the progression of cystic changes
in animals treated with NDGA for 1 week (a), | month (b), and 6 months (c). Note the
appearance of dilated collecting tubules (arrow) within the cortex and medulla by 1 week. By 1
month both dilated (arrow) and cystic nephrons are clearly seen. The number and size of the
cysts appear to increase with time (c). a, X4; b, X4; ¢, X4 (Reprinted from Gardner and Evan,
1979, with permission.)
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Figure 2. A higher-magnification light micrograph of the cortex from an animal treated with
NDGA for 2 months. Numerous cysts of various sizes are found (arrow), some containing cast
material. No other changes are noted. x 75.

2. Chemical Models

The chemically induced models have several morphologic features that
appear to be similar to human polycystic kidney disease. First, cyst formation
may be seen throughout the kidney. DPA and NDGA produce cysts that
occupy the entire cortex and outer medulla, thus resembling the adult type
of human polycystic disease. DPT causes dilation of some collecting tubules
which extends from the kidney capsule to the tip of the papilla. These
changes mimic the infantile type of human polycystic disease.

Second, the size of the cysts as well as the number appears to increase
with time. Figures la—c show the progression of cystic changes in animals
that have been treated with NDGA for 1 week (Fig. 1a), 1 month (Fig. 1b),
and six months (Fig. 1c). It should be noted that at six months not all cysts
are of the same size. Figures la—c also show an overall increase in kidney
size with time.

Third, the cystic changes are induced in kidneys that were once struc-
turally normal. Figure 2 shows the entire length of the cortex from a NDGA-



58 I o Studies of Pathogenesis of Renal Disease

Figure 3. A microdissected collecting tubule from a rat treated for 1 month with NDGA. The
lower end (arrow) of the tubule appears normal; however, it slowly dilates and twists upon itself
as one progresses up this segment. The upper portion shows frank cysts. X 180. (Reprinted
from Evan and Gardner, 1979, with permission.)

treated animal. The only change noted is dilation of portions of the nephron.
A this time, no changes are seen in the interstitium as fibrosis, or in the
vascular system. This observation has held true for all the chemically induced
models in which a thorough morphologic investigation has been performed.

Fourth, microdissection studies reveal the dilated and cystic segments of
the nephron to be located initially along the collecting tubules. These
observations are in agreement with Potter’s work (1972), which shows the
collecting duct to be the principal site of involvement in all forms of human
polycystic kidney disease. Recently Baert (1978) examined two cases of adult
polycystic disease at early onset and found cystic dilations along some
proximal and distal tubules, loops of Henle, and collecting tubules. Figure
3 shows a collecting tubule from an animal treated with NDGA for 1 month.
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Figure 4. A latex-filled collecting tubule that
was microdissected from a rat treated for 6
months with NDGA. A large cyst (c) of the
collecting tubule was located just beneath the
kidney capsule. The tubule narrows quickly at
its outflow end. X 150. (Reprinted from Evan
and Gardner, 1979, with permission.)

The lower end of the tubule appears normal. However, as one progresses
up the collecting segment, the lumen dilates and the tubular wall twists upon
itself, suggesting increased growth. At the upper pole obvious cysts can be
seen. Occasionally, we are able to analyze superficially placed cysts by both
structural and functional techniques. Figure 4 shows a latex-filled collecting
tubule with a larger cyst in contact with the kidney capsule. As one follows
this segment, there is an abrupt change in the luminal diameter from dilated
to normal size. This kind of observation suggests partial obstruction, while
the cyst is obviously continuous with the rest of the nephron.

These last examples resemble those cystic collecting tubules in adult
polycystic disease. As mentioned previously, DPT produces a cystic lesion
that mimics infantile disease. By microdissection, an entire collecting tubular
arcade (Fig. 5) appears dilated beginning at the duct of Bellini.

So far, we have shown that the experimentally induced model of cystic
disease in some ways mimics human disease. However, the observations do
not shed light on any possible pathogenetic mechanisms of the disease. While
examining the renal tissue from an animal that had been exposed to NDGA
for 2 weeks, we noted areas of cellular hyperplasia along the walls of some
dilated collecting tubules (Fig. 6). By tracing these same tubules through
serial sections, we noted an area of obstruction at the outflow end. The
tubule appeared to be obstructed by a polyplike growth extending into the
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Figure 5. A light micrograph of a collecting duct arcade from an animal treated with DPT for
1 month. Dilation of the tubules begins as early as the duct of Bellini (arrow). The extent of
dilation varies between tubules. X 100.

tubular lumen (Fig. 7). By carefully examining numerous light microscopic
sections, we were able to find several cysts that were cut longitudinally
thereby revealing a polyp at the outflow end of that tubule. In order to
examine greater numbers and areas of dilated tubules and to obtain a three-
dimensional image of cyst walls, we employed the scanning electron micro-
scope. Figure 8 is a scanning electron microscopic picture (SEM) of a cyst
from a NDGA-treated rat. The cyst wall changes from normal to hyperplastic
epithelium near the tubular outlet. Associated with the cellular hyperplasia
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Figure 6. A light micrograph showing several cross sections of dilated collecting tubules from
an animal treated with NDGA. Portions of the cyst wall possess hyperplastic cells (arrows). At
the exit of one dilated collecting tubule, a polypoid structure (P) is noted partially obstructing
this segment. X 170. (Reprinted from Evan and Gardner, 1979, with permission.)

is a polyp positioned at the outflow end of the cyst such that it could partially
obstruct the nephron. The hyperplastic cells are irregular in shape (Fig. 9)
and often pile upon themselves forming focal polyps (Figs. 9 and 10) along
the cyst wall.

Hyperplasia in these models is further identified by doing a tritiated
thymidine study or by counting nuclei seen on cross section (Evan et al.,
1978; Evan and Gardner, 1979). Although we are clearly showing hyperplasia
in our experimental models, this is by no means a new idea related to human
polycystic disease. Nauwerck and Huischmid (1893) as early as 1883 showed
hyperplasia in the cyst wall in adult polycystic kidney disease. These authors
suggested that the proliferating cells were growing away from rather than
into the cyst lumen.

The morphologic data mentioned in this chapter in combination with
functional observations define conditions that suggest increased resistance
to outflow from dilated and cystic nephrons. Findings in the chemically
induced models have led us to hypothesize that polypoid hyperplasia partic-



62 I o Studies of Pathogenesis of Renal Disease

Figure 7. At a higher magnification the polyp is clearly seen. Numerous elongated cells are
clustered such that they project into the tubular lumen. x1300. (Reprinted from Evan and
Gardner, 1979, with permission.)

ipates in cyst formation in susceptible kidneys by increasing resistance to the
outflow of tubular urine.

To strengthen the hypothesis, we examined several congenital models
of polycystic disease (Crowell et al., 1979). By scanning electron microscopy
a congenital polycystic kidney from a kitten shows many dilated collecting
tubules (Fig. 11). The overall pattern of tubular dilation resembles that of
the infantile type of human polycystic disease. As dilated collecting tubules
are followed into the inner medulla, areas of hyperplasia and of polyp
formation are noted (Fig. 12). Similar changes are seen in the piglet model
of congenital polycystic disease.

3. Human Disease

In order to establish the presence, extent, and distribution of cellular
hyperplasia and/or of polyp formation in humans, we have examined adult
polycystic disease. We established the presence of polypoid hyperplasia in
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Figure 8. Scanning electron micrograph of a cyst from a NDGA-treated rat. Portions of the
wall possess normal cells (arrow); however, as one progresses to the outflow end of the cyst
hyperplastic cells are noted (double arrow). Situated within the tubule is a polyp (P) which is
partially obstructing the outflow. X 100.

each kidney by light, transmission, and scanning electron microscopy. Figure
13 shows an area of hyperplasia along the cyst wall and the association of
numerous focal polyps. A fortuitous fracture of a large cyst is seen in Fig.
14. At the upper end of the cyst. several focal polyps are noted. As one
progresses to the outflow end of the cyst a small polyp is found. The polyp
is again associated with an area of hyperplasia.

4. Summary

In summary, the earliest dilated tubules in models are localized to the
collecting tubule. Commonly the wall is characterized by hyperplastic cells.
At the outflow end of cysts, one frequently finds polyps that appear to be
causing complete, partial, or intermittent obstruction. Distal to the site of
polypoid hyperplasia, lumens return to normal diameter. As a possible means
of regulating or arresting the development of polycystic kidney disease,
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Figure 9. SEM of a cyst wall from a DPT-treated animal. Numerous cells of irregular shape
and distribution are noted (arrows). X650. (Reprinted from Evan and Gardner, 1976, with
permission.)

Figure 10. SEM of a cyst from a NDGA-treated animal shoewing a focal polyp (arrow). x50.
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Figure 11. SEM of the cortex from a congenital polycystic kitten. Numerous dilated tubules
are noted extending to the kidney capsule (arrow). X 35.
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Figure 12. At a higher magnification hyperplasia (arrow) and polypoid formation are noted
in the collecting tubules of the inner cortex. X 1500.



7 ® Morphology of Polycystic Kidney Disease

Figure 13. SEM of large cyst
from an adult type of human
polycystic kidney. The cyst wall is
lined by numerous hyperplastic
cells as well as several polyps (P).
x 180. (Reprinted from Evan et
al., 1979, with permission.)

Figure 14. A fortuitous fracture
of a large cyst from a human
polycystic kidney reveals focal po-
lyps (arrow) and a discrete polyp
(P) positioned at the outflow end
of the cyst. X 40. (Reprinted from
Evan et al., 1979, with permis-
sion.)

67
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future studies must explore the mechanisms that control renal cell growth.
Particular attention should also be directed toward understanding the
mechanisms causing acquired cystic disease of the kidney and the appearance
of renal cell carcinoma after long-term hemodialysis (Dunnill et al., 1977).
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Ordered and Disordered Growth of
Renal Cells

F. Gary Toback

1. Cellular Hyperplasia and Renal Cysts

Hyperplasia of tubular cells has been linked to cystic disease of the kidney
for more than a century (Sturm, 1875). A sequence of events leading from
tubular cell hyperplasia to cyst formation is proposed in Fig. 1. First, there
must be an inciting cause of cell proliferation and perhaps a genetic or
acquired predisposition to respond to it. Once cell growth is initiated,
proliferating epithelial cells pile up on the tubular wall and form adenomatous
masses. These masses or polyps are thought to partially obstruct the passage
of fluid down the nephron, thereby raising intratubular pressure, dilating
the tubule wall, and eventually causing cysts to form.

Evan, Gardner, and colleagues (Evan and Gardner, 1979; Evan et al.,
1978; Gardner et al., 1976) obtained physiologic and morphologic support
for this sequence by studying the evolution of diphenylamine- and nordi-
hydroguaiaretic acid-induced cysts in rats. They also identified epithelial cell
polyps in the kidneys of adults with inherited polycystic kidney disease and
suggested that partial tubular obstruction may play a pathogenetic role in
this disease in man (Evan et al., 1979). Acquired tubular cell hyperplasia,
adenoma, and cyst formation have also been reported in the kidneys of long-
term hemodialysis patients whose initial disease was glomerulonephritis
(Ishikawa et al., 1980).

These observations support the pathogenetic sequence that links renal
cell hyperplasia with cyst formation. This chapter reviews factors involved

F.Gary Toback e Department of Medicine, University of Chicago Pritzker School of Medicine,
Chicago, Illinois 60637. This work was supported by USPHS grants AM 18413 and GM 22328
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Figure 1. A pathogenetic sequence relating proliferation of renal tubular cells and cyst
formation.

in growth control of kidney cells in the rat and in culture. Although cyst
formation does not occur in these model systems, increased understanding
of the mechanisms that initiate and control cell growth could be of value in
defining the pathogenesis of cystic disease of the kidney.

