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Preface

Over recent years, much renal research has focused on the pathology
of the glomerulus, where many primary renal insults occur. However,
nearly thirty years have passed since Risdon’s study made the
apparently anomalous observation that the extent of damage to the
tubulointerstitial compartment is the major determinant of renal
outcome in a variety of human glomerular diseases.

This volume covers various aspects of tubulointerstitial disease,
and starts with an update on cystic disease of the kidney, by Drs.
WiLsoN and FALKENSTEIN, which includes recent experimental data
on the altered properties of cystic epithelium.

My own chapter gives an overview of the mechanisms of tubulo-
interstitial damage in progressive renal disease and includes a dis-
cussion of the possible role of cytokines, vasoactive peptides and
peptide growth factors found over the last few years to be secreted by
renal tubular cells. These comments are expanded in the contribution
by Dr. WoLF and Professor NEILSON, who provide a detailed account
of the cellular biology of tubulointerstitial growth.

The earliest studies from the 1960s attempted to correlate histo-
morphometry of the tubulointerstitium with renal outcome. Dr.
KHAN and Professor SINNIAH provide us with an update on mor-
phometric methods as applied to the kidney using new techniques.
Similar techniques are employed by Dr. Ivanyi and Professor OLSEN
who give a detailed stereomorphological account of tubulitis both in
acute allograft rejection, where its recognition is central to the
diagnosis, and in other forms of tubulointerstitial disease.

The apparent disparity between the extent of glomerular damage
and progression to chronic renal failure may be related to the
presence of atubular glomeruli, where disconnection at the origin of
the proximal tubule occurs, and the role of these structures in chronic
renal disease is discussed by Dr. MARCUSSEN.

Renal injury is a major cause of morbidity and mortality in
patients with diabetes mellitus. Professors ZryADEH and GOLDFARB
describe in detail the characteristic changes that occur in the
tubuloepithelial and interstitial compartments of the diabetic
kidney.



X Preface

Dr. GrRONE’s chapter provides an account of two experimental
models of tubular atrophy and cystic hyperplasia and discusses their
clinical relevance. The volume is concluded by Dr. ROBERTS with a
discussion of the mechanisms of renal damage in reflux nephropathy
and of potential prevention of chronic pyelonephritis, the cause of
one-fifth of all cases of chronic renal failure.

The topics covered here consider, in some depth, certain aspects of
tubulointerstitial disease including recent research which has been
facilitated by new techniques and which advance considerably our
understanding of various disease processes. It is hoped that they will
serve as stimulation for further research in this important area.

Susan M. Dopp
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1 Introduction and Classification

Renal cystic disease comprises a wide group of disorders which may be congeni-
tal, acquired, sporadic, or genetically determined. All of these disorders have in
common the presence of multiple cysts in the kidney, and this may be a primary
disease event and lead to organ dysfunction and end-stage renal failure or cyst
formation, may be secondary to other tumor or systemic disorders, and may or
may not be symptomatic. Several classification schemes for renal cystic diseases
have been proposed and modified in the past, and these will probably continue to
be modified as more genetic and pathologic information is gathered. One
simplified scheme based on current, although necessarily incomplete, published
information is suggested in Table 1. For the purposes of classification, the renal
cystic diseases have been separated into those of genetic and nongenetic origin
and further subdivided into those entities in which renal cyst formation is the
primary disease event and those in which cyst formation is a secondary event
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2 P.D. WiLsoN and D. FALKENSTEIN

associated with a separate genetic syndrome. It appears that cyst formation in the
kidney is a common response to genetic mutation, and an understanding of the
molecular basis of these events would be of significant importance in potential
retardation of cyst enlargement and eventual gene therapy strategies. The
ultimate goal of renal cystic disease research is to isolate and identify the gene
responsible for each disease. To date, although significant and rapid progress has
been made in the area of cystic disease genetics and the chromosome locations of
many of these genes have now been determined, few of the genes themselves have
actually been cloned or their encoded protein products characterized.

It might be argued that the most important of the genetic renal cystic
diseases— by virtue of its wide clinical impact leading to end-stage renal failure,
its extremely high incidence (1:500-1:1000), and complete penetrance—is
autosomal dominant polycystic kidney disease (ADPKD). This was formerly
known as “adult-onset polycystic kidney disease”, but this term is misleading
and has been replaced, since, with the advent of improved ultrasonography and
CT detection techniques, it is clear that multiple cysts can develop as early as in
utero in patients with ADPKD (SEDMAN et al. 1987), although symptoms may
take decades to appear. In addition, there have been several reported cases of
clear early onset ADPKD in children, leading to renal failure in the first and
second decade of life (Fick et al. 1992). ADPKD is the most common lethal
genetic disease inherited as an autosomal dominant trait; it affects 500000
patients in the United States and 6 million worldwide and accounts for 7% of
U.S. patients who receive renal replacement therapy by dialysis. Typically,
patients present with clinical manifestations in adulthood, including flank and
back pain, abdominal enlargement, hematuria, renal stones, recurrent urinary
tract infections, a loss of renal concentrating ability, and hypertension. In
addition, certain groups (18%) of ADPKD patients have a predisposition to
intracranial aneurysms and mitral valve prolapse (25%) (GaBow et al. 1984;
Hossack et al. 1988; CHAPMAN et al. 1992). Fifty percent of ADPKD patients
with renal cysts also exhibit hepatic cysts which arise in the portal tracts and are
lined by a single layer of bile duct epithelium. The prevalence of these hepatic
cysts in most marked in women patients (EVERSON et al. 1988). In addition, cysts
have been found within the pancreas in 5-10% of ADPKD patients and more
rarely in seminal vesicles, spleen, and thyroid. Colonic diverticulae are also seen
in 25% of these patients (P.A. Gabow, personal communication).

To date, the renal cystic disease that affects approximately 85% of patients
with typical ADPKD has been linked to polymorphic markers on the short arm
of chromosome 16, confined within a 750-kb pair region of this chromosome
between 16p13.3. And recently the gene (PKD-1) has been identified as a 14kb
transcript and partial sequence obtained (REEDERS et al. 1985; GERMINO
et al. 1992; EUROPEAN CONSORTIUM 1994). However, lack of homology with
known proteins has not shed light on the underlying defect in this disease.
However, expression analysis suggest developmental regulation of a membrane
protein. In 10-15% of patients with typical ADPKD symptoms the disease is not
linked to these markers on chromosomome 16, and they tend to show a slower
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progression to renal failure (KIMBERLING et al. 1988; PARFREY et al. 1990).
Recently, this disease has been mapped to chromosome 4q 13-q23, also by
linkage analysis with polymorphic markers; this is the first step to narrowing
down the search for this gene, which has been given the notation “PKD-2”
(KIMBERLING et al. 1993; PETERS et al. 1993). To add to this growing complexity,
it appears there may also be yet a third gene causing ADPKD, since a family has
been identified whose disease did not segregate with either the chromosome 16 or
chromosome 4 polymorphic flanking markers (DaousT et al. 1993).

Another important genetically determined renal cystic disease is autosomal
recessive polycystic kidney disease (ARPKD, formerly known as “infantile
polycystic kidney disease”. ARPKD is less common than ADPKD, with an
estimated frequency of 1:40000, but is a significant cause of death in utero, at
birth, or in the early postnatal period, often due to pulmonary insufficiency as
a result of failure of lung development, presumably caused in part by encroach-
ment of the enormously enlarged cystic kidneys. Oliguric renal failure may also
contribute to early death, but this is usually of secondary importance. Some
children with ARPKD manage to survive the postnatal period, but their
prognosis is poor due to progressive renal failure and, most commonly, hepatic
fibrosis involving the portal tracts. This gene has recently been mapped to
chromosome 6p2l-cen. Although several rodent models are available for
study that develop renal cysts with an autosomal recessive pattern of inherit-
ance, there is quite a wide spectrum of genetics and pathophysiology in these
animal models, including mapping by linkage of murine recessive PKD
loci to mouse chromosomes, 9, 12, and 14 in some, none of which are synteneic
to human chromosome 6p (NAGAO and TAKAHASHI 1991; TAKAHASHI et al.
1991). This leads to the conclusion that autosomal recessive inheritance
of renal cystic disease is a complex process in mice and rats, and none are known
to represent the human disease at present. It should also be noted that at this
time there are no rodent models of cystic disease known to be inherited as
a dominant trait that accurately reflect the pattern of pathology seen in human
ADPKD.