2. Renal Growth during Potassium Depletion

In 1937 Schrader, Prickett, and Salmon reported that feeding rats a
potassium-deficient diet induced renal growth. Subsequent studies revealed
that cellular hyperplasia and hypertrophy occur in the kidneys, whereas
overall body growth is retarded (Gustafson et al., 1973; Liebow et al., 1941).
In the renal papilla, all cell types become filled with lysosomes which have a
multivesicular appearance (Aithal et al., 1977a; Spargo, 1964). In the inner
stripe of red medulla, growth is associated with adenomatous hyperplasia in
the collecting tubules (Oliver et al., 1957). Scanning electron microscopy (EM)
reveals numerous polyplike projections that appear to fill and perhaps
obstruct the collecting tubule lumen (Toback et al., 1976). Similar papillary
projections have been observed in the kidneys of patients with adult polycystic
disease (Evan et al., 1979).

Autoradiography was used to quantify the extent of cell division in the
collecting tubules and other cell types in this renal zone (Toback et al., 1979).
Rats were given [*H]thymidine intraperitoneally; 1 hr later the kidneys were
removed, and slices of inner red medulla were cut and processed for
autoradiography. DNA synthesis for new cell growth was estimated by
counting labeled nuclei. Figure 2 shows that during potassium depletion the
percent of labeled nuclei increased two- to fivefold in the collecting tubules,
thick limbs of Henle’s loop, and interstitium. Repletion with potassium for
3 days halted cell proliferation and reduced the frequency of labeled nuclei
to values that were similar to or less than control.

Membrane metabolism was studied during potassium depletion because
organelles, endoplasmic reticulum, and surface structures must be formed
in the growing cells. Phospholipid synthesis was measured as a marker of
cell growth since cellular membranes are composed largely of phospholipids
and proteins. The synthesis of phosphatidylcholine, the major renal phos-
pholipid, occurs primarily via the Kennedy pathway in the kidneys of normal
and of potassium-depleted rats (Toback et al., 1977b; Rouser et al., 1969;
Kennedy and Weiss, 1956) (Fig. 3). In this pathway, choline is phosphorylated
to phosphorylcholine, which then reacts with cytidine triphosphate (CTP) to
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Figure 2. Effect of dietary potassium depletion and repletion on cell proliferation in the inner
stripe of kidney red medulla. The percent of labeled nuclei in tissue from rats potassium
depleted for 3—4 weeks was higher than in control animals in collecting tubules, thick limbs of
Henle’s loop, and interstitium. Values in animals potassium repleted for 3 days were lower than
in controls in collecting tubules and thin limbs of Henle’s loop and capillaries. (Reprinted from
Toback et al., 1979, with permission.)

form cytidine diphosphocholine, the immediate precursor of phosphatidyl-
choline. An increased rate of choline incorporation into membrane phos-
pholipids occurs during the onset of growth and immediately precedes
formation of new cellular membranes in the rodent kidney (Toback et al.,
1974, 1976, 1977a).

Increased phosphatidylcholine biosynthesis was observed in the papilla
as early as 18 hr after rats were fed the potassium-deficient diet and was
associated with phospholipid accumulation in the tissue (Toback et al., 1976).
In the inner stripe of red medulla and inner cortex an increase in synthesis
was observed by 36 hr and persisted for at least 34 days. Thus, enhanced
phosphatidylcholine biosynthesis was associated with lysosome biogenesis in
papilla, adenomatous hyperplasia in inner stripe of red medulla, and
hyperplasia and hypertrophy in cortex.

To define the biochemical mechanism by which potassium depletion
stimulates phospholipid synthesis during the initiation of renal growth,
precursor uptake and enzyme activities were measured in cortical tissue

Extrocellular Cell Cytoplasm Endoplasmic
Fluid Membrane yioplasm Reticulum

CH,
\® holi tidylyl- holinephospho-
CH3-N-CH, ~CH,=0H | [ _ldnose ,PHOSPHORYL- transferose,, cpp- cHOLINE . tronsterase s, PHOSPHATIDYL-
/ CHOLINE 7~ ~N . CHOLINE
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Figure 3. Pathway of phosphatidylcholine biosynthesis. (Reprinted from Toback and Havener,
1979, with permission.)



72 I o Studies of Pathogenesis of Renal Disease

CATIONIC
P<0.00I P<0.025 P<0.05 P<0.02
100 3 600 140

Ze7
[T

50 8 /
- 7R
E 0 0 é 0 é 0 é
o Choline Ethanol- Lysine Arginine
-— amine
P
b NEUTRAL
% NS P<000! NS NS
_\_E 800 100 ? 30 SE. 20
o
£ Z %
3 400 é 50 % 15 g 10
I
< A ,LIA .
3 myo -Inositol Glycerol Serine Leucine
3
§ ANIONIC
w NS P<0.005 P<0.001
P 800 20 O control
%’ K-depleted

AN

o] o ;
Phosphate Aspartic Glutamic
Acid Acid

Figure 4. Effect of molecular charge on tissue accumulation. Inner cortical slices from the
kidneys of control and potassium-depleted rats were incubated for 10 min and the accumulation
of each substrate was determined. (Reprinted from Toback and Havener, 1979, with permission.)

(Toback and Havener, 1979; Toback et al., 1977b). Figure 4 compares tissue
accumulation of choline, ethanolamine, lysine, and arginine in renal slices
from control and 1-week potassium-depleted rats. The accumulation of each
of these cationic phospholipid and protein precursors was enhanced in tissue
from potassium-depleted animals. In contrast, the uptake of a variety of
anionic and neutral precursors was decreased or unchanged.

The specific activity of CDP-choline: 1,2-diacylglycerol cholinephospho-
transferase, the last enzyme in the pathway, was assessed in cortical homog-
enates. Enzyme activity was up to 33% higher in potassium-depleted animals.
Activity was increased further by reducing the medium concentration from
150 mM to 100 mM in the reaction mixture to simulate the observed
decrement in intracellular potassium concentration that occurs during po-
tassium depletion. Enzyme activity also was enhanced in microsomal prepa-
rations of normal cortical tissue by decreasing the potassium concentration
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(Havener and Toback, 1980). Activities of the three other enzymes of the
Kennedy pathway, choline kinase, choline phosphate cytidylyltransferase,
and phosphatidate phosphohydrolase, were not increased during potassium
depletion.

These findings suggested that potassium depletion enhanced renal
cortical phosphatidylcholine formation by an effect on two steps of the
pathway. Accumulation of the precursor choline was increased as part of a
generalized cellular avidity for cations, possibly to maintain electroneutrality
during potassium loss. Stimulation of cholinephosphotransferase activity
could facilitate utilization of the accumulated phospholipid precursor and
thereby increase phosphatidylcholine synthesis for new membrane and
organelle biogenesis during the initiation of renal growth.

Cell proliferation during potassium depletion also was associated with
increased glycolysis, decreased mitochondrial energy production, and a
reduction of the Pasteur effect (Toback et al., 1979; Aithal and Toback,
1978; Aithal et al., 1977b). These aberrations in energy metabolism simulate
the bioenergetic pattern observed in cancer cells (Wu and Racker, 1963).
Unlike neoplastic cell growth, the biochemical and morphologic changes
induced during potassium depletion are reversible. Thus, the return of
potassium to the diet leads to regression of hyperplastic cells, correction of
bioenergetic defects, and breakdown of accumulated phospholipid (Toback
et al., 1979; Ordénez et al., 1977).

3. Potassium Depletion and Renal Cyst Formation

A link between tubular cell proliferation, potassium depletion, and renal
cyst formation was suggested by Perey, Herdman, and Good in 1967. These
workers found that a single injection of 9-fluoroprednisolone, a long-acting
steroid, given to neonatal rabbits induced hypokalemia and cyst formation
in cortical collecting tubules. Of interest, was that cyst formation was “almost
completely prevented” by daily injections of potassium chloride. These results
suggested that a decrease in the serum or tissue potassium concentration, or
both, could be important in the pathogenesis of cyst formation. This may be
a special case, however, because serum and renal concentrations of potassium
are normal in rats with diphenylamine-induced cystic disease. Thus, the
exact relationship between steroid administration, potassium depletion, tu-
bular cell hyperplasia, and renal cyst formation remains uncertain.

4. Renal Growth in Culture

In renal cells grown in culture several factors have been identified that
contribute to growth control. These are hormones and growth factors in
normal serum, low-molecular-weight nutrients, and inhibitors produced by
the cells (Holley et al., 1977, 1978a,b).
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Figure 5. Effect of NaCl on growth of
confluent cultures of BSC-1 cells. Cells
were plated in Dulbecco-modified Ea-
gle’s medium with 1% calf serum and
grown to the density shown on day 0 on
the graph. Sets of plates were then
changed to media containing 0.1% calf
serum with (O) or without (®) added
NaCl (25 mM). Media were subsequently
changed twice a week. (Reprinted from
Toback, 1980, with permission.)

NO. OF CELLS x 10~©

Recent studies have suggested that the first event during the onset of
cell growth may be a sudden increase in the influx of sodium ions (Koch
and Leffert, 1979; Smith and Rozengurt, 1978; Johnson et al., 1976). Na™
might also play a role during the initiation of kidney growth during potassium
depletion. In these animals there is increased uptake of Na™ in muscle and
of cationic amino acids and phospholipid precursors in growing kidney
(Toback and Havener, 1979; Heppel, 1940). To test the hypothesis that Na™
ions mediate the onset of renal growth, NaCl was added to cultures of
monkey kidney epithelial cells from the BSC-1 cell line (Toback, 1980). The
effect of NaCl was studied in high-density cultures to simulate the low
proliferative activity of kidney cells in vivo. Figure 5 shows the growth of
BSC-1 cells in the presence of added NaCl. On day 0 of the experiment, a
solution of NaCl sufficient to raise the medium Na™ concentration by 25
mM was added to half the cultures. The control cultures were maintained
at the normal Na™ concentration of 155 mM. The results indicate that cell
growth occurred at a faster rate at the higher Na™ concentration. Additional
experiments excluded the possibility that this effect was a consequence of an
increment in the chloride concentration or osmolality of the medium. Thus,
Na™ appeared to act as a mediator of the molecular events that initiate cell
proliferation. In vivo, growth factors or hormones in the serum might mediate
the increase in Na™ flux achieved in these experiments by raising the medium
Na™ concentration.

Increasing the availability of a nutrient molecule such as glucose can
also induce more renal cells to proliferate. In Fig. 6, the growth of BSC-1
cells at the usual medium glucose concentration of 25 mM is compared to
growth in the presence of 100 mM glucose (Holley et al., 1978a). The growth
rate was increased about 50% by this fourfold increase in the glucose
concentration.

Lithium also was found to induce proliferation of renal cells in culture,
as shown in Fig. 7 (Toback, 1980). The addition of sufficient LiCl to raise
the medium concentration to 2.5 mM in high-density cultures increased the
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Figure 6. Effect of normal and high concentrations of glucose on growth of confluent cultures
of BSC-1 cells. Cells were plated in medium containing 25 mM glucose and 10% serum and
grown to the density shown on day 0 on the graph. Sets of plates were then changed to media
containing 10% serum with (A) or without (®) added glucose (100 mM). (Reprinted from Holley
et al., 1978a, with permission.)

growth rate for 1 week. However, growth ceased by day 10. Light microscopic
examination at that time revealed indistinct plasma membranes and a decrease
in cytoplasmic density. Longer exposure to lithium resulted in a decrease in
cell number. These observations in cell culture are reminiscent of the toxic
effect of lithium on renal tissue in some patients (Burrows et al., 1978).
Changes suggestive of tubular necrosis and dilatation of the distal nephron
also have been reported in patients and animals after lithium treatment
(Lindop and Padfield, 1975; Evan and Ollerich, 1972). Of interest is the
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Figure 7. Effect of LiCl on growth of confluent o}
cultures of BSC-1 cells. Cells were plated in medium 5
with 1% calf serum and grown to the density shown Z ot
on day 0 on the graph. Sets of plates were then
changed to media containing 0.5% serum with (A) 'r . é L 'b

or without (®) LiCl (2.5 mM). (Reprinted from
Toback, 1980, with permission.) DAYS
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work of Hestbech and co-workers (1977), who described numerous cortical
and some medullary cysts in the kidneys of two patients after long-term
lithium exposure.

5. Conclusions

A variety of substances appear to play a role in the initiation of renal
cell growth. Some of these are sodium chloride (Toback, 1980) and ammo-
nium acetate (Berman et al., 1979), which augment the growth of renal cells
in culture, and testosterone (Korenchevsky et al., 1933) and thyroxine (Katz
and Lindheimer, 1973), which increase renal mass in rats. Unknown factors
in the serum appear to mediate compensatory renal growth after unilateral
nephrectomy (Lowenstein and Stern, 1963; Ogawa and Nowinski, 1958).
Epidermal growth factor, which is a normal constituent of human blood and
urine, stimulates the growth of renal epithelial cells in culture (Carpenter
and Cohen, 1979; Holley et al., 1977). It is not yet known if this polypeptide
plays a role in the regulation of renal growth in man. Inhibitors of kidney
cell growth produced by the cells may also play an important role in the
regulation of renal growth in vivo (Holley et al., 1978b, 1980; Lozzio et al.,
1975).

It seems likely that growth-promoting factors, ions, nutrients, and
inhibitors interact with each other so that the initiation of growth may
represent a summation of various proliferative and inhibitory influences on
the cell (Holley, 1975). Study of the mechanism of action of these diverse
substances would provide a fund of knowledge which could form the basis
for understanding the causes of renal disease and thereby permit the design
of treatments to prevent or to ameliorate it in susceptible or afflicted
individuals.
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Movements of Salts and Water into
Cysts in Polycystic Kidney Disease

Jared Grantham

1. Cyst Structure and Function in Polycystic Kidney Disease

The cysts in polycystic kidney disease (PKD) derive from different nephron
segments (Potter, 1972; Lambert, 1947; Bricker and Patton, 1955). Recent
studies from our laboratory confirmed the earlier study of Gardner (1969)
which showed that the cysts are capable of maintaining steep solute concen-
tration gradients between cyst fluid (CF) and plasma (Cuppage et al., 1980;
Huseman et al., 1980).

1.1. Cyst Function

The cysts can be divided into general groups on the basis of the sodium
concentrations: proximal cysts (Na CF/serum =~ 1.0) and distal cysts (Na
CF/serum < 0.4) (Fig. 1). Confirmation of the hypothesis that cysts arise
from nephrons is obtained when one examines the concentrations in cysts
designated as proximal or distal on the basis of the sodium concentration
(Figs. 2—5). In proximal cysts the concentrations of K, Cl, H*, creatinine,
and urea are nearly equal to the serum values, whereas the distal cyst values
are quite different. In distal cysts the sodium, chloride, and pH values are
lower than in serum, whereas the potassium, creatinine, urea, and glucose
levels are higher than in serum in both azotemic and nonazotemic patients.
The distribution of these solutes conforms to the expectations for fluid in
prolonged contact with proximal and distal renal epithelium.

Jared Grantham e Department of Medicine, University of Kansas School of Medicine, Kansas
City, Kansas 66103.
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Figure 1. Distribution of cyst fluid sodium concentrations in 271 individual cysts from eight
patients. Hemodialysis, five azotemic patients who were nephrectomized prior to renal trans-
plantation. Posttransplant, two nonazotemic patients whose cystic kidneys were removed several
weeks after a successful cadaveric allograft. Organ donor, one nonazotemic subject with PKD
whose kidneys were donated for renal transplantation. Note the biomodal distribution of sodium
concentrations in the cysts. (Reprinted from Huseman et al., 1980, with permission.)

1.2. Cyst Structure

Morphological studies of the walls of cysts show the presence of a single
layer of epithelial cells joined at their apices by “tight” or “loose” junctional
complexes (Cuppage et al., 1980). Those cysts with “tight” apical junctions
had solute concentrations in the fluid typical of distal nephrons, whereas
those cysts with “loose” junctions had fluid typical of proximal tubules. The
separate analysis of structure and function strongly suggests that the epithe-
lium lining cyst, though dedifferentiated with respect to surface characteristics
(e.g., brush borders and basolateral infoldings), functions throughout the
life of the patient.

2. Human Findings

Studies in two nonazotemic patients who had their polycystic kidneys
removed several weeks after they had received cadaveric renal allografts
showed that the solutes in proximal cysts had equilibrated with plasma (Figs.
2-5). These serendipitous studies showed that proximal cyst walls are
permeable to most endogenous solutes (electrolytes, creatinine, and urea). By
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Table 1. Solute Distribution in Distal Cysts of Five Azotemic Patients
and in One Patient following Renal Transplantation®

Azotemic patients  Posttransplant patient

Creatinine (mg dl™') Cyst 49 50
Serum 124 17
Ratio 3.95 2.94

Urea (mg dl™") Cyst 92.0 60
Serum  79.1 113
Ratio 1.16 0.53

¢ The CF/S ratios of urea + creatinine are reduced from 0.29 in the azotemic to 0.18
in the posttransplant patient.

contrast electrolyte gradients were preserved in distal cysts, although the
creatinine and urea levels decreased to a small extent indicating that distal
epithelium was slightly permeable to solutes (Table 1). The transplanted
patients’ cyst values were referenced with the azotemic serum values to
permit comparison with the cyst fluids from the azotemic subjects. As shown
in Table 1, the distal cyst fluid-to-serum ratios of creatinine and urea were
higher in five azotemic patients than in the distal cysts of the nonazotemic
patient who had received a successful allograft.

These studies of solute permeability are in agreement with the work of
others who showed that tritiated water moved readily across the cyst walls
(Jacobsson et al., 1977). Since the cysts are permeable to water, creatinine,
and urea, it seems certain that electrolyte gradients in renal cysts are
maintained by active cellular transport.

Analysis of hydrostatic pressure differences across the walls of cysts (Fig.
6) shows that the pressures are of a magnitude expected in normal renal
tubules.

A recent observation in our laboratory that also bears on the functional
significance of renal cysts deserves mention. We removed a polycystic kidney
from an azotemic patient who had been given gentamicin and clindamycin
for several days prior to nephrectomy. We found that gentamicin levels were
higher in proximal than in distal cysts, in keeping with the observations of
Muther and Bennett (1980). However, the clindamycin levels were much
higher in distal (acidic) than in proximal (normal pH) cysts. Since gentamicin
is highly polar and clindamycin is relatively nonpolar and very lipid soluble,
we suggest that certain drugs, such as clindamycin, may accumulate prefer-
entially in distal cysts owing to their high permeability through the cyst wall
and their propensity to be dissociated and “trapped” in acidic fluid.

In this same patient we learned that the Pog of cyst fluid may range
from anaerobic (no oxygen) to levels of oxvgen equal to that of normally
oxygenated blood. Furthermore, some of the so-called “chocolate cysts” (cysts
containing heme products) were packed with lipid bodies, i.e., cells that
contain polarizing lipid droplets typical of the oval fat bodies seen in the
urine of patients with nephrotic syndrome and lipiduria. This latter obser-
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Figure 6. Hydrostatic pressures in cysts.

vation suggests that in some cysts there is considerable “turnover” of cells,
since the lipid-laden cells were also found in the epithelium lining the cyst
walls.

From the foregoing, it seems reasonable to conclude that cystic nephrons
continue to function to some extent throughout the life of the patient. In
the remainder of this chapter, I will consider how this information may help
us to understand the pathogenesis of cyst formation.

3. Mechanisms of Cyst Formation

A cyst can form in only a limited number of ways in a nephron segment,
as shown diagrammatically in Fig. 7. In normal nephrons plasma is filtered
into the tubules, and about 99% of the water and solutes is reabsorbed.
Transtubule pressure measured in laboratory animals shows values ranging
from about 11 mm Hg in proximal convoluted to about 5 mm Hg in distal
convoluted tubules. In the diagram, the pressure is depicted as coiled springs
pushing outward. Fluid movement is shown by the solid arrows.

3.1. Obstruction

If a nephron segment is obstructed, either by a cast or by an abnormal
growth of cells, the pressure inside the tubule proximal to the obstruction
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will be increased initially. If the obstruction is total, several studies suggest
that the tubular pressure will actually decrease owing to a sharp reduction
in glomerular filtration rate (GFR) several hours after the obstruction is
placed (Wilson, 1980). Thus, complete obstruction might not cause persistent
hypertension in the renal tubule. Alternatively, partial obstruction would
permit GFR to continue at some reduced level and would also cause pressure
to be chronically increased. In human PKD, we found no evidence for an
increase in hydrostatic pressure; rather the pressures were in a range expected
for normal nephrons (Fig. 6). Electron microscopy did not show evidence of
increased pressure within the cyst, but as Dr. Bernstein has pointed out, one
might interpret the atrophy of adjacent noncystic nephrons to reflect some
degree of pressure atrophy. If pressure increases by a small magnitude, not
detectable by our measurements, and is instrumental in the formation of
cysts, we must then explain why the cysts start out as focal dilatations for
nephron segments, rather than as a generalized expansion of whole nephrons
when the collecting segments are obstructed.

3.2. Secretion

Fluid secretion has been suggested as a possible cause of cyst formation.
Secretion is a reasonable mechanism since hippurates have been shown to
cause fluid secretion in proximal tubules (Grantham et al., 1973) and the
fluid of distal cysts contains unidentified osmotic solutes (probably amino
acids) which could cause fluid movement in the cysts (Table 2). A secretion
process would require distal obstruction since fluid secreted into the segment
would simply drain into the pelvis of a normal nephron. The most damaging
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Table 2. Nominal Composition of Cyst Fluids in Azotemic
Patients in Steady State

Proximal Distal
(mmoles/liter) (mmoles/liter)
Na* 138 4.8
K+ 5.1 25.3
Cl™ 96 18.3
HCO3 25 1.0
PO%~ 5.0 15.1
Ca?* 3.9 4.0
Glucose 5.8 14.1
Urea 25 32.9
Creatinine 1.7 4.3
Hippurate 2.8 1.4
Total 308.4 121.2
Osmolality 290 301

evidence against fluid secretion is the finding that the creatinine levels are
equal to or greater than the plasma creatinine levels in proximal and distal
cysts. Secretion of fluid would dilute rather than concentrate the creatinine
in the cysts.

3.3. Increased Compliance

The final alternative involves a focal increase in the compliance of nephron
segments. The tubular basement membrane (TBM) normally determines the
distensibility of tubules in response to hydrostatic pressure (Welling and
Grantham, 1972). According to this view, the tubular basement membrane
is weakened, because of either defective synthesis or abnormal breakdown.
This causes the tubular segment to expand to an abnormal degree with
normal intratubular pressures. This mechanism does not require distal
obstruction, although any factor that would increase intratubular pressure
would facilitate the formation of the cyst. In this way cysts would fill with
unabsorbed glomerular ultrafiltrate because the resistance to fluid flow into
the cysts would be equal to or less than the resistance to flow through the
remainder of the nephron and collecting system. The basement membrane
“defect” could be due (1) to synthesis of abnormally compliant TBM, or (2)
to synthesis of increased amounts of TBM which allows cells to grow in the
radial direction. On the one hand, cystic disease may be viewed as a problem
of defective synthesis of a supportive framework; on the other hand, the
disease may be considered a defect in the growth of tubular epithelium.

3.4. Summation

In summary, we know that in adult PKD the cysts arise from nephrons
and collecting segments. The cells dedifferentiate, losing some of the normal
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surface features, yet they retain their basic solute transport and permeability
characteristics.