Medullary cystic disease, in which, by definition, renal cysts are confined to
the medulla, includes medullary sponge kidney which has an incidence of 1:5000,
is usually sporadic and asymptomatic, but is familial, with a dominant pattern of
inheritance in 5% of cases. Medullary sponge kidney does not usually give rise to
any significant renal functional impairment per se, but it may be discovered
incidentally or as a complication, particularly in patients with urinary tract
infections or renal stone formation. No increases in hypertension or alterations
in glomerular filtration rate (GFR) or renal plasma flow (RPF) are associated
with this disease. However, reduced renal concentrating ability due to vasopres-
sin resistance and impaired urinary acidification due to reduced excretion of
titratable acid have been documented in 40% of patients and are consistent
with a distal collecting tubule defect. Hypercalciuria and stone formation are
particularly common in these patients. No information is available concerning
the chromosome location or identity of this disease gene.
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The familial nephronophthisis-medullary cystic kidney disease complex has
a more significant clinical impact, leading to renal failure in children and adults.
These used to be described as two separate disease entities due to their heterogen-
eity of patterns of inheritance, since in children this is an autosomal recessive trait
and in adults a dominant mutation. However, pathologic analysis shows signifi-
cant overlapping of the features of this disease complex and has led to the
conclusion that they should be considered the same disease. Definitive clarifica-
tion of this question will await future isolation of the gene(s). To date, linkage
analysis has shown that the inheritance of juvenile nephronophthisis is linked to
a region of human chromosome 2p (ANTIGNAC et al. 1993), and it will be of
significant interest, when similar studies are accomplished for adult medullary
cystic kidney disease to determine whether this is linked to the same chromosome
and locus. Fifty percent of all patients with familial nephro nophthisis-medullary
cystic disease inherit this as a receissive trait and these children fail to thrive;
they have progressive azotemia, polyuria, and severe renal salt wasting, which
typically lead to renal failure in the second decade. It is an important cause of
chronic renal disease in children. It has been estimated to account for 15% of
end-stage renal failure in children. In the 30% of patients with this disease
complex who inherit it as a dominant trait there is also progression to renal
failure in adulthood.

Renal cysts can also occur as a sometimes substantial, but secondary
component of other hereditary syndromes. These include tuberous sclerosis, an
autosomal dominant systemic disease trait of variable penetrance characterized
by hamartomatous malformations of the skin, kidney, brain, eye, bone, liver,
and lung. Kidney involvement is common (50%) and takes the form of both
angiomyolipomas and cysts. Sometimes renal cystic involvement is sufficient to
cause renal failure and hypertension. Similarly, renal cystic involvement is
common in von Hippel-Lindau disease (cerebroretinal angiomatosis), which is
inherited as an autosomal dominant trait and is characterized by angiomatous
cysts of the cerebellum, retina, kidney, and pancreas. In addition, an increased
incidence of renal carcinoma is seen in association with von Hippel-Lindau
disease. It is of interest that tuberous sclerosis appears to be a multigenic
dominant disorder, and that one of the disease loci is found on chromosome
16p13, in a region close to the ADPKD (PKD-1) locus. This chromosome 16p
gene for tuberous sclerosis was recently isolated and determined to encode the
protein “tuberin”, which shares homology with a GTPase-activating protein
GAP3 (ConsorTiUM 1993). The von Hippel-Lindau gene, also recently isolated,
shares a chromosomal location 3p25-26, although quite proximal, with familial
renal cell carcinoma found at chromosome 3p14.2 (SEIZINGER et al. 1991). No
shared homology with known proteins has been reported to date for this gene
(LATIF et al. 1993b).

Other syndromes in which renal cysts occur include Zellweger’s cerebrohe-
patorenal syndrome, Wilms’ tumor, Beckwith-Wiedemann syndrome, Meckel’s
syndrome, and renal cell carcinoma. They also accompany the chromosomal
abnormalities trisomy 21, 13, 18, and C. Not only genetic and developmental
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factors lead to renal cyst formation, however, since simple cysts occur in many
kidneys, the numbers of which are known to increase with age. It is clear that
certain drugs and dialysis are significant inducers of cyst formation in the kidney
and can lead to acquired cystic disease, which also has been suggested to
predispose to renal tumor development (HUGHSON et al. 1980).

Therefore, it is clear that renal cyst formation can be a primary or secondary
phenomenon and that it can be the result of developmental abnormalities with or
without a genetic component as in ARPKD or dysplasia, respectively; a direct
result of genetic mutations as in ADPKD, ARPKD, and medullary cystic
disease; or the result of factors acquired with age, drugs, or dialysis. Although it
is clear that increased genetic information and, ultimately, the isolation and
characterization of all the disease genes associated with renal cyst formation will
be of paramount importance in the analysis of renal cystic disease, it is also clear
that the pathophysiology of each disease process will yield many additional
important clues which will allow complete definition of how cysts are formed as
a result of developmental, genetic, and non-genetic malformations, and will have
an important impact on strategies designed to slow disease progression by cyst
expansion. The definition of the epithelial cell phenotype(s) lining renal cysts and
of the cellular pathologic processes involved in cyst expansion therefore occupies
the rest of this chapter. The majority of experimental information available is
related to the genetic malformation ADPKD, since this is a common disease and
significant amounts of material are therefore available for study. Recently,
interest has also increased in studying other renal cystic diseases, notably
1ARPKD, and it may be anticipated that sufficient information will be obtained
to significantly increase our understanding of the pathophysiology of these
diseases.

2 Pathology of Autosomal Dominant Polycystic Kidney Disease

Patients with ADPKD usually become symptomatic in adulthood, although
childhood onset of clinical symptoms of progressive renal insufficiency has also
been reported. ADPKD is characterized by extreme bilateral enlargement of the
kidneys due to the presence of multiple cysts, distributed equally throughout the
cortex and medulla and resulting in a loss of the reniform structure of the kidney
and disappearance of the cortico-medullary boundary. Cysts, which are epi-
thelial lined, spherical, sac-like structures filled with fluid, can vary in size from
a few millimeters to several centimeters, and the cyst fluids contained within may
vary in color and composition from clear and yellow to turbid and brown, the
latter reflecting incidents of hemorrhage into the cyst cavity. The ion and protein
content of cyst fluids has been shown to vary from low to high for sodium (<20
to > 160 mmol/l), chloride, and potassium, and the presence of epidermal growth
factor, erythropoietin, and proteases such as renin has been reported (GARDNER
1969; ECKARDT et al. 1989; DU et al. 1991; TORrrEs et al. 1992; A.C. Sherwood,
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personal communication). Kidney enlargement and cyst development usually
progress bilaterally and synchronously, although examples of asymmetric renal
enlargement have been reported, particularly in the early stages of ADPKD
progression. The increase in kidney size and weight has been measured at as
much as 12- and 25-fold, respectively (BENNETT et al. 1973; HEPTINSTALL 1992).
Microdissection and lectin-staining studies, as well as morphological analysis of
ADPKD kidneys in the early stages of cyst enlargement, have established that
cysts arise from every segment of the nephron (BAERT 1978; FARAGGIANA et al.
1985), a feature which distinguishes this disease from many other renal cystic
diseases, including ARPKD (see Table 2 for summary). This is an important
consideration in determining the validity and potential usefulness of experimen-
tal animal models, as is inheritance as a dominant trait. To date, no animal
models have been characterized that fulfill the criteria of dominant inheritance
and slowly progressive renal cystic disease in which all nephron segments are
involved. Fortunately, since human ADPKD is a common mutation, and with
the advent of tissue culture of microdissected cysts it has never the less been
possible to carry out significant studies of the pathophysiology and cellular and
molecular biology of ADPKD progression (WILSON et al. 1986, 1991, 1992,
1993a; WiLsoN and BUuRrow 1992). In our own laboratory we have examined the
pathology of 31 end-stage ADKPD kidneys from nephrectomy specimens taken
at the time of surgery, prior to (45%) or after a period of treatment of end-stage
renal failure by dialysis. In addition, we have examined 15 early-stage, predialysis
and often presymptomatic ADPKD kidneys from victims of automobile acci-
dents or intracerebral aneurysms. All kidneys were prepared at 4° C by in situ
perfusion with Eurocollins or UW solution and cross-clamping, identical to the
preparation of normal kidneys for use in transplantation, with no period of warm
ischemia. Fifty-five normal human kidneys also prepared in this way showed no

Table 2. Pathologic features of venal cystic disease

ADPKD ARPKD Medullary Nephronophthisis/
medullary cystic
Kidney size Enlarged Enlarged Normal Shrunken
Reniform shape No Yes Yes
Region involved Cortex + medulla  Cortex + medulla  Papilla Outer medulla
Nephron segment
affected All CCT, MCT IMCT CT, DCT, loops
(CNT, TAL)
Cyst-lining
epithelium Flattened Cubold Columnar Flattened
Cubold 1 layer Transitional
Columnar Metaplastic
1 layer Squamous
Liver cysts Yes No No No
Liver fibrosis No Yes No No

CT, collecting tubule; CCT, cortical collecting tubule; MCT, medullary collecting tubule; IMCT,
inner medullary collecting tubule; DCT, distal convoluted tubule; CNT, connecting tubule; TAL,
thick ascending limb of Henle”s loop
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morphological or immunostaining evidence of ischemic injury and were fully
viable, as assessed by their successful use for in vitro growth of microdissected
tubules. Similarly, the microdissected cysts and tubules from 31 end-stage
ADPKD, 15 early-stage ADPKD, and five ARPKD kidneys were fully viable
and yielded multiple parallel monolayer cultures.