4. Unresolved Questions

Some unresolved questions are

1. What are the mechanisms of renal insufficiency? Specifically, to what
extent do compression, recruitment of new nephrons to form cysts,
and/or altered tubuloglomerular feedback contribute to renal fail-
ure?

2. Are the lining cells genetically programmed to form cysts, or are
the cells passengers hanging onto a superstructure (TBM) that is
abnormally compliant?

3. Can advantage be taken of the different electrolyte and solute
concentrations in the cysts for diagnostic purposes or for the selective
accumulation of drugs in the cysts?
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Movement of Organic Molecules into
Cysts

William M. Bennett, Curtis G. Wickre,
and Richard S. Muther

1. Introduction

Patients with polycystic kidney disease and intercurrent urinary tract infection
may develop perinephric abscesses despite prolonged antibiotic treatment
directed against susceptible urinary pathogens (Sweet and Keane, 1979).
Sweet and Keane (1979), during a 3%-year period of observation, found
that 8 of 24 dialysis patients with polycystic kidney disease developed
symptomatic urinary infections. Of these, five patients developed perinephric
abscesses despite more than 2 weeks of antibiotic treatment. This type of
experience suggests that cystic nephrons may not achieve adequate concen-
trations of antibiotics for sterilization of infected fluid. Poor drainage of
cystic nephrons due to outflow obstruction also might contribute to poor
therapeutic response.

Impaired renal function in patients with polycystic kidney disease is
likely to contribute to poor results by decreased filtration of drugs or by
poor diffusion through damaged parenchyma, despite therapeutic antibiotic
concentrations in serum. This is analogous to other patients with upper-
urinary-tract infection and advanced renal disease, where adequate tissue or
urinary antibiotic concentrations are difficult to obtain (Bennett et al., 1977).
However, patients with infected simple renal cysts do not respond well to
antibiotic therapy (Patel et al., 1978) either. The fact that these patients
usually have well-preserved renal function suggests that antibiotic movement

William M. Bennett, Curtis G. Wickre, and Richard S. Muther o Division of Nephrology, De-
partment of Medicine, Oregon Health Sciences University, Portland, Oregon 97201. Supported,
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89



90 I o Studies of Pathogenesis of Renal Disease

into cystic nephrons may be dependent on mechanisms other than glomerular
filtration. This chapter reviews what is currently known about antibiotic
movement into cysts. As data have accumulated, it has become evident that
such studies provide insight not only into the treatment of infection, but also
into cyst physiology and into the transport of other organic molecules by
cyst walls.

2. Simple Cysts

Simple renal cysts contain fluid that is in equilibrium with extracellular
or interstitial fluid. Steg found no penetrance of amoxicillin, minocycline,
or rifampicin into simple cysts (Steg, 1976). Other reported cases of infection
treated medically have shown poor responses to penicillins (ampicillin,
penicillin G, nafcillin) and to streptomycin. In fact, only a solitary patient
who was treated with chloramphenicol improved on medical treatment alone
(Deliveliotis et al., 1967). Muther and Bennett (1980) recently measured
simultaneous levels of gentamicin in urine, serum, and cyst fluid from three
patients treated with full therapeutic doses of the antibiotic. Despite creatinine
clearances of 40, 52, and 80 ml/min, respectively, only one patient achieved
measurable gentamicin in the cyst. In that patient, the concentration was
24% of the serum concentration and 0.6% of that found in urine. An
additional patient with a creatinine clearance of 78 ml/min was given
trimethoprim-sulfa methoxazole. Neither drug could be detected in the cyst
(Deliveliotis et al., 1967). From these data, it would seem that surgical drainage
would be preferable to antibiotic therapy for infected simple renal cysts.
Changes in permeability due to infection, per se, could alter antibiotic
penetrance, but this has not been investigated systematically. Patients with
solitary cysts might prove to be ideal subjects for studies of transport kinetics
of other organic molecules as well as of antibiotics.

3. Cysts in Patients with Adult Polycystic Kidney Disease

Few studies have examined penetration of antibiotics into cysts of patients
with polycystic kidney disease. We obtained cyst fluid from seven patients
with typical adult polycystic kidney disease. All patients had bilaterally
enlarged kidneys and positive family histories. Four patients were on main-
tenance dialysis, and another patient had a creatinine clearance of 15 ml/min.
Two patients had normal renal function but came to medical attention
because of severe abdominal pain related to massive cyst enlargement. .All
patients were treated with antibiotics in full therapeutic dosage for 36—48
hr prior to cyst fluid sampling. Simultaneously with aspiration of cyst fluid,
serum and urine samples were obtained for antibiotic concentrations. Eighty
cysts were sampled, ranging in volume from 1.5 to 967 ml. Of the 80 cysts
sampled, 62 were proximal, as classified by the method of Huseman et al.
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Table 1. Mean Concentration of Antibiotics in Serum, Urine, and Cyst Fluid in Patients
with Polycystic Kidney Disease®

No. Cyst:serum Cyst:urine

Drug patients  Serum  Urine Cyst ratio ratio
Gentamicin 3 2.3 11 059 (33) 0.26 0.05
Tobramycin 2 3.7 28 0 (5) 0 0
Cephapirin 3 46 448 8.8  (43) 0.19 0.02
Ticarcillin 1 400 — 47 (20) 0.12 —
Ampicillin 1 47 660 O () 0 0
Erythromycin 1 4.3 32 3.4 (4) 0.79 0.16

¢ All concentrations in pg/ml. Numbers in parentheses indicate number of cysts punctured.

(1980), on the basis of cyst fluid-to-serum sodium ratios of greater than 0.9.
Sixteen cysts were of distal nephron origin, as judged by cyst fluid-to-serum
sodium ratios of less than 0.2. Two cysts were of indeterminant origin. Three
patients had proximal cysts only sampled. The results for the antibiotics
studied with simultaneous urine and serum values are shown in Table 1.
Table 2 depicts antibiotic concentrations in proximal and distal cysts. In
general, all drugs tested penetrate cysts poorly. Proximal cysts seem to
achieve higher concentrations for all drugs except cephapirin. However,
only one distal cyst was punctured in patients receiving cephapirin, so that
firm conclusions are hazardous. Only one patient had infected cysts at the
time of these studies. Despite adequate serum levels and sensitive bacteria,
sterilization of the cyst was not achieved prior to surgical treatment.
Penicillins and cephalosporins are handled in the normal kidney by the
organic acid transport system. Clearances of these drugs exceeded glomerular
filtration rates, and proximal tubular secretion has been demonstrated. Thus,
since the cysts of patients with polycystic kidney disease presumably arise
from single nephrons and have filtration rates of approximately 10~®
liters/min (Huseman et al., 1980), drugs transported as organic acids should
be transported into cysts better than drugs that depend primarily on
glomerular filtration, such as aminoglycosides. The surprising appearance

Table 2. Comparison of Antibiotic Levels between Proximal and Distal Cysts®

Cyst fluid
No.

Drug patients Serum Proximal Distal
Gentamicin 3 2.3 1.04 (19) 0 (14)
Tobramycin 2 3.7 0 ) 0 (3
Cephapirin 3 46 8.1 (42) 38 (1)
Ticarcillin 1 400 135 (7) 0(13)
Ampicillin 1 4.7 0 (1) —
Erythromycin 1 4.3 34 4) —

¢ All concentrations in pg/ml. Numbers in parentheses indicate number of cysts punctured.
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Table 3. Mean Cyst Fluid, Serum, and Urine Concentrations of Inulin and PAH following
Their Continuous Intravenous Infusion in Two Patients with Normal Renal Function®

Patient 1 Patient 2
Inulin PAH Inulin PAH
Serum 0.78 6.30 0.53 3.14
Cyst fluid 0 1.44 0 0
Urine 14 515 2.8 95
Cyst: fluid 0 0.23 0 0

“ All concentrations in mg/dl. Values in patient 1 are the mean of 13 proximal cysts. Values in patient 2 are
from one 250-ml proximal cyst.

of gentamicin in proximal cysts suggests that these cationic drugs may gain
access to cysts by a transtubular route. Basolateral transport of aminoglyco-
sides, although quantitatively not important in normal animals, has been
implied from renal cortical slice studies (Kluwe and Hook, 1978). Collier et
al. (1979) showed that only 75% of renal gentamicin uptake could be
eliminated by rendering an isolated perfused rat kidney nonfiltering.

In two patients with normal renal function, prolonged infusions of
inulin and para-aminohippurate (PAH) were performed. Results are shown
in Table 3. In one patient, PAH was detected in proximal cysts in a
concentration 23% that of serum values. The other patient, who had only a
solitary 250-ml proximal cyst punctured, had no PAH detected. Neither
patient achieved measurable inulin concentrations in cysts. Unfortunately,
no distal cysts were available from these patients for study. Bricker and
Patton (1955) and Lambert (1947) found inulin in cysts shortly after intra-
venous injection. It is difficult to reconcile these results with the present
studies. It is possible that inulin might enter cysts by diffusion across
epithelium whose permeability is altered by distention. A similar explanation
might be offered for gentamicin entrance into cyst fluid.

It is obvious that further study of organic molecules and their movement
into cyst fluid might be fruitful in unraveling mechanisms of cyst growth as
well as leading to more rational drug therapy of infected cysts.
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Kinetics of Cyst Development in Cystic
Renal Disease

Larry W. Welling and Dan J. Welling

1. Introduction

The cysts in polycystic renal disease are always filled with fluid. In this
chapter we consider the accumulation of that fluid to be a primary event in
cyst production, consider the source of that fluid, and then ask whether or
not the amount and rate of cyst filling and growth can give us additional
information about their cause.

2. Mass Balance

Figure 1 shows a hypothetical nephron segment in which a central
region is predisposed to cystic dilation by some as-yet-unknown mechanism.
Arrows represent volume flows. [y, is the proximal inflow and is equal to
the single nephron glomerular filtration rate (GFR) plus or minus any
secretory or reabsorptive flux that may have occurred upstream. [y, is
secretory volume flux from peritubular medium to tubule lumen and
probably requires an osmotic difference to be effective. Jy,, is reabsorptive
volume flux from lumen to peritubular medium and may derive from active
or passive processes. Jy,, is the distal outflow and may be influenced by
partial or complete distal obstruction. For reference, Jv,, and Jv,,, are assigned
a wide range of normal values to accommodate a variety of species and
circumstances. In general, Jv, is small or negligible whereas /v, may represent
a considerable fraction of the Jv,.

The mass balance equation for this situation is dV/dt = Jv, + Jv, —
Jva» — Jvouw in which the rate of volume change, dV/dt, in the segment is seen

Larry W. Welling ® Veterans Administration Medical Center, Kansas City, Missouri
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Figure 1. Hypothetical nephron segment predisposed to cystic dilation. Arrows represent
volume flows.

to be critically dependent on the four fluid fluxes. In the steady state, dV/dt
is zero. In the growing cyst, dV/dt is positive, equal to the net filling rate and
thus equal to the rate of cyst growth. Because dV/dt reflects several flows
which might vary independently with time, the change in cyst volume with
time may have different patterns. Figure 2 shows three possibilities: a linear
cyst growth pattern in which dV/dt is constant, a faster-than-linear pattern in
which dV/dt is increasing, and an apparently self-limiting growth pattern in
which dV/dt gradually decreases to zero.