2.1 Early Stage

In the preazotemic stages of the disease, ADPKD is characterized by the
existence of normal renal glomerular and tubule structures interspersed with
cysts in varying stages of enlargement (Fig. 1). At these early stages of the
disease, it is often possible to discern epithelial phenotypes lining enlarging cysts
which resemble proximal tubules, by virtue of their cuboid to columnar nature,
clear apical brush border, and rich organelle content (Fig. 1c, d). Other cysts are
clearly derived from collecting tubules, as distinguished by a flatter epithelium,
few it any apical microvilli lining cyst lumina, and the presence of both dark and
light cells, features characteristic of normal human collecting tubule intercalated
and principal cells, respectively (Fig. 1d). A thickened basement membrane is
a widely described feature of ADPKD cysts (HEPTINSTALL 1992), and even at
the earliest stages of expansion, many cysts are lined by epithelia which rest
on aclearly thickened basement membrane (Fig. 1b, ¢, d). Itis also of importance
to note that the presence of basement membrane thickening is unrelated to
nephron segment origin. Although the majority of cysts are lined by a single layer
of epithelium, hyperplastic lesions are occasionally seen in which the epithelial
cells lining cysts form multilayers (Fig. 1d) or even papillary protrusions. Elec-
tron microscopy of multilayered cyst walls shows that these hyperplastic
epithelial cells are poorly differentiated and of indeterminate tubule segment
origin, and that they rest on a thickened basement membrane (Fig. 2). However,
they retain epithelial polarity with apical microvilli and tight junctional
specialization areas of cell contact. In trying to gain an understanding of the
pathophysiologic mechanisms in ADPKD disease development, it is important
to examine those changes associated with the earliest phases of cystic expansion.

4

Fig. 1a—d. Light micrographs of preazotemic “early-stage” ADPKD kidneys, 1-um sections
glutaraldehyde fixed, embedded in araldite, and stained with toluidine blue. a A relatively normal
region of the kidney with proximal tubules and a distal tubule. An abnormal tubule with expanded
lumen containing an extrusion body. b A region of the same kidney in which several tubules are
surrounded by a thickened basement membrane. ¢ A region of the same kidney with thickened
basement membranes and expansion in the intestitial matrix, which appears cellular and fibrillar
(middle right). Extrusion bodies are seen in cyst lumens resembling both proximal and dostal tubules.
d Two cystic tubules of apparent collecting tubule origin with fairly flattened epithelia containing
light and dark cells. By contrast, the upper right cyst is lined by taller cuboid epithelia with a clear
brush border, suggesting a proximal tubule origin. Lower left, a hyperplastic cyst in which cells are
piled on top of one another
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Fig. 2. Electron micrograph of a hyperplastic cyst wall from ADPKD kidney. Note the poorly
differentiated cells with apical microvilli, tight junctions, and a thickened basement membrane

The changes seen at these stages are likely to reflect the most important,
determining events in cyst formation, an analysis of which might reasonably
be assumed to yield pertinent clues to the underlying cause of the disease. In
addition to the hyperproliferation and basement membrane abnormalities
described above, early changes include the mislocalization of certain key mem-
brane proteins in the polarized epithelia of cysts from the earliest stages of
expansion. The most important example of such a change is NaK-ATPase,
which is mispolarized to the apical membranes of expanding ADPKD epithelia
and contributes to fluid secretion into cyst lumina by virtue of blood-to-lumen
sodium 1on transport (WILSON et al. 1991; Figs. 16-18). Another common,
although less clearly defined feature of early-stage ADPKD kidneys is the
frequent occurrence of spherical cell extrusion bodies within the lumina of small
cysts, particularly those derived from putative proximal tubules (Fig. 1a,c). At
the electron-microscopic level these bodies appear to be membrane-bound,
viable regions of cytoplasm containing numerous mitochondria and ribosomes
and endoplasmic reticulum (Fig. 3). The significance of these bodies is unknown,
but it is interesting to speculate that they may be related to apoptotic bodies,
particularly since it has recently been shown that bcl-2-deficient mice have
polycystic kidneys (VEis et al. 1993). Another feature characteristic of early-stage
ADPKD kidneys and not seen in end-stage kidneys is that many tubules which
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Fig. 3. Electron micrograph of a call extrusion body in the lumen of an expanding cyst. There is
a clear plasma membrane with rudimentary microvilli and normal mitochondria, rough endoplasmic
reticulum, and free ribosomes

are not cystic and do not have expanded lumina are grossly enlarged in diameter
and cell size, suggesting hypertrophy of the epithelium. These epithelia frequent-
ly show much stronger immunostaining reactions for many protein products
than their normal, non-PKD counterparts, which may be indicative of generaliz-
ed increases in protein synthesis in precystic ADPKD tubules or may be the result
of up-regulation of specific genes.

2.2 End Stage

In ADPKD kidneys from patients with end-stage renal failure, when all normal
renal function has ceased, light-microscopic examination of the kidneys shows
numerous cysts of varying sizes, again usually lined with a single layer of epithe-
lium, which may range from extremely flattened through cuboid to columnar in
appearance (BERNSTEIN 1976; CUPPAGE et al. 1980 and Figs. 4 and 5). These
epithelia are less easy to interpret concerning segment of origin, since there is
a loss of normal differentiated features (WiLsoN et al. 1986; MCATEER et al.
1988). At the electron-microscopic level, cyst-lining epithelial cells are struc-
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turally polarized since they rest with their basal cell membranes on a basement
membrane of varying thickness and their apical surfaces show some specializ-
ation in the form of rudimentary microvilli (Fig. 5). All epithelia form tight
sheets in which adjacent cells are tightly apposed to one another. In some, wide
intercellular spaces are also seen (Fig. 6d). All epithelial cells, however, are
interconnected by specialized tight junctions and form morphologically normal
desmosomes and zonula adherens (Fig. 6). Intracellular features of ADPKD
epithelia typically include an apparent overabundance of cytoskeletal filaments
with the morphological features of actin and cytokeratin (Fig. 7a,b), reduced
numbers of apical endocytic vesicles (Fig. 8b), and moderate numbers of rather
disorganized sets of organelles including mitochondria, lysosomes, and rough
endoplasmic reticulum (Fig. 5, 7, and 8). Normal renal structures are rare in
end-stage kidneys, although occasional, relatively normal glomeruli are seen
(Fig. 4a). Frequently, however, glomerular contents show atrophy and lead to
the establishment of glomerular cysts, lined only by an extremely thin layer of
flattened epithelial celis of parietal epithelial origin (Fig. 4b). In general, the
structure of the tissue is a mixture of epithelial cysts, some with areas of
hyperplasia (Fig. 4b) interspersed within an expanded fibrotic interstitium con-
taining stromal cells, extracellular matrix including collagen fibrils, and small,
thin-walled blood vessels (Figs. 4, 5, and 9). It has been reported that these blood
vessels in ADPKD kidneys contain renin (GRaAHAM and Linpop 1988), which,
together with renin synthesized in ADPKD epithelia and secreted into cyst fluids,
might contribute to the high incidence of hypertension in these patients (TORRES
et al. 1992). The composition of the interstitium in ADPKD is quite characteris-
tic; often it is diffuse and cellular in appearance (Fig. 4), suggesting aberrant
proliferation of fibroblasts. In addition, these cells have been shown to synthesize
erythropoietin (ECKARDT et al. 1989), which is consistent with the clinical finding
that this group of patients are less anemic than non-ADPKD chronic renal
failure patients. At the electron-microscopic level fibroblasts are seen intersper-
sed within a loose fibrillar extracellular matrix containing loose collagen bundles
(Fig. 5). Inflammatory infiltrates are rarely associated with this type of inter-
stitial fibrosis. The degree of interstitial fibrosis in ADPKD can vary quite
substantially. In general, the fibrosis increases with degree of disease develop-
ment, such that in the early stages of ADPKD cyst expansion increased numbers
of stromal cells can be seen with little expansion of the interstitial matrix (Fig. 1);
later, in end-stage ADPKD, this progresses to considerable expansion of the

|

Fig. 4a-d. Light micrographs of end-stage ADPKD kidneys. a, b, ¢ are formaldehyde-fixed,
paraffin-embedded 6-pum sections stained with hematoxylin and eosin; d shows a 1-um araldite
section of glutaraldehyde-fixed material stained with toluidine blue. a Relatively normal glomerulus
is surrounded by a fibrotic interstitium containing epithelial-lined cysts of varying sizes. b More cysts
and fibrotic interstitium. Note the epithelial hyperplasia in one cyst. ¢ An apparent glomerular cyst in
which the glomerular contents appear to have undergone atrophy, leaving a cyst lined by extremely
flattened epithelium derived from the parietal epithelial cells of the glomerulus. d Morphological
heterogeneity of cyst-lining epithelial cells. The interstitium contains fibrils and thin-walled blood
vessels (lower right)
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Fig. 5a—d. Electron micrographs of ADPKD cyst epithelial calls, glutaraldehyde-fixed sections.
a Columnar epithelia with apical intercellular tight junctions but few microvilli or basolateral
membrane infoldings. The cytoplasm contains few organelles including mitochondria, lysosomes,
and endoplasmic reticulum. b Cuboidal epithelium probably of collecting duct principal cell origin.
Note the base of a cilium, intercellular tight junctions, rudimentary apical microvilli, and relatively
few organelles including mitochondria, lysosomes, and endoplasmic reticulum.
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Fig. 5. ¢ A cyst apparently derived from a collecting tubule. The dark cell contains numerous
lysosomes, while the light cell is relatively depleted of cellular contents. Note the apical intercellular
tight junctions and extensive extracellular matrix. A laminated basement membrane is present with
bundles of collagen between the layers. d An extremely flattened cyst epithelium with rudimentary
apical microvilli and intercellular tight junctions. The extracellular matrix contains fibroblasts,
amorphous fibrils, and loose arrays of collagen
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Fig. 7a,b. Electron microscopy of cytoskeletal fibril enrichment in ADPKD epithelia. a A cyst
epithelial cell with enrichment of microfilaments extending from the base of apical microvilli. Note
the deep intercellular tight junctions. b Intracellular microfilament bundles in the cytoplasm of a cyst
epithelial cell
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Fig. 8a,b. Electron microscopy of apical endocytic vesicles. a Sub-apical brush border region of
a typical proximal tubule from a normal human kidney. Not the extensive network of vesicles and
tubulovesicular structures associated with endocytosis. b Similar region from an ADPKD cyst
epithelial cell. Note the reduction in number of endocytic vesicles

extracellular matrix in the form of diffuse amorphous fibrils and collagen bundles
(Fig. 5).

Purely morphological analysis of human ADPKD kidneys has therefore led
to seveal areas of study to determine potential mechanisms of disease. It is clear
that cyst formation is a continual and dynamic process in the ADPKD patient. It
is most likely that patients bearing the ADPKD gene(s) are born with a comple-
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ment of cysts, which may or may not be of sufficient size to be detected by
ultrasonography or other means. It is not known whether all cysts are preformed
before birth or whether some normal tubules at birth are later converted to the
cystic phenotype. Since it has been estimated that only 2% of tubules become
cysticin end-stage ADPKD patients (GRaNTHAM et al. 1987), it would be feasible
for all cystic events to have occurred during nephrogenesis. The progressive
loss of renal function and increase in renal mass due to cystic enlargement
(GreGoOIREEet al. 1987) is consistent with a declining number of normal functional
nephrons. Since it has been clearly demonstrated by extensive freeze-fracture
analysis that the majority of ADPKD cysts have no connections with their
tubule of origin (EvaN and MCATEER 1990), it has been suggested that cysts close
off from their tubule origin early in the expansion process. Together, these
findings suggest that the progressive expansion of cystic tubule epithelia and
expansion of the interstitium contribute to progressive destruction of normal
renal parenchyma. The typical absence of symptoms of renal insufficiency
until later decades is consistent with the existence of a large functional reserve
in normal kidneys; symptoms become evident only once a critical minimal
threshold has been reached. Regarding progression, it has been difficult to

Fig. 9. Electrom microscopy of a thin-walled blood vessel in the interstitium of an end-stage
ADPKD kidney. Note the single layer of endothial cells and one pericyte. The lumen contains a red
blood cell and a polymorphonuclear leukocyte
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explain why, when the gene penetrance in ADPKD is thought to be close to
100% (DALGAARD 1957; DOBIN et al. 1993), there is still a wide range of variation
in rapidity of progression to renal failure, ranging from the first to the eighth
decade with some patients never reaching the end stage. It may be that the
variable degree of interstial fibrosis is an associated detrimental factor leading
to more rapid destruction of normal renal tubules (Kuo and WiLsox 1991;
NORMAN et al. 1992).

3 Pathology of Autosomal Recessive Polycystic Kidney Disease

The characteristics of ARPKD is kidneys of infants resemble those of ADPKD
in some respects but differ significantly in others (Table 2). As in ADPKD, both
kidneys of infants with ARPKD are greatly enlarged, and cyst formation occurs
throughout the cortex and medulla. However, unlike ADPKD, the reinform
shape (and infantile lobation) and cortico-medullary distinction of the kidney are
retained and all cysts are minute in size (1-2 mm in the cortex, somewhat larger in
the medulla) in comparison with ADPKD, where there is much variation in size
and they can reach several centimeters. Also, unlike ADPKD, cysts are seen as
fusiform dilatations running radially through the cortex and medulla and
represent ectatic expansion of collecting tubules, as shown by dissection and
lectin-staining studies (OSATHANONDH and POTTER 1964; FARAGGIANA et al. 1985
and Fig. 10b). Cysts are also sometimes seen to branch, which is consistent with
a collecting tubule origin. Occasional connecting tubules and thick ascending
limbs are enlarged as well. (HOLTHOFER et al. 1990; HEPTINSTALL 1992). Expan-
sion of collecting tubules is uniform in both kidneys, and inner and outer
medullary and cortical collecting tubules are all involved in cystic enlargement.
Since the developmental pattern of collecting tubule branching is normal, it is
thought that this disease affects predominantly the last generation of collecting
tubules. In other respects early renal development appears normal, since the
normal numbers of nephrons are formed, glomeruli and proximal convoluted
tubules appear normal, and normal profiles of proximal tubules and loops are
seen between cystic tubules (Fig. 10a, b). Cysts are usually lined by a single cell
layer of cuboid epithelium, although this can be layered in hyperplastic areas
(Fig. 10d). In the past, it was thought that the extracellular matrix was not
involved in the pathogenesis of cyst enlargement in ARPKD. However, experi-
mental studies are in progress to re-examine this conclusion, as some areas of
thickened basement membrane and apparent fibroblast and interstitial matrix
expansion can frequently be identified in human ARPKD (Figs. 10c, d and 11a).
Electron microscopy confirms a collecting tubule origin for cyst-lining epithelial
cells in ARPKD since they exhibit some distinctive features reminiscent of
collecting tubule cells, such as the presence of a single apical cilium and short and
rudimentary microvilli, consistent with a principal cell of origin (HJELLE et al.
1990; FarkensTEIN et al. 1993 and Fig. 11b). However, the presence of numerous
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mitochondria, lysosomal bodies, and glycogen distinguish them from the normal
collecting tubules (FALKENSTEIN et al. 1993 and Fig. 11a).

Changes in the liver are also characteristic for ARPKD, since congenital
hepatic fibrosis is common, involving the portal tracts, and consists of increases
in fibrous connective tissue. There is also some increase in bile ducts with some
dilatation and a branching pattern leading to ring formation, which is character-
istic during normal differentiation of tubular bile ducts.