Because single-nephron GFR, and thus probably Jyv.., is reported to be
normal until late in the polycystic kidney disease process, and because [y,
probably remains negligible, these different growth patterns presumably
reflect different relative values of the reabsorptive flux, Jv,,, and the distal
outflow, Jv.,.. Itis interesting to consider the reabsorptive fluxes and outflows
in each of the most frequently proposed mechanisms for renal cyst formation,
namely, ballooning or blowout, basement membrane defect, and cellular
hyperplasia with or without polyp formation.

to 300 ml
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Figure 2. Possible cyst growth patterns.
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Table 1. Linear Cyst Growth

Time
Cyst volume
(ml) dvidt: 5 nl/min 50 nl/min
0.1 14 days 1.4 days
1 140 days 14 days
10 3.8 years 140 days
100 38 years 3.8 years

3. Review of Cyst Models

3.1. Balloon Model

In the balloon theory, partial or complete distal obstruction reduces the
Jvou such that, in response to continuing proximal filling, Jv,,, there occurs
a cystic change analogous to the filling of a stretchable balloon. Historically,
it is implied that the cellular and basement membrane mass remains constant
and reasonably normal during this dilation process and simply becomes
stretched and attenuated to accommodate the increasing surface area of the
cyst. In that case, Jv,, might conceivably remain constant, and if Jv.,, also
were constant though reduced from normal, fairly rapid and linear cyst
growth would occur. The mass balance equation then would equal a constant
value in the range of 0 to approximately 50 nl/min. The time, ¢, required
to achieve a given cyst volume, V, is given by the equation ¢t = (V -
Vo)(Jvie — JVow T Jv. — Jva) In which Vy is the starting normal volume of
about 107° ml. Listed in Table 1 are representative calculations in which
dV/dt has been assigned a reasonable maximum value of 50 nl/min or an
arbitrary minimum value of 5 nl/min. It is interesting that the smaller cysts
predicted at the earliest times are consistent with those observed experimen-
tally. That is, in rat kidneys made cystic by use of diphenylthiazole, diphen-
ylamine, or nordihydroguaiaretic acid, Carone et al. (1974), Gardner et al.
(1976), and Evan and Gardner (1979) each have reported occasional cysts of
0.2-ml volume at about 35 days and under flow conditions probably not too
dissimilar from the 5 nl/min situation. It is possible also that the occasional
100-ml cysts observed in adult polycystic disease may have grown over periods
as great as 38 years. However, before this evidence is taken as support for
the balloon theory or for the presence of linear growth patterns, additional
facts must be considered. First, the larger cysts in the rat models and in
human disease are not the general rule but rather are far outnumbered by
much smaller cysts. Second, the initial postulate of constant and normally
transporting cellular and basement membrane mass in the stretching cyst
wall is untenable on geometric grounds. As shown in Table 2, if cell and
basement membrane mass did indeed remain constant during cyst growth,
the average 7.5-pm cell height and 0.25-pm basement membrane thickness
of the parent nephron would become attenuated to 0.25 and 0.01 pm,
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Table 2. Attenuation of Constant Cell and Basement
Membrane {BM) Mass

Tubule OD Cell height BM thickness
(mm) (pm) (wm)
0.04 7.5 0.25
1 0.25 0.01
10 0.025 0.001

respectively, in cysts only 1 mm in diameter and to angstrom dimensions in
I-cm cysts. Although some wall thinning is observed in some cystic nephrons,
it is not invariable and never is to these predicted extremes, even in very
large cysts. Third, Fig. 3 illustrates the relationship between transtubular
hydrostatic pressure and the outer diameters of isolated, distally occluded,
intact nephron segments or tubule basement membranes from rabbits
(Welling and Grantham, 1972). Although all the segments and membranes
are seen to be moderately stretchable in the physiologic pressure range of
perhaps 5—20 cm HzO, it is quite apparent that, if the basement membrane
is normal in compliance and in quantity, no amount of obstruction or luminal
pressure could produce even l-mm cysts. Finally, if one does not require
the maintenance of constant absorptive flux during cyst wall stretching and
allows instead a more probably progressive decrease in transport function,
zero transport, or even cell death, the result would be, as shown in Fig. 2,
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Figure 3. Relationship between transtubular hydrostatic pressure and outer diameters of rabbit
proximal S; and S; segments and cortical collecting tubules (CCT). (Adapted from Welling and
Grantham, 1972.)
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Figure 4. Comparison of compliance curves for normal and hypothetical abnormal tubule
basement membrane.

either a faster-than-linear cyst growth pattern or a linear pattern with slope
greater than in the original constant flux situation. Then one would predict
a larger ratio of large to small cysts and thus a picture even less consistent
with the rat model and human disease observations. For all these reasons,
our analysis does not support the balloon or blowout theory as presented
historically and can accommodate other obstruction theories only if they
include the possibility of changing reabsorptive flux and avoid the problems
of attenuation and limited tubule distensibility.

3.2. Membrane Defect Model

The second of the most frequently proposed cyst growth mechanisms
incorporates a basement membrane defect that might be analogous to the
known effects of collagenase on tubule basement membranes. Stated simply,
it is proposed that the compliance or stretchability of a presumably defective
basement membrane would not decrease with increasing distention as does
the normal membrane in Fig. 4. but rather would become effectively infinite
(Carone et al., 1974). This in turn would tend to dissipate the proximal to
distal pressure gradient in the tubule, decrease the driving force for Jv.,.,
and allow an accumulation of Jy, . Large cysts might then develop at normal
or even subnormal tubule pressures. It should be noted that the arguments
concerning cyst size distribution, cell and basement membrane attenuation,
and maintenance of cellular transport capacity used against the balloon
model apply here as well. Therefore, unless the membrane defect model is
supplemented by the possibility for changing reabsorptive flux and avoidance
of attenuation, it cannot be supported by our analysis.
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Table 3.  Saturation Cyst Growth

Volume (diameter)

(]Vab/AO)

(nl/min - cm) 1-cm Cylinders Spheres
10 3% 107* ml 14 x 1073 ml
(0.2 mm) (1.4 mm)

1 3 x 1072 ml 1.4 ml
(2 mm) (14 mm)

0.1 3 ml 1400 ml
(20 mm) (140 mm)

3.3. Saturation Filling Model

The third proposed cyst growth mechanism incorporates cellular growth
or hyperplasia during cyst growth and proves to be the most interesting for
two reasons. First, if the possibility of cellular hyperplasia is added to an
obstruction model or to the membrane defect model, both can be made
acceptable. Second, concomitant cell growth and cystic dilation can produce
the characteristic, self-limiting cyst growth pattern indicated by the lower
broken line in Fig. 2, a pattern we shall refer to as saturation filling.

Saturation filling is described by the equation (Jvi, = Jvo. + Jv.) =
(Jvas/Ao)A and is a situation in which the reabsorption capacity Jv., per unit
tubule surface area Ao is maintained constant and greater than zero during
cyst growth and during the enlargment of the cyst wall surface area A. For
example, it would occur if growth of absorbing cyst lining cells kept pace
with the increasing surface area of the cyst and thereby maintained normal
cell spacing and density in a single-layer epithelium. Thus, as the cyst surface
area increases so does the total absorptive capacity of the cyst wall. Cyst
growth then ceases when that total absorptive capacity comes to equal the
algebraic sum of the other volume flows previously available for cyst growth.
Using the reference values from Fig. 1, that volume flow would be, maximally,
50 nl/min.

In favor of this viewpoint are the findings of Carone et al. (1974), Evan
and Gardner (1979), and Cuppage et al. (1980) that normal cell size and
spacing are indeed found in cyst epithelium. Further support is provided by
the sample calculations in Table 3. That is, if saturation filling does occur in
human and experimental disease, one might expect to find large populations
of cylindrical dilated tubules or spherical cysts of sizes predicted from the
reasonable range of absorptive capacities in the left column. It should be
noted that the 10 and 1 nl/min-cm absorptive capacities are approximately
equivalent to those seen in normal proximal and in distal nephron segments.
Although the available observations are few, we do find that the smaller of
the calculated cyst sizes are reasonably compatible with the more usual,
smaller cysts seen in rat models and human disease and that the larger
calculated sizes might correspond to the few larger cysts observed. Further-
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Figure 5. Suggested manner of tubule cell growth induced by tubule dilation.

more, to account for the occasional very large cysts, one can easily accept
the possibility of damaged or otherwise poorly functioning cyst epithelium.
The calculations using the 0.1 absorption capacity would reflect such a
situation. Circumstantial evidence for a poorly functioning epithelium is
provided by the several published electron micrographs in which the cyst
lining cells are somewhat reduced in height and, more important, lack the
complex array of lateral intercellular channels which have been correlated

in our laboratory with the cellular capacity for active volume reabsorption
(Welling et al., 1978).

4. Proposed Mechanism

Having now arrived at our choice of saturation as a reasonable model
for cyst growth, two additional points remain for consideration. The first is
a reconciliation between the distal obstruction and basement membrane
defect models and what might be termed the saturation model. The second
is a brief discussion of research procedures that might be used to test the
validity of our conclusions.

One overriding consideration in the saturation model is an apparent
coordination between cyst growth rate and the rate at which cell growth
occurs to maintain an approximately normal reabsorptive capacity per unit
surface area. Although the concept of contact inhibition might be involved
to assure normal epithelial size and density, one still must find a reasonable
initiating stimulus which, in the context of a developing disease state, must
presumably be pathologic. We propose two possibilities. First, as illustrated
by the difference between the first and the second tubule diagrams in Fig.
5, moderate tubule dilations are possible within the range of physiologic
transtubular pressure. Pathologic distal obstruction, possibly by means of the
epithelial polyps demonstrated by Evan and Gardner (1979), then could
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produce moderate cellular stretching and attenuation which, in turn, might
trigger cellular hyperplasia sufficient to return cell size to normal, as in the
third diagram. Furthermore, if each new cell were allowed to produce its
normal allotment of basement membrane, the transtubular pressure could
return to normal and thereafter fluctuate between normal and only slight
elevation as the cycle is repeated and as the cyst grows and expands
progressively. The second possibility is similar to the first but incorporates
the basement membrane defect model as proposed by Carone et al. (1974).
Cellular attenuation and the triggering of hyperplasia then could occur with
only trivial elevations of tubular pressure and without the need for significant
distal obstruction. Basement membrane attenuation could be prevented if
the new cells again were allowed to produce new, but now presumably
abnormal, membrane in appropriate quantity.

It should be noted that in both proposed mechanisms the role of
transtubular pressure is simply to induce sufficient wall stretching to trigger
a single event of cellular hyperplasia. The pressure then could return to
normal from which point it might again build up and trigger a second
hyperplasia event. Cycles of this type presumably could continue for long
periods of time. If the new cells maintain any degree of transport capacity,
the cyst eventually would reach a saturation volume at which point no further
pressure fluctuations would occur and cyst growth would cease. If the new
cells lack or secondarily lose their transport capacity, there would be no
saturation volume and cyst growth might continue indefinitely. If a polycystic
kidney contained both transporting and nontransporting cysts and if, as
supported by the cyst function studies of Gardner (1969) and of Huseman
et al. (1980), the transporting cysts predominate, one would expect a low
ratio of large to small cells, as is in fact observed.

5. Proposed Experimental Approach

The conclusions we have reached here have been based on comparisons
of predicted events to a very few and often incomplete experimental
observations. To continue our approach and to validate our viewpoints, the
following experimental procedures will be required. First, to evaluate the
possibility of basement membrane defect, attempts should be made to
measure the compliance characteristics of cyst walls. Second, it is critically
important that we obtain data on cyst growth characteristics and particularly
the average, and median sizes and the distribution of sizes of all cysts in
samples obtained at numerous time intervals. Third, because of the expected
differences between the absorptive capacities of proximal and of distal
nephron cysts, careful recording of cyst type must accompany the measure-
ments of cyst growth pattern. Finally, as in the work already begun by Evan
and Gardner, careful examination must be made for evidence of cellular
hyperplasia and for evidence of obstructive mechanisms.
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12
Early Polycystic Kidney Disease

Joseph H. Holmes and Patricia Gabow

Over 700 persons either having polycystic kidney disease (PKD) or related
to persons having that disease were studied at the University of Colorado
Health Science Center for more than 20 years."~® This study was begun in
1960 when it was observed that the ultrasound image of the adult form of
PKD was quite distinctive.*¥ This distinctive pattern offered a potential for
earlier diagnosis of PKD and for more effective family screening without
the radiation exposure accompanying the excretory urogram.