Much information regarding ARPKD has been derived from the study of
the several animal models that result in the autosomal recessive inheritance of
rapidly progressive renal cystic disease. Many studies have focused on the cpk
mouse and have yielded significant advances in understanding the mechanisms of
hyperplasia, differentiation, and epithelial polarity. However, some caution
should be applied in complete extrapolation from these animal models to human
ARPKD because some significant phenotypic differences exist, including the
absence of a hepatic fibrosis component in the cpk mouse. Likewise, full
pathologic characterization of the several other spontaneous and induced mouse
mutations will be needed to allow a true evaluation of their suitability as models
for human ARPKD.

4 Pathology of Medullary Cystic Disease
4.1 Medullary Sponge Kidney

Medullary sponge kidney leads to cyst formation in the papillary collecting ducts
in all pyramids of both kidneys. Since this is associated with normal developmen-
tal patterns of branching and attachment of the collecting ducts and is frequently
associated with congenital abnormalities including Marfan’s disease, the Beckwith-
Wiedemann syndrome, and congenital hemihypertrophy, it is thought to be
a developmental anomaly. The kidneys are usually normal in size and calcium
deposits are frequently seen in the ectatic or cystic papillary collecting tubules.
Cysts are small and lined with columnar, transitional, or metaplastic squamous
epithelium, and prominent inflammatory infiltrates are seen near the papillary tips.

4.2 Familial Nephronophthisis-Medullary Cystic Disease Complex

The complex is inherited as a recessive trait by 50% of patients and as a dominant
trait by 30%. This disease(s) is characterized by shrunken kidneys in which small
cysts of up to 1 cm in diameter are seen in the medulla near the cortico-medullary
boundary, distinguishing this disease clearly from medullary sponge kidney. The
segments involved in cystic dilation are the loops of Henlé; distal convoluted
tubules and the collecting tubules and cysts are lined by a flattened epithelium. In
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Fig. 11a,b. Electron micrographs of ARPKD cyst epithelial cells. a Note the cuboid epithelium with
apically located nuclei, relatively rich in organelles including mitochondria and lysosomes. The
interstitium contains several fibroblasts, amorphous fibrils, and little collagen. b High-power view of
a cystic epithelial cell. Note the apically located intercellular tight junction at the right and the base of
a cilium at the apical surfac (leff). The cell is rich in organelles and endoplasmic reticulum and
contains intracellular glycogen (lower right)

4

Fig. 10a—d. Light micrographs of ARPKD kidney from 19 weeks gestation; 6-um sections of
paraformaldehyde-fixed material embedded in paraffin and stained with hematoxylin and eosin.
a High-power view of the extreme cortical region. Undifferentiated metanephric blastemal cells can
be seen on the /eft, with a condensate, S-shaped body closely apposed to its inducing collecting tubule
and at the top right, a fetal glomerulus. The appearance of all these structures is quite normal. Only
one expanded collecting tubule can be seen lower right. b Low-power view of the same ARPKD
kidney. Large ectatic expansions can be seen in cortical this, with apparently normal regions of
nephrogenic zones between the large cysts. ¢ In the medullary region the cyst-lining epithelia are seen
to be cuboid. Note the nonexpanded tubule between the cysts and some cellular and fibrillar
appearance in the interstitium. d Note the region of epithelial hyperplasia in one cyst and the fibrillar
nature of the intervening interstitium
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addition, many glomeruli are seen to be sclerotic, and tubular atrophy and
thickening of basement membranes is widespread. Diffuse interstitial fibrosis is
also a feature of this disease, particularly in the areas of tubular atrophy. Chronic
nodular inflammatory infiltrates containing Tamm-Horsfall protein are also
often seen (HEPTINSTALL 1992).

5 Pathology of Renal Cystic Disease
Accompanying Genetic Syndromes

5.1 Tuberous Sclerosis

Tuberous sclerosis is an autosomal dominant trait with variable gene pene-
trance. Renal involvement is seen in approximately 50% of these patients and
may take the form of angiomyolipomas (tumor-like nodules of varying size
composed of mature adipose tissue, smooth muscle, and thick walled blood
vessels) or cortical and medullary cysts of varying size. These changes are often
bilateral. Cyst-lining cells are characteristically large and hyperplastic with
acidophilic or clear cytoplasm; they form multilayers, papillary lesions, or
sometimes fill the lumen (BERNSTEIN etal. 1987). These characteristics are
consistent with a more proliferative lesion than ADPKD or ARPKD. Not
surprisingly, therefore, there is an increased incidence of renal cell carcinoma in
these patients.

5.2 Von Hippel-Lindau Disease

Von Hippel-Lindau disease is an autosomal dominant trait causing angiomatous
cysts of the cerebellum, retinal angiomatosis, and cysts in the pancreas and
kidneys. Renal involvement is expressed in approximately 66% of patients and
may take the form of cysts and/or renal carcinoma. Cyst epithelia are flattened,
sometimes hyperplastic, and may even form small nodules of renal cell carcino-
ma from within the cyst. In light of the common occurrence of renal cell carcino-
main 25% of these patients, it was of considerable interest that the VHL gene has
been mapped to the same chromosome (3p) as some renal cell carcinomas, albeit
at a locus (3p 25-26) more proximal to that of familial type renal cell carcinoma
at 3p 14.2 (Table 1).

5.3 Multilocular Renal Cysts

Multilocular renal cysts are characteristic of cystic neoplasms and have been
described in multilocular cystic nephroma, renal cystadenoma, and solid neph-
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roblastoma (Wilms’ tumor). In these conditions, large encapsulated cysts are
characteristically lined with cuboid cells which morphologically resemble collect-
ing tubules but show aberrant lectin and antibody staining,.

6 Pathology of Nongenetic Cystic Disease

Acquired cystic disease can be induced by hemodialysis and is estimated to affect
40% of these patients. The severity correlates with the duration of the therapy.
Typically, these cysts are lined by flattened cuboid epithelium and filled with clear
cyst fluid, but hyperplastic and dysplastic epithelia have also been reported. In
contrast to ADPKD, continuity between the cysts and tubules of origin is
thought to be retained (HEPTINSTALL 1992). Other nongenetic inducers of renal
cyst formation include obstruction, drugs, toxins, and increasing age.

7 Cell Culture Studies of ADPKD and ARPKD

In an attempt to increase our understanding of the underlying mechanisms
leading to the formation and expansion of renal cysts in these diseases, experi-
mental approaches have been developed. Much information has been obtained
by the establishment of cell culture techniques in which cyst-lining epithelia
and fibroblasts from genetically determined cystic kidneys can be cultured in
pure cell populations and compared rigorously with those of normal human
renal fibroblasts and tubule epithelia of defined nephron segment origin (WILSON
et al. 1986; FALKENSTEIN et al. 1993; Kuo and WiLsON 1990). This has been
a particularly fruitful approach to the study of genetic cystic disease, since
such culture systems allow the discrimination between genetically determined
alterationsin cells, which are retained through the several passages of which these
primary cells are capable, and those due to epigenetic phenomena or nonspecific
cell damage such as ischemic injury, since these influences are either lethal and
result in nonviability of cells in vitro or are rapidly lost in proliferating systems. The
majority of studies of human cells have been carried out in ADPKD, since this is
a disease of high prevalence and tissue availability is therefore high (WiLson et al.
1986; MCATEER et al. 1988; MANGOO-KARIM et al. 1989; TORRES et al. 1992). In
our laboratory we have studied 31 end-stage and 15 early-stage ADPKD kidneys
in this way and have compared them with tubules and fibroblasts derived from 55
normal human kidneys. In addition, although ARPKD is a less common disease,
the primary culture technique has also been used to examine epithelial characteris-
tics in ARPKD cystic-kidneys, and in our own laboratory we have been able to
generate both epithelial and fibroblast cultures from four ARPKD kidneys
(HyeLLE et al. 1990; FALKENSTEIN et al. 1993; NoOrRMAN et al. 1993), which are
yielding insights into growth, polarity, and transport defects in these cells.
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Table 3. Protein alterations in ADPKD epithelia

Changes associated with increased proliferation
EGF receptor apical mislocation

Calpactin I apical mislocation

PCNA aberrant expression

Pax-2 aberrant expression

WT-1 aberrant expression

AKT (RAC-1) aberrant expression

Changes associated with fluid secretion
Na + K + -ATPase apical mislocation
Na + K + 2CI- basal location

cAMP

CHIP 28

Pathologic studies led to the reasoning that, in order to derive a cyst by
expansion of a normal renal tubule, there must be an increase in the number of
epithelial cells to account for the expansion of the tubule wall (WELLING and
WELLING 1988), and this has been verified experimentally by demonstration of
mitotic figures and PCNA (proliferating cell nuclear antigen) staining, indicative
of cellsin S phase of the cell cycle in ADPKD and ARPKD kidneysin vivo (Table
3). In addition to this abnormal cell proliferation, a second essential criterion for
formation of a cyst is that fluid accumulate in the lumen, which implies abnormal
ion and fluid transport mechanisms in renal cystic epithelia. This was further
implicated when theories of obstruction were disproved by freeze-fracture
electron microscopy, showing that ADPKD cysts close off from their tubule of
origin early after formation (EvaN and McATEER 1990). This has led to the
current thinking that aberrant secretion is a major mechanism of fluid accumula-
tion in cyst lumina (WiLsoN and BUurrow 1992; GranTHAM 1993). To fully
characterize these fundamental altered properties of ADPKD (and ARPKD)
epithelia, therefore, it is clear that cell culture techniques are the methods of
choice for examining hyperproliferation and secretion.

8 Hyperproliferation

The first studies in which ADPKD epithelia were placed into primary tissue
culture showed that when identical numbers of microdissected ADPKD cyst
epithelial cells and normal human proximal tubule, thick ascending limb, or
collecting tubule cells were plated onto collagen-coated plastic, the ADPKD cells
exhibited a hyperproliferative growth defect (WILSON et al. 1986). Although
ADPKD cells do not exhibit faster doubling times than their age-matched
normal epithelial cell counterparts, the ADPKD epithelia acquire increased cell
numbers by virtue of their ability to go through approximately three times more
rounds of division and to survive through more passages than normal cells. In
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addition, the ADPKD epithelial cells can be maintained in a fully functional state
for much longer periods than normal microdissected tubule epithelia (CARONE
et al. 1989b; WILSON 1991a, b, ¢, 1992; WILSON and BURROW 1992). These studies
suggested that ADPKD epithelia have a genetically determined predisposition to
proliferate and an ability to go through more rounds of division than normal
cells. This increased capacity to proliferate would therefore render the cystic
tubule susceptible to cell division and inappropriate tubule growth in vivo, so
that such cells would be ““set up” for cyst formation in the presence of the suitable
stimulus. The next question was to determine what mechanisms might be respon-
sible for stimulation of this proliferative potential in vivo in ADPKD kidneys.
Regarding cells in culture and cells during developmental programs, includ-
ing renal development, it is known that major stimulators of cell division
emanate from the influence of the extracellular matrix and from soluble growth
factors, both mechanisms working via stimulation of specific cell receptors.

8.1 Basement Membrane and Extracellular Matrix Abnormalities

Morphological studies described major abnormalities in matrix in ADPKD,
both in the form of thickened cystic tubular basement membranes, even in the
early stages of tubular expansion, and in the expansion and composition of the
interstitial stroma (Figs. 1, 2, 4, 5). ADPKD epithelia in vitro have also been
shown to synthesize and secrete an abnormal basement membrane in vitro
(WiLson et al. 1986, 1992 and Fig. 12). Although normal renal tubule epithelia in
vitro synthesize and secrete a thin electron-dense layer resembling a normal
basement membrane (Fig. 12a), ADPKD epithelia extrude numerous pro-
teinacious spheroids of ruthenium red-positive material, indicative of sulfated
proteoglycan, into the basal extracellular space from intracellular vesicles
(Fig. 12b). Vesicles containing these spheroids can also be seen within ADPKD
epithelial cells (Fig. 12b, ¢ and d), and when growth in three-dimensional
semisolid gels (Matrigel) they reconstituted the typically amorphous matrix
fibrillar pattern seen in vivo (Fig. 12d). Further studies in our own and other
laboratories have identified a major abnormality in heparan sulfate processing
by ADPKD epithelial cells which may have an impact on the proliferative
abnormality (CARONE et al. 1989a; JIn et al. 1992; WILSON et al. 1992). In addi-
tion, type-IV collagen gene expression has been shown to increase in end-stage
ADPKD kidneys, although no major abnormalities in laminin expression were
seen at the mRINA or protein levels (WILsON 1991¢). The relative importance of
basement membrane protein abnormalities in renal cyst formation remains to be
determined. This is an appealing concept as a primary alteration in cyst forma-
tion in ADPKD and other forms of cystic disease, since changes in compliance or
composition in the extracellular milieu would provide a unifying theory to
rationalize the findings of cyst formation in several extrarenal tissues (GABOW
et al. 1984). Consistent with this notion, basement membrane abnormalities have
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Fig. 12a—~d. Electron micrographs of basement membrane region of cultured normal and ADPKD
epithelial cells. a Basal region of a microdissected culture of normal human proximal tubule epithelia
grown to confluence of Teflon and sectioned side-on. The cell has apparently synthesized a mor-
phologically relatively normal basement membrane with a thin electron-lucent area immediately
adjacent to the basal aspect of the organelle-rich cell and a thin electron-dense lamina densa. This is
characteristic of confluent monolayers of normal human renal epithelia grown in defined media. b An
ADPKD epithelial cell of the flattened type in culture contains large vesicles (¥) which can be seen as
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proteinacious spheroids (S); they are apparently extruded from the basal aspect of the cell into the
extracellular matrix beneath the cell. Both intracellular and extracellular spheroids have stained for
ruthenium red, suggesting their proteoglycan composition. ¢ An ADPKD epithelial cell of the
cuboidal type contains a large vesicle which can be seen as ruthenium-red-positive spheroids. These
are also seen in the extracellular space beneath the cells. d Appearance of the extracellular matrix of
an ADPKD cell grown in a three-dimensional gel (Matrigel). A few small spheroids can still be seen
(s), together with large accumulations of fibrils ( /), which range from amorphous to dense
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been reported in nephronophthisis (ZOLLINGER et al. 1980) and murine models of
ARPKD (ErmHaRrA et al. 1988). However, the occurrence of similar changes in
drug-induced, nongenetic rat models of cystic disease suggests that this may
not be a genetic determinant of polycystic kidney disease (BUTKOwsKI et al. 1985).

8.2 Interstitial Abnormalities

Stromal-epithelial interactions have long been known to play important roles in
epithelial differentiation, development, and tumor formation. A renewed interest
in and appreciation for this phenomenon has been stimulated by the studies of
MonTESANO et al. (1991a, b), who have shown that fibroblasts secrete factor(s)
such as hepatocyte growth factor that influence tubule formation by dog renal
epithelial cells in vitro. Morphological studies show that there is rapid and often
extensive expansion of the interstitium of ADPKD kidneys as they progress to
end-stage renal failure. Our findings also suggest that similar, less extensive
morphological alterations can be seen in ARPKD kidneys, characterized by
increases in interstitial fibroblasts and extracellular proteins. Using the cultured
cell system for comparison of ADPKD and normal, age-matched human
kidneys, we have determined that primary fibroblasts for ADPKD kidneys are
hyperproliferative, go through many more rounds of division and passages than
their normal kidney counterparts, and even exhibit some features akin to
“transformed” cells, in that they will form colonies in soft agar (Kuo and WILsSON
1991). Despite this even more pronounced hyperproliferative defect than that of
ADPKD epithelial cells, ADPKD fibroblasts are not truly neoplastically trans-
formed since they are not immortal in vitro and have never established perma-
nently growing cell lines spontaneously. These studies suggest that not only the
epithelia, but also the fibroblast component of ADPKD kidneys are hyper-
proliferative, and co-culture studies are in progress to determine whether these
interstitial cells exert a significant influence on epithelial components and vice
versa. Current studies suggest that alterations in cysteine and metalloproteinase
secretion may also play an important role in the altered epithelial-stromal
interactions associated with cyst formation both in ADPKD and in ARPKD
(Hartz and WiLsON 1994; NorMAN et al. 1993). This is of particular interest in
light of the finding that inhibition of collagenase prevented tubule formation of
a dog kidney epithelial cell line (MDCK) in three-dimensional gels in vitro and
led instead to cyst formation (MONTESANO et al. 1991b).