The primary goal of the authors was to obtain a clearer picture of the
nonazotemic phase of PKD. Not only were the findings useful to facilitate
earlier diagnosis, but they also were helpful in genetic counseling of all PKD
persons planning to have children. Often PKD is not diagnosed until an
affected person has had one or more children. Therefore, if genetic
counseling is to be effective, PKD must be diagnosed earlier and family
screening must be more effective.

This report presents a number of broad issues which arose from the
initial study of this patient group and which could be helpful to the practicing
physician/nephrologist for management and treatment of affected persons
and their families.

The study group comprised 495 persons having early PKD and their
family members. After a positive diagnosis of PKD in a patient, attempts
were made to evaluate all other family members. In all persons, blood
creatinine was below 3 mg/100 ml.

The protocol, which has been followed with only minor variations
throughout the 20-year study period, consisted of a history (including
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complete questioning about the genitourinary system); a physical examina-
tion; and blood sampling for determination of BUN, serum creatinine, uric
acid, SGOT, SGPT, and alkaline phosphatase values. Determination of serum
sodium and potassium values was included for the last 215 patients seen.
Blood calcium and phosphorus determinations were obtained in persons
with a history of renal calculi. Hematological studies included hematocrit,
hemoglobin, red cell count, white cell count, differential count, red blood
cell indices, and platelet counts, which were done on the last 215 patients
seen.

Routine urinalysis ‘on a fresh specimen was performed for al] patients.
In addition, the majority collected 12- (7 p.M. to 7 A.M.) or 24-hr urine
specimens for analysis of urea nitrogen, creatinine, uric acid, and, for the
last 215 patients, sodium and potassium content also.

Ultrasound examinations were obtained on 451 patients. Intravenous
pyelograms were performed in approximately 100 subjects in conjunction
with the ultrasound examination.

At least four factors must be considered when classifying cystic disease
of the kidney®=": (1) genetic relationship; (2) structural or anatomical aspects;
(3) rate of cyst growth; and (4) relation to liver abnormalities (i.e., associated
cystic disease or cirrhosis).

In defining the genetic aspects, no method for identifying the gene and
assessing its abnormality exists at present. Therefore, in diagnosing the adult
form of PKD, a positive genetic history or evidence of polycystic disease in
related family members is the most reliable factor.

In 6% of subjects, a positive family history could not be obtained. The
accuracy of this figure is difficult to ascertain because of difficulties inherent
in obtaining family histories. For example, a patient said to have died of
heart disease may have had associated PKD. Consequently, in each patient
suspected of having spontaneous mutation (i.e., a negative family history),
evaluation of both parents was attempted before a spontaneous mutation
was considered.

The advent of new imaging techniques, such as ultrasound, computed
tomography (CT), or isotope scanning, has provided a means for more
precise definitions and classifications. Study of the rate of cyst growth
suggests that when there is no change in the cystic pattern for more than 15
years, the cystic disease may not be genetic in origin because continued cyst
growth is assumed to be a characteristic of the adult form of PKD. Finally,
if concomitant liver cysts are present, the diagnostic chance of the disease
being the adult form of PKD is increased significantly. The literature reports
that liver cysts are present in 28—50% of patients with adult PKD.®® This
emphasizes the need to examine the liver for cysts in all persons suspected
of having PKD.

The diagnosis of PKD was based on one or more of the following
criteria: a positive excretory urogram, a positive ultrasound, or direct obser-
vation of renal cysts at surgery. CT, isotopic studies, or angiogram were not
done routinely in the series but were used only to confirm other studies.
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The population was classified as having no evidence of PKD, suspicious
for presence of PKD, or definite PKD. The 451 subjects with ultrasound
data were classified as follows: without PKD if no cysts were detected;
suspicious for PKD if less than a total of five cysts were detectable in both
kidneys or cysts were present in only one kidney; definite PKD if cysts were
detectable in both kidneys and totaled five or more.

Eighty-one cases were diagnosed as suspicious for PKD. However,
experience suggests that this group probably will evolve into two populations:
(1) those who develop clear-cut PKD with more and larger cysts; and (2)
those in whom the cyst pattern remains unchanged over a period of years.
In five patients in the suspicious group, the ultrasound pattern of two or
three cysts has remained unchanged over at least 15 years. This means that
any patient in the suspicious group must be followed periodically until a
final decision can be made.

The PKD group was compared with the 254 uninvolved family members,
and any significant difference between the two groups was considered a
characteristic of the adult form of PKD. Such comparisons may not take into
account unrecognized physical differences between involved families and a
corresponding normal group. However, members of PKD families offer an
environmental and genetic (unrelated to renal cyst growth) control.

The clinical symptoms that occurred with greater frequency in the
positive PKD group were nausea, headache, hematuria, hypertension, infec-
tions, back pain, and renal calculi. The physical examination findings
occurring with greater frequency in the PKD group were hypertension,
systolic murmur, abnormal fundoscopic examination, palpable liver, and
peripheral edema.

Hypertension (62%) was of particular interest because it was frequently
the presenting symptom, usually discovered during routine physical exami-
nation. A blood pressure of greater than 150/90 mm Hg was considered to
represent hypertension. The diagnosis of hypertension was based on the
history, medical records, and/or measurements during physical examination.
In the PKD group, the average age of diagnosis of hypertension was 33
years. Hypertension often was diagnosed before there was overt evidence of
cystic disease or of renal enlargement.

The hypertension did not relate to the levels of BUN or serum creatinine.
Blood uric acid levels were higher in the PKD group with hypertension. In
any unexplained case of hypertension, family history was and should be
checked for the possibility of PKD.

Back pain, though present in more than 61% of those having a positive
PKD diagnosis, was a difficult symptom to evaluate. In most instances the
patient tended to relate the back pain to lifting, unusual work, strain, or
trauma. Back pain did not bring the patient in for his initial PKD diagnostic
workup. The location of relevant pain varied and could be in the groin, in

midabdomen just to the left of the umbilicus, in the lumbar region, or in
the flank.
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Nineteen percent of the PKD group complained of headaches. Head-
aches did not correlate significantly with the presence of hypertension.

A few persons in this series with PKD noted intraabdominal pressure,
belching, difficulty in eating because of a “full” feeling, constipation or
diarrhea, and palpable abdominal masses. Most of the symptoms were vague,
but might be explicable on the basis of increased intraabdominal mass. In
each of these persons, the serum creatinine concentration was less than 3
mg/100 ml.

In the PKD patients, the most significant findings on physical exami-
nation were a higher incidence of palpable kidneys, palpable liver, and
abdominal tenderness. A palpable left kidney was noted in 51.2%, a palpable
right kidney in 49.4%. Upper abdominal tenderness was present in 19%.

Three other findings were of interest. (1) Abnormal funduscopic changes
were noted in 22% of the PKD and correlated with hypertension. (2) It is
interesting that a systolic murmur was present in 10.5% of the positive group
and did not correlate with hypertension. (3) Edema was noted in 9.3% of
the PKD group. The physical findings that appear to be the most significant
for early diagnosis are hypertension, palpable kidneys, and palpable liver.

Laboratory tests did not prove very helpful in diagnosis of early PKD.
Routine urinalyses done at a time when patients were symptom-free also
were not discriminating since abnormal urinalyses occurred with a high
frequency in subjects considered to be unaffected family members. Single
determinations of serum creatinine and BUN were not useful since most fell
within the hospital laboratory’s normal range. Blood urea and serum creat-
inine determinations were most useful in detecting progressive depression
of renal function with time. Liver function tests were within normal limits
in all groups. These tests were similar in those patients who had hepatic
cysts and in those with no hepatic cysts.

Hematuria, occurred in 31% of patients with PKD according to history,
is a distinctive symptom, and demands further renal workup. When cysto-
scope examination was negative, PKD was the most likely diagnosis. In
managing hematuria in patients with PKD, the physician should follow a
conservative program. Surgery is not indicated except for extreme emergen-
cies. Interestingly, a greater incidence of hematuria was found in PKD
patients with hypertension than in those with no hypertension.

Since urinary cultures were done only rarely, the diagnosis of genitour-
inary or “bladder” infection was made when the referring physician had told
the patient that an acute episode of dysuria, hematuria, fever, and back pain
that disappeared with antibiotic therapy was a “bladder infection.” Only a
third of the PKD group had a history of infection. In PKD patients who
developed recurrent infections, it was appropriate to treat them vigorously
and to follow them periodically. If the infection occured in a cyst, antibiotic
therapy was continued for a longer period of time. Vigorous treatment and
careful follow-up may prevent future renal damage.
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Over the past 20 years, three new imaging techniques have altered
significantly the diagnostic approach to PKD. The three techniques are
ultrasound, CT scanning, and isotopes scanning.®~'?

Ultrasonography was more sensitive than excretory urography in de-
tecting PKD and in subjects suspicious for PKD. Routine excretory urograms
appeared normal in 5 of 39 subjects with definite PKD diagnosed by
ultrasonography. Excretory urography was suspicious in an additional six
subjects. Excretory urography with nephrotomography was normal in 2 of
16 subjects and suspicious in an additional subject evaluated with this
radiological technique. One subject had a normal ultrasonogram and excre-
tory urogram, but an abnormal arteriogram consistent with PKD.

CT, although effective in demonstrating cysts, has been used most often
in this study to determine presence of complications such as cyst hemorrhage
or cyst obstruction. CT has not proven useful for screening family mem-
bers.' The problems associated with CT evaluation include patient prep-
aration, contrast administration, radiation exposure, and the difficulties in
examination of young children without anesthesia.

Ultrasound has made it possible to achieve an earlier diagnosis of
PKD.! 21112 Ts major advantages include noninvasiveness and the ability
to demonstrate cysts in both liver and kidney, during the same examination.
Recent articles have suggested that ultrasound should be the imaging method
of first choice whenever PKD is suspected.®-11-12

In addition, ultrasound can demonstrate pancreatic and ovarian cysts
and cysts in the fetal kidney. This series includes four fetal cystic kidneys
demonstrated by ultrasound.

Liver cysts were demonstrated in 38% of the PKD subjects, a figure
approximating those in the literature (range 36 to 50%).%® It is likely that
as ultrasonic techniques improve, liver cysts will be detected in a higher
percentage of PKD patients. Liver cysts have been observed in persons in
good health who have no family history of PKD. This might correspond to
the presence of one or two renal cysts in individuals in normal populations,
especially in many of the older age groups.

The younger age group (under 18) always has presented a difficult
diagnostic problem in classification of cystic disease of the kidney.'® This
group can be subdivided into several categories: (1) early appearance of cysts
in subjects less than 18 years old with a definite family history of adult PKD;
(2) those classified as suspicious, that is, five or fewer cysts; (3) multicystic
kidney defined as cysts in only one kidney; (4) infantile PKD; (5) persons
referred as having PKD later diagnosed as tuberous sclerosis; and (6) renal
cystic disease and portal cirrhosis. Children referred to the University of
Colorado group as PKD have had evaluations which reveal this spectrum of
diagnoses.

In those with adult PKD, early cyst growth sufficient for diagnosis occurs
in about 8.5% before age 18. This finding is in contrast to a general belief
that cysts in this disease are not detected until age 20 or 30. An additional
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20% were classified as suspicious. In this group it is worthwhile to reexamine
the child every 6 months to determine whether more cysts develop or to
demonstrate a stable cyst pattern over successive years.

The multicystic group all had a unilateral abdominal mass discovered at
birth or shortly thereafter. Surgery was done in five of the six patients, and
the cystic kidney was removed since the other kidney was declared normal
at surgery. There was no positive family history of PKD. The term “multi-
cystic” as defined by most internists and urologists is restricted to kidneys
enlarged unilaterally by cyst growth.”!'* It is recommended that those
patients diagnosed as having multicystic disease shortly after birth be followed
conservatively and that greater restraint be exercised in performing surgery.