8.3 Growth Factor Interactions

Our studies of human ADPKD in vitro suggested that these epithelial cells had a
higher proliferative capacity than normal epithelial cells. To determine the relevant
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in vivo mechanisms that might be operative in cyst epithelial cell proliferation
a series of in vitro studies were carried out to establish the proliferative profile of
these cells in response to a number of well-known epithelial cell growth factors. It
was established that ADPKD cells were abnormally hyper-responsive to prolif-
erative stimulation by epidermal growth factor (EGF) (WILsON 1991a; WiLSON
et al. 1993a). Subsequent studies showed that the pre-pro-EGF ligand was syn-
thesized in large amounts by ADPKD cyst epithelial cells, and that it was
processed and secreted in mitogenic concentrations into the cyst fluids. In normal
renal tubule epithelia, the receptors for EGF are located on the basolateral
epithelial cell membranes. Since ADPKD cyst-lining epithelia are essentially tight
and have normal occluding intercellular tight junctions, the presence of EGF in the
lumen would have a mitogenic effect in vivo only if receptors were present on the
apical (luminal) cell membranes of epithelial cells. Immunostaining, radioactive-
ligand binding studies, and Western analysis with anti-phosphotyrosine antibodies
showed this indeed to be the case, and these receptors were fully functional with
respect to their ability to dimerize and autophosphorylate in the presence of ligand
(Du and WiLsoN 1994 and Fig. 13d). These properties of abnormal receptor
localization were retained in cell cultures of ADPKD epithelia (Fig. 14c), further
suggesting that this is a fundamental change in these cells. In addition to this
mispolarization of approximately 60% of EGF receptor protein to the apical cell
membranes, an increase in EGF receptor number was demonstrated, which was
partially accounted for by transcriptional up-regulation (KLINGEL et al. 1992;
WILSON et al. 1993a), but may also be influenced by decreased degradation of
receptor-ligand complexes since lysosomal proteinases are significantly reduced in
ADPKD (HarTtz and WiLsoN 1994). These studies suggest a significant role for
EGF as a mediator of ADPKD epithelial hyperproliferation by an autocrine
mechanism in vivo. In addition, the apical disposition of EGF receptor is marked
in human ARPKD cyst epithelia both in vivo and in vitro (FALKENSTEIN et al. 1993
and Fig. 13b, 14b), and these findings correlate with similar findings of apical EGF
receptor localization in cystic tubules of cpk mice (E. Avner, personal communica-
tion). Itis also of interest that calpactin II (lipocortin I), a cellular substrate for the
EGF receptor, is also localized to the apical membranes of ADPKD but not of
normal renal epithelial cells (A.C. Sherwood, personal communication). Other
growth factor receptor alterations are seen, although their specific relationships to
increased ADPKD epithelial cell proliferation have not yet been examined. These
include apical disposition of the hepatocyte growth factor receptor (HGF) and
increased expression of a serine/threonine receptor protein, the product of the
AKT (RAC-1) oncogene, particularly in hyperplastic foci of cyst-lining epithelia in
ADPKD (K. Amsler, personal communication).

In addition to epithelial proliferation, fibroblast proliferation has been exam-
ined in vitro. Using a similar mitogenic profiling approach, we found that acidic
fibroblast growth factor (aFGF) was a most potent mitogen for ADPKD but not
for age-matched normal human renal fibroblasts (Kuo and WiLson 1991). In these
studies it was also shown that acidic FGF is secreted into the culture medium by
ADPKD fibroblasts, suggesting that this growth factor may play a role in the
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inappropriate expansion of the stromal cell component of the ADPKD inter-
stitium. In vitro studies are in progress to determine whether similar mechanisms
may operate in ARPKD.

8.4 Transcription Factor Expression

At the most fundamental level, the proliferation of cells in organs in vivo is
controlled by the activation of transcription, which is regulated by a myriad of
transcription factors. Although some of these nuclear proteins are of general
significance to all cell types for cell division, it has become clear that certain
transcription factors are associated in a specific manner with cell proliferation in
specific organs and at specific stages in development; for instance, Pax-2 and WT-1
are specifically involved in the control of renal cell proliferation during nephrogen-
esis (PRITCHARD-JONES et al. 1990; DRessLER and DouGLass 1992). Abnormal
transcriptional activation during tumorigenesis is well known, and transgenic mice
expressing the oncogenes c-myc and T antigen exhibit numerous proliferative and
cystic lesions in many organs, including the kidneys (BRINSTER et al. 1984;
MackAYy et al. 1987; TRUDEL et al. 1991). However, the lesions in these mice are
more profoundly proliferative in nature than is seen in human ADPKD or
ARPKD. Indeed, it is of extreme interest and significance that the proliferative
lesions in ADPKD and ARPKD are not associated with increased incidence of
renal neoplasms and, in several respects, seem to represent a more controlled
proliferative response than those associated with neoplastic transformation. It has
therefore been of interest to examine the expression of transcription factors
normally associated with proliferation during the stage-specific proliferation
accompanying renal development, such as WT-1 and Pax-2, which are expressed in
normal fetal, ADPKD, and ARPKD kidneys but not in normal aduit human
kidneys (Tables 3 and 5). These findings are of particular significance in light of the
demonstration that mice bearing the Pax-2 transgene also produce cystic kidneys
(DrEsSLER et al. 1993). This suggests that the re-expression or continued express-
ion of renal transcription factors after completion of normal proliferation and
differentiation during nephrogenesis might allow the continued, inappropriate
proliferation in kidneys and lead to cyst formation.

9 Fluid Transport and Secretion Abnormalities in ADPKD

Since cysts accumulate fluid in their luminal cavities, while normal renal tubules
are characterized by their fluid reabsorption properties, it can be reasoned that
there are likely to be abnormalities related to fluid and ion transport in cystic
kidneys. Since the sodium ion is the major osmotic determinant of fluid movement,
and the NaK-ATPase is the active sodium pump responsible for the establishment
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Fig. 14a—d. Electron-microscopic immunostaining of EGF receptor in filter-grown epithelial calls.
Confluent monolayer cultures of cells are fixed in paraformaldehyde for Smin and undergo
pre-embedding immunoreaction with EGF receptor primary antibody, followed by avidin-biotin-
peroxidase detection, prior to embedding and sectioning for electron microscopy. a Electron-dense
reaction on the apical and lateral cell membranes of a human fetal proximal tubule cell in cell vitro.
b High-power view of electron-dense EGF receptor product on the apical cell surface of an ARPKD
epithelial cell in vitro membrane.

of sodium gradients that derive transport in the kidney, it was logical to examine
the properties of NaK-ATPase (WILsON et al. 1991). In normal kidneys this
enzyme is located exclusively on the basolateral epithelial cell membranes, where it
1s responsible for pumping sodium out of the cell into the basal cellular (blood)
space (Figs. 15 and 16a). Since sodium enters the apical surface of epithelial cells
via various transporters as a result of the sodium gradient thus established, the net
vectorial transport of sodium is from lumen to blood, i.e., from the apical to the
basal side of the epithelial monolayer sheet, and is a consequence of the basolateral
location of the NaK-ATPase protein complexes. Both in vivo and in vitro
immuno- and enzyme cytochemical localization studies at the light- and electron-



The Pathology of Human Renal Cystic Disease 35

d

Fig. 14. ¢ Apical localization of EGF receptor in an end-stage ADPKD cultured cell monolayer.
Note the tight junction between two cells. d An end-stage ADPKD cell processed in a similar fashion,
with the exception that no incubation in the presence of a primary EGF receptor antibody was
included. Note the lack of reaction product

microscopic levels showed that NaK-ATPase was localized exclusively on the
apical, cyst-lining epithelial cell membranes of ADPKD cystic epithelia (WILsON
et al. 1991; WiLsoN and Burrow 1992 and Figs. 16b, c, d, and 17b, c). This was
shown to be an early event, since even in minimally expanded microcysts in vivo
and in cultures of ADPKD epithelia from early-stage ADPKD kidneys, staining
was clearly apical, associated with a brush border (Figs. 16b and 17b). This was in
stark contrast to the basolateral membrane staining in normal renal tubule profiles
(Fig. 16a). Additional enzymatic, radioligand-binding, and transport studies con-
firmed that both the normal and mispolarized NaK-ATPase were fully functional
(WILSON et al. 1991; WiLsoN and BURROW 1992). In vitro, net 22Na transport was
shown to be from the basal to the apical media compartments of tight ADPKD
epithelial monolayers grown on polarized membrane supports (Fig. 18b), and that
this transport could be inhibited by ouabain, but only when it was added to the
apical cell surface, not when it was added to the basal cell surface (Fig. 18d). This
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Fig. 15. Mechanisms involved in the vectorial transport of sodium in normal renal tubules

was in direct contrast to the properties of normal renal epithelia grown on
membranes in vitro, which transport ??Na only in an apical-to-basal direction
(Fig. 18a), a process which can be inhibited only by ouabain when added to the
basal compartment (Fig. 18c). These studies showed that NaK-ATPase was
dramatically mispolarized in ADPKD epithelial cells both in vivo and in vitro, and
that in vitro the functional consequence of the reversal of location was a reversal in
the polarity of vectorial transport of sodium from the basal to the apical surfaces of
ADPKD epithelial sheets. If this consequence prevails in vivo, it would lead to
osmotic fluid secretion into the expanding cystic tubule lumen and to fluid
accumulation and progressive expansion.

Further inhibitor studies conducted on polarized ADPKD epithelial cell mono-
layers in vitro and functional studies on isolated membrane vesicle transport have
been used to further characterize the membrane transporters in these cells. To date,
findings include demonstration of an amiloride-sensitive Na-uptake mechanism
consistent with an Na* channel or Na/H antiporter in the apical cell membranes of
cyst-lining epithelia and a bumetanide- and furosemide-sensitive Na + K +2Cl
co-transporter in the basal membranes of cyst epithelial (WiLsoN et al. 1991).
Membrane vesicle studies also suggest that the Na/glucose transporter is function-
ally absent from ADPKD and ARPKD kidneys (HAMMEL and WiLsON 1989).

NaK-ATPase is a well-studied enzyme in MDCK and other cell lines, and
several mechanisms have been implied as possible regulators for polarized
segregation of this membrane protein complex into particular cell membranes
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(RoDRIGUEZ-BOULAN and NELSON 1989). In normal reabsorptive epithelia, such
as those in the normal kidney and intestine, this is restricted to the basolateral
membranes, whereas in the retinal epithelium and choroid plexus, where trans-
port is from the basal to an apical surface, NaK-ATPase is located solely on
apical membranes. Therefore, it seems that the ADPKD mutation leads to
a specific mispolarization of NaK-ATPase to the inappropriate polarized cell
membrane, and that this then has dramatic and deleterious consequences for
vectorial ion and fluid transport. In MDCK cells, the disposition of the mem-
brane cytoskeletal proteins ankyrin and fodrin (non-red-cell spectrin) have been
implicated as regulators of the maintenance of NaK-ATPase polarization
(NELsoN and HamMERTON 1989). It is also found that ankyrin and fodrin
co-localize at the apical plasma membrane in cyst-lining ADPKD epithelia
(WiLsoN 1991b; WiLsoN and Burrow 1992). However, in normal kidneys in
vivo, ankyrin is associated not only with NaK-ATPase at the basolateral
membranes of thick ascending limb tubule epithelia, but also in the apical
membranes of proximal tubule cells. Since this association is not seen in normal
choroid plexus or retinal epithelial cells, the relative importance of these cyto-
skeletal proteins in the ADPKD defect remains to be determined. Similarly, the
adhesion proteins uvomorulin (E-cadherin) and catenins have been implicated in
NaK-ATPase disposition in MDCK cells, but their roles in ADPKD remain to
be elucidated (Du and WiLsoN 1991). The most clear-cut alteration associated
with the ADPKD NaK-ATPase abnormality in ADPKD is the aberrant express-
ion of the normally fetal beta-2 isoform in association with the alpha-1 isoformin
early- and end-stage ADPKD kidneys (WiLSON et al. 1993b). Since NaK-AT-
Pase is a heterodimeric protein complex of alpha and beta isoforms, it is argued
that the abnormal presence of the beta-2 isoform instead of the normal adult
beta-1 isoform in the complex might direct abnormal cell sorting to the apical
instead of basolateral membranes. The precedent for this hypothesis lies in the
observation that the presence of beta-2 as the major beta isoform in fetal kidneys
is associated with apical localization of NaK-ATPase during normal renal
epithelial differentiation during development.

10 Cell Polarity Abnormalities in ADPKD and ARPKD

Since the first demonstration of abnormal polarity of an epithelial membrane
protein, the NaK-ATPase, in ADPKD cyst epithelia (WILsON et al. 1991), several
other membrane proteins have been found to show abnormalities in polarity
(Table 4). These include ankyrin, fodrin, and E-cadherin, which are associated
with apical NaK-ATPase and basal Na + K + 2Cl-, all of which have impact on
ion and fluid transport abnormalities associated with the fluid secretion in
ADPKD cysts. It is of interest that this apical mislocation of NaK-ATPase has
also been demonstrated in the cpk mouse model for ARPKD (AvNER et al. 1992),
although in human ARPKD both apical and basal localization have been seen
(FALKENSTEIN et al. 1993; E.D. Avner, personal communication). This may be
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Fig. 17a—c. Electron-microscopic immuno- and enzyme-cytochemistry of NaK-ATPase alpha
subunit in confluent monolayer epithelial cell cultures grown on permeable membrane supports.
a High-power image of electron-dense reaction product on the apical plasma membrane of a human
fetal proximal tubule epithelial cell in vitro. b Intense reaction product for NaK -ATPase on the apical
plasma membrane of an early stage ADPKD epithelial cell in vitro.

a reflection of the small size (1-2 mm) of ARPKD cysts compared with ADPKD
cysts, which can reach several centimeters and contain tens to even hundreds of
millimiters of cyst fluid, and may implicate the proliferative defect as the
predominant cause of cyst formation in ARPKD, while the transport defect may
be the predominant feature in ADPKD.

Another membrane protein which exhibits marked, but not complete reversal
of polarity in ADPKD and ARPKD is the EGF receptor (WiLsoN 1991b; WiLsON
et al. 1993a). As discussed above, this mislocalization to apical membranes of
cyst-lining epithelia provides the mechanism whereby EGF can directly induce
proliferation in vivo by an autocrine mechanism. This then suggests that alter-
ations in polarity can have (a) significant impact on renal cell function by
influencing important changes in ion transport, and also on proliferation by
enabling response to ligands. Since the alterations are manifest in both ADPKD
and ARPKD, this may invoke a common underlying mechanism resulting in cyst
formation in these disease entities.

To determine the extent of membrane protein polarity abnormalities in
ADPKD and ARPKD, a more comprehensive survey of polarized membrane
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Fig. 17. ¢ Intense reaction product for NaK-ATPase activity on the apical membrane of an
end-stage ADPKD epithelial cell in confluent culture

protein localization has been carried out in our laboratory. It should be empha-
sized that many membrane proteins do not change in their polarized distribution in
ADPKD or ARPKD epithelia (Table 4). For instance GP330, the P-glycoprotein
product of the multi-drug transporter gene glycophosphatidyl-inositol-anchored
membrane proteins, alkaline phosphatase, leucine aminopeptidase, and trehalase
retain their apical location, while band-3 protein, type-IV collagen, heparan sulfate
proteoglycan (HSPG), laminin, and its alpha-6 integrin receptor retain their basal
locations. This then excludes the possibility that there is a complete reversal of
whole cell polarity and is consistent with the morphological findings showing
retention of apical brush borders, basal basement membranes, and apically located
intercellular tight junctions. Therefore, specific membrane proteins are affected by
an alteration in polarized distribution, and it is to be hoped that precise definition
of those groups of proteins so affected point to particular candidate proteins as the
underlying cause of cyst formation in ADPKD and ARPKD. The information to
date suggests that some protein related to cellular sorting of membrane proteins on
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Fig. 18a—d. 22NaCl transport in polarized confluent human renal epithelial monolayer cultures grown
on permeable membranes. Renal epithelial cells (C) are grown to confluence on a collagen-coated
permeable membrane (M) and 2?NaCl is added to either the apical (4M) or basal (BM) medium
compartment. Transepithelial sodium transport is measured by sampling of the media compartments
and counting of radioactivity by liquid scintillation. a Results of such studies in confluent monolayers of
normal adult human collecting tubule epithelia. Transepithelial transport of sodium was detected only
when it was added to the apical compartment, not to the basal compartment. This is consistent with
exclusive apical-to-basal vectorial transport of sodium in normal renal epithelia. b In parallel studies