The diagnosis of infantile PKD often is made by the pathologist.
However, there may also be a distinctive X-ray image pattern. When PKD is
found in three members of the same generation (as observed in one of the
families) one should question whether the diagnosis of infantile PKD is
correct.

Two other cases of cystic disease occurred in the under-18 group. One
was diagnosed eventually as tuberous sclerosis and the other had renal cystic
disease with associated portal cirrhosis. Tuberous sclerosis is occasionally
diagnosed as PKD, especially in the younger patient, before other diagnostic
characteristics of this disease appear.

With the use of ultrasound, the presence of the cysts in the fetal kidney
before birth can be discovered. In three of the four cases discovered in utero,
there was a family history of the adult form of PKD. All four cases had echo
patterns of cystic disease that differed significantly from the pattern of
infantile PKD.

Because there are no data to indicate when these children might develop
serious uremia, the screening routine has been changed, and young family
members are checked with ultrasound in the first decade. If the result is
negative, they need not be checked until later, perhaps in their twenties.

One of the most common questions asked by at risk individuals is “What
is the likelihood that I have PKD?” At the present time, little more can be
offered than an explanation of autosomal dominant inheritance. In trying
to detect early PKD in at-risk family members, a history of previous hematuria
or hypertension may be helpful although these occur commonly in subjects
considered negative. During the physical examination, careful attention
should be given to blood pressure and to examination of abdomen. Careful
palpation of kidneys and liver should be done. If a systolic murmur or
edema is present, further diagnostic evaluation should be carried out.
Laboratory studies on a single visit were not helpful in diagnosing or
evaluating PKD, but for progressive changes over a period of time, they are
clearly useful.

If five or fewer cysts are detected in a person under age 30, it is
impossible to make a positive diagnosis on a single visit. Consequently, these
patients must be followed, and only when additional cysts appear on
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subsequent visits can the diagnosis be established. Early in this study it was
assumed that whenever two or three cysts were noted in a family member,
that person would develop PKD, but this has not always been the case. More
difficult diagnostically is the discovery of the first cyst after age 50, when
one or two cysts may appear even in normal persons with no history of PKD.
Long-term follow-up on this subset of patients is critical in order to develop
a predictive index for subjects at risk.

As a result of this study, a logical routine checkup for family members
at risk has been devised. It was found that cysts grow slowly in most patients
and that an evaluation every 2 or 3 years is probably sufficient. All patients
who are planning a family should be checked at that time.

Another question commonly asked by those who have PKD is “When
will T require dialysis or renal transplantation and how long can I lead a
useful working life? I want to make plans for my family or decide whether
to have children or adopt a child.” Sufficient longitudinal data have not been
obtained on the group with uremia to predict the prognosis on any specific
PKD patient. Furthermore, rate of cyst growth may vary considerably.!'®
For example, one patient in this series had no evidence of cysts at the age
of 17, yet at the age of 182 had multiple cysts in both kidneys. In contrast,
an 82-year-old woman with 55-g cystic kidneys died of pneumonia with a
BUN in the normal range.

Patients frequently ask: “Can I alter the course of the disease by a special
diet, drinking more fluids, being more active, or by special exercises?” No
data regarding such measures have been accumulated in this disorder.

One question often asked by younger subjects is whether they should
participate in contact sports. When cysts are large, especially when they occur
in the younger age group participating in contact sports like football, there
may be merit to a restriction. On the other hand, if cysts are small, perhaps
restriction may not be necessary. Three patients in this series suffered
complications associated with trauma to the kidney area.

Other important questions are how vigorously the hypertension should
be treated in patients with PKD, and how many die of cardiovascular
complications. Family histories often reveal a cardiac cause of death in a
previous generation. Although the hypertension in PKD may not be severe,
proper antihypertensive treatment in these patients is appropriate. However,
no longitudinal study has demonstrated the impact of antihypertensive
therapy on the natural history of the disease.

Physicians have wondered whether PKD is a disease manifested only by
multiple cyst growth in the kidney or whether it represents a systemic disease
in which cyst growth in the kidney is only one manifestation. The high
incidence of cyst growth in the liver and pancreas in persons with PKD
supports the latter concept.®

Further evaluation will be needed to assess the pathogenesis of this
disease, particularly in relationship to its possible systemic nature.
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An Overview of Recent Advances in
Mineral Metabolism

Saulo Klahr, Eduardo Slatopolsky, and Kevin Martin

1. Introduction

The last decade witnessed a dramatic expansion of knowledge, both funda-
mental and clinical, about the metabolism of calcium and phosphorus, and
about the regulation of bone structure and function in health and disease.
Calcium and phosphorus are essential components of the skeleton, which
regulate or modulate many biochemical and transport processes. Cystosolic
and extracellular fluid concentrations of ionic calcium are maintained within
narrow limits despite wide fluctuation in calcium intake. The circulating
levels of phosphorus are controlled by many of the same factors responsible
for regulating calcium metabolism, though to a less stringent degree.

The regulation of mineral metabolism may be viewed as a coordinated
multicomponent system including organs that are directly involved in mineral
translocation—the intestine, the bone, and the kidney—and the principal
hormones that control these translocations—parathyroid hormone, calci-
tonin, and vitamin D metabolites. These hormones aid in controlling both
the quantity and quality of the skeleton. Chronic progressive renal disease
brings about a series of perturbations and distortions in the control systems
responsible for mineral homeostasis. Basic advances in the understanding of
the synthesis and metabolism of parathyroid hormone, vitamin D, calcium,
and phosphorus in health have led to substantial progress in delineating the
alterations in bone and the derangements in mineral metabolism brought
about by renal disease. These, in turn, have led to significant clinical advances
and to a more rational approach to treatment or prevention of these problems.

Saulo Klahr, Eduardo Slatopolsky, and Kevin Martin ® Renal Division, Department of Medicine,
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It is impossible within the context of this overview to describe the many
advances that have occurred in recent years in understanding of mineral
metabolism and its regulation. For an excellent and more comprehensive
discussion of the subject, the reader should consult recent texts>? and
reviews.®*~® This overview will be limited to discussion of some topics of
current interest in the area of parathyroid hormone and of vitamin D
metabolism and their interrelationships.

2. Parathyroid Hormone

Parathyroid hormone, an 84-amino-acid peptide, is synthesized in the
parathyroid glands from proparathyroid hormone (90 amino acids) and
preproparathyroid hormone (115 amino acids).”” Parathyroid hormone
secretion is inhibited by an increase and stimulated by a decrease in serum
calcium. This feedback system of regulation involving the parathyroid glands
is one of the most important homeostatic mechanisms for the close control
of the concentration of calcium in extracellular fluid. Parathyroid hormone
is elaborated in response to hypocalcemia, other ionic perturbations, and a
variety of humoral stimuli, most notably beta-adrenergic stimulation.!'®!!
Its principal effect is to raise circulating levels of ionized calcium by promoting
bone resorption, renal tubular calcium reabsorption, and the renal conversion
of 25-hydroxy D3 to 1-a-25-dihydroxy Ds, a potent stimulator of intestinal
calcium absorption. In addition, parathyroid hormone promotes the renal
excretion of phosphate, an effect that tends to raise serum calcium. The
effects of the hormone at the level of kidney and bone seem to be mediated
via cyclic AMP.('®

Substantial evidence also has accumulated which indicates that the release
of parathyroid hormone is mediated also by cyclic AMP. The evidence for a
role of cyclic AMP in the secretion of parathyroid hormone is derived from
several observations: (1) the presence of adenylate cyclase activity in para-
thyroid tissue; (2) the ability of dibutyryl cyclic AMP, and theophylline, to
stimulate hormone secretion; (3) the correlation between in vitro cyclic AMP
production and hormone release; and (4) the fact that many parathyroid
hormone secretagogues (a) stimulate cyclic AMP formation in parathyroid
cells and (b) have effects on cyclic AMP and parathyroid hormone secretion
that are similar in time course, kinetic characteristics, and dose-response
relationships.(**~'% Hypocalcemia, probably due to retention of phosphate
and/or to decreased synthesis of 1,25-dihydroxy Ds by the diseased kidney,
is probably the major cause of increased secretion of parathyroid hormone
in uremia. The possible contribution of other stimuli (increased beta-
adrenergic activity, release of prostaglandins or secretin), which have been
shown to augment parathyroid hormone secretion, to the increased release
of the hormone observed in uremia has not been adequately explored.
However, published data suggest, although not convincingly, that adminis-
tration of propranolol, a beta-adrenergic blocker, can decrease the levels of
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parathyroid hormone in uremic subjects."® This observation raises the
possibility that increased beta-adrenergic activity may be involved, partially
in the increased secretion of parathyroid hormone observed in chronic renal
disease.

In addition to changes in calcium concentration, it has been postulated
that the levels of circulating vitamin D metabolites may play a role in the
regulation of parathyroid hormone release. The finding of specific binding
sites for vitamin D metabolites within the parathyroid glands has led to the
suggestion that these metabolites exert a direct effect on the parathyroid
gland which is independent of the levels of serum calcium.'” Canterbury et
al.™® have shown that intravenous administration of 24,25-dihydroxy Ds in
the dog produces an acute suppression of parathyroid hormone (PTH)
release in the absence of changes in extracellular fluid calcium. In addition,
this same group has found that oral administration of 24,25-dihydroxy Ds
to dogs with chronic renal insufficiency and secondary hyperparathyroidism
leads to a progressive decrease in the levels of circulating immunoreactive
PTH even in the absence of changes in ionized or total serum calcium."'?
These results suggest a direct effect of some of the vitamin D metabolites
on PTH release. It is possible that alterations in the levels of some of these
vitamin D metabolites in uremia may be responsible in part for the increased
secretion of PTH in patients with chronic renal disease. However, at present
the evidence for a direct effect of the vitamin D metabolites on the secretion
of PTH is controversial since the results reported by some investigators have
not been confirmed by others, and contradictory data have also been reported.
Data from our own laboratory indicate that administration of 1,25-dihydroxy
Ds to uremic patients leads to a decrease in the levels of circulating
parathyroid hormone only when an elevation in serum calcium occurs. When
1,25-dihydroxy Ds is administered to uremic subjects but serum calcium
levels are not allowed to increase, there is no detectable decrease in the levels
of circulating immunoreactive PTH even after 6 months of administration
of the D metabolite.

Recent studies have reinvestigated the mechanisms underlying the
inability of elevations in serum calcium to turn off PTH secretion in uremic
subjects. It has been postulated that the increase in mass (hypertrophy) of
the parathyroid glands in chronic renal disease underlies the unresponsive-
ness of the glands to the normal stimuli capable of “turning off” hormonal
secretion. Previous studies in animals with normal parathyroid glands have
suggested that a basal secretion of PTH (“calcium unresponsive”) may persist
even in the presence of marked hypercalcemia. If glandular mass is enlarged,
there will be an increase in the basal rate of PTH secretion which may be
independent of calcium control and may be sufficient to maintain elevated
levels of the hormone even in the presence of hypercalcemia. This will,
therefore, mimic the lack of suppression of glandular secretion by an
appropriate stimulus (hypercalcemia). On the other hand, it is possible that
a “true defect” of the hypertrophic parathyroid glands in uremia may lead
to an altered response to the signals that normally “shut off” the secretion
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of PTH. In an attempt to explore this possibility we have examined the
kinetic behavior of the adenylate cyclase (the enzyme responsible for cyclic
AMP generation and the release of parathyroid hormone) in membranes
obtained from glands of normal animals or animals with experimental renal
disease and from glands of normal or uremic individuals.®*® These studies
indicate that the kinetic characteristics of the adenylate cyclase from hyper-
trophic glands are markedly different from those observed in normal glands.
Maximal activation of the adenylate cyclase requires lower concentrations of
Mg?* in membranes obtained from hypertrophic than in normal glands.
This change in the magnesium concentration required for the activation of
the adenylate cyclase of hypertrophic glands is reversed by the addition of
guanosine triphosphate (GTP) or its analogues to the incubation media. In
addition, a similar degree of suppression of adenylate cyclase activity by
external calcium requires a greater concentration of the cation in hyper-
trophic glands than in normal glands. These observations suggest that in
addition to an increase in glandular mass, an intrinsic defect in the kinetics
of the regulatory enzyme responsible for PTH secretion may underlie the
lack of suppression of PTH release in patients with secondary hyperpara-
thyroidism.

It has also become evident in recent years that most of the increased
levels of serum immunoreactive PTH observed in uremic subjects is due to
accumulation of carboxy terminal fragments of the hormone. Although the
gland is capable of secreting both the intact hormone and fragments, a
process that may be influenced both quantitatively and qualitatively by the
concentrations of serum calcium, it is also clear that peripheral metabolism
of the intact hormone contributes to the heterogeneous nature of circulating
immunoreactive PTH.®" Since the major site of catabolism of carboxy
terminal PTH fragments is the kidney, via glomerular filtration rate (GFR),
a progressive decrease in GFR as it occurs in chronic renal disease will result
in accumulation of carboxy terminal fragments. Hence, the markedly elevated
levels of PTH seen in chronic renal disease result from a combination of
increased secretion of the hormone plus decreased degradation. Several
investigators have postulated that these markedly increased levels of circu-
lating immunoreactive PTH may play a role in some of the manifestations
of the uremic syndrome. There is no question that elevated levels of PTH
contribute to the bone disease and to the electroencephalographic abnor-
malities seen in many patients with chronic renal disease, but no clear and
convincing evidence has been provided for a role of PTH in causing some
of the other manifestations of uremia that have been attributed to the
hormone (e.g., anemia, carbohydrate intolerance, hyperlipidemia).*?

It is also clear that the peripheral metabolism of PTH®V seems to be
somewhat selective since certain organs are capable of extracting exclusively
intact hormone (liver) and others only the amino terminal fragment (bone),
whereas other organs, mainly the kidney, are capable of extracting from
blood the intact hormone and both carboxy and amino terminal fragments.
In addition, the peripheral metabolism of parathyroid hormone may be
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Table 1. Potential Sites at Which Calcium May Influence
Calcium Homeostasis

The intraglandular synthesis of PTH

The rate of release of PTH from the glands

3. The proportion of intact PTH vs. PTH fragments released from
the glands

4. The rate of peripheral conversion of intact PTH to fragments in
liver and kidney

5. The effects of PTH or its fragments on target organs (bone,

kidney)

N

controlled by the levels of serum calcium since experimental evidence
indicates that calcium levels modify the rate of formation of PTH fragments
in both liver and kidney.®*?® The peripheral formation of PTH fragments
may be necessary for the expression of the calcemic effect of the hormone.
In adult perfused bone, extraction of immunoreactive PTH and a cyclic
AMP response can be demonstrated only when the 1-34 biologically active
fragment is used, but not when the 1-84 intact hormone is utilized for
perfusion. Hence, conversion of the 1-84 intact hormone to fragments may
be necessary for the calcemic effect of the hormone. It is also evident that
calcium levels may control the physiologic response to the synthetic 1-34
fragment of PTH at the level of both kidney and bone. Hence, calcium levels
may exert regulation at multiple sites in the series of events that start with
the synthesis of PTH and end with an effect of the hormone at the level of
its target organs (see Table I).

The greater understanding of the mechanisms that control PTH secre-
tion has led to the search for potential means of achieving “medical
parathyroidectomy.” Certainly, elevations of serum calcium by dietary means
or by the use of vitamin D metabolites will, in most instances, decrease the
levels of circulating PTH. The demonstration by Canterbury et al.'? that
24,25-dihydroxy Ds is capable of decreasing circulating levels of PTH in
uremic dogs in the absence of elevations of serum calcium suggests that this
agent may be of use. The observations of Caro et al.'® suggest that
propranolol may be effective in decreasing PTH levels in uremia. In addition,
Bourgoignie ¢t al.®® have shown that cimetidine is capable of decreasing the
levels of immunoreactive PTH in uremic subjects and animals with experi-
mental renal disease and hyperparathyroidism. Others, however, have not
been able to reproduce these results.®®Severe hypomagnesemia®” as well

as hypermagnesemia®® of certain degree have also been shown to suppress
PTH release.

3. Vitamin D

Substantial evidence has accumulated for a role of the kidney in the
conversion of 25-hydroxy Ds, a metabolite formed in the liver by hydroxyl-
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ation of vitamin D at the 25 position, into 1,25-dihydroxy Ds. Although the
measured plasma levels of 1,25-dihydroxy Ds are normal in patients with
chronic renal disease at GFR values above 30 ml/min, a marked decrease in
the circulating levels of this vitamin Ds metabolite are seen in patients with
glomerular filtration rates below 25 ml/min.® In the presence of decreased
renal mass the normal circulating levels of 1,25-dihydroxy Ds at GFR values
of 30 ml/min or above may indicate an increased conversion of 25(OH)Ds
to 1,25(OH):Ds per unit of remaining renal mass. This adaptation may be
due in part to increased levels of circulating PTH. The fact that a continuous
and progressive renal adaptation in 1,25(OH)2Ds production does not occur
at GFR values below 25 ml/min may relate to the fact that at this level of
GFR the external balance of phosphate is not maintained. At GFR values
below 25 ml/min phosphate retention occurs when dietary phosphate intake
is not restricted. Since phosphate has been shown to play a key role in the
conversion of 25(OH)Ds to 1,25(OH)2Ds, it is possible that the development
of hyperphosphatemia [which will decrease the conversion of 25(OH)Ds to
1,25(0OH)2Ds] is responsible for the lack of a further increase in the renal
conversion per unit mass of 25(OH)Ds to 1,25(OH)2Ds as renal mass
decreases. This may then explain the decrease in the levels of circulating
1,25-dihydroxy Ds at GFR values of 25 ml/min or below.

It has also become evident in recent years that patients without pro-
gressive renal insufficiency but with the nephrotic syndrome may develop
bone disease.®” The sequence of events leading to bone disease in these
patients seems to be influenced by the degree of proteinuria and hence the
quantitative urinary losses of vitamin D-binding protein. Patients with the
nephrotic syndrome have been found to have profoundly decreased levels
of 25-hydroxy Ds and some decrease in 1,25-dihydroxy D3 levels. However,
the major decrease is in the levels of 25-hydroxy Ds, a inetabolite whose
plasma concentrations are usually normal in patients with end-stage renal
disease. The metabolite [25(OH)Ds] usually is decreased in states in which
the major component of histological bone disease is osteomalacia. The
decreased levels of circulating 25-hydroxy Ds in the nephrotic syndrome
may lead to a decreased total and ionized serum calcium and subsequently
to elevated levels of immunoreactive PTH. Consequently, the bone disease
will be characterized not only by the histological manifestations of osteoma-
lacia but also by those of hyperparathyroidism. It is not known at present
whether patients who have had marked proteinuria during the natural
history of their renal disease and subsequently develop progressive renal
insufficiency have a greater histological component of osteomalacia on bone
biopsy when compared to patients who were nonproteinuric during the
evolution of their progressive renal disease.

4. Bone

Of recent interest in terms of bone metabolism is the isolation and
characterization by Price et al.®*=3% of a new bone protein, bone-gla-protein
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(BGP). BGP is a 49-amino-acid chain, molecular weight 5800, which contains
three residues of the vitamin K-dependent amino acid, gamma-carboxyglu-
tamic acid. This protein is the most abundant noncollagenous protein of
mammalian bone and is principally located in the bone extracellular matrix.
In vitro studies have demonstrated that BGP is probably bound to hydroxy-
apatite in bone via the association between the carboxyglutamate side chains
and the mineral surface. BGP is synthesized in cortical and cancellous bone
cultures of calf and is fully gamma-carboxylated and synthesized at a rate of
about 1 BGP molecule per molecule of tropocollagen. Although the bone
cells that synthesize this protein have not been identified directly, the presence
of 4-hydroxy proline at position 9 in the calf BGP sequence indicates that
the protein has been modified by prolyl-hydroxylase, an enzyme found in
osteoblasts. This indirect evidence suggests that BGP may be synthesized by
osteoblasts. A radioimmunoassay against BGP has been recently developed,
and it has been reported that BGP can be detected in increased amounts in
the blood of individuals with different metabolic bone diseases. Additional
work in this area may provide evidence for BGP levels in blood as a new
and useful marker of bone disease, particularly of increased bone resorption.
Preliminary evidence indicates that the levels of BGP are markedly elevated
in the serum of uremic patients. Whether these increased levels are exclusively
the result of increased bone resorption or due to a combination of increased
bone resorption and decreased excretion of BGP by the kidney remains to
be established. BGP may be a better marker of bone disease than alkaline
phosphatase since it is not elevated in diseases of organs (i.e., liver) other
than bone.
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The Pathology of the Uremic Bone
Lesion

Steven L. Teitelbaum

1. The Morphological Manifestations of Renal Osteodystrophy

Renal osteodystrophy is a generic term that encompasses the array of
biochemical and morphological derangements of bone that attend renal
insufficiency. The insights gained into the genesis and, particularly, the
natural history of this family of disorders are a reflection of the greater
longevity of the uremic patient and, hence, the opportunity for skeletal
dysfunctions to become clinically manifest.

Many biochemical and morphological manifestations of renal osteodys-
trophy occur. Appreciation of the spectrum of these morphological de-
rangements is a result of the development of techniques of performing
relatively atraumatic needle bone biopsies under local anesthesia and the
ability to prepare well-preserved, nondecalcified histological sections of these
biopsy specimens.

When prepared in the routine histology laboratory, hard tissues are
invariably decalcified prior to section preparation. This process prevents
distinction between bony matrix which was nonmineralized in vivo (osteoid)
from that which was calcified and thereby renders impossible the histological
diagnoses of most disorders of mineralization. A growing number of centers
have now established techniques whereby nondecalcified histological sections
of bone are prepared. These techniques permit precise identification of the
bone lesion in each uremic patient and are essential for the careful manage-
ment of renal osteodystrophy.

The histological features of renal osteodystrophy consist of innumerable
combinations of osteitis fibrosa and osteomalacia associated with either
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osteosclerosis or osteopenia. Uremic osteitis fibrosa is the skeletal manifes-
tation of hyperparathyroidism. As parathyroid hormone is a general activator
of bone cell proliferation, the lesion is characterized by abundant osteoblasts
and osteoclasts (Fig. 1). Osteoid is also in excess, and the presence of
peritrabecular marrow fibrosis probably reflects activation of fibroblastlike
osteoblast precursor cells. Osteomalacia, on the other hand, is the histological
manifestation of abnormal mineralization and is also characterized by abun-
dant osteoid, but associated with a paucity of osteoblasts and osteoclasts and
an absence of marrow fibrosis (Fig. 2). Although “pure” examples of osteitis
fibrosa and osteomalacia do exist in uremia, a combination of these lesions
within a given bone biopsy is the rule.

Alterations of bone mass generally occur with progressive renal failure.
The most common such change is an increase in the quantity of bone matrix
per unit volume of marrow space (osteosclerosis). There is, in fact, an inverse
correlation between glomerular function and the magnitude of osteoscle-
rosis.” However, the increased skeletal radioopacity that occurs in many
patients with end-stage renal disease is a manifestation of trabecular change.
In fact, the cortical bone of uremic patients with osteosclerosis typically
becomes more porous, resulting in loss of distinction between cortex and
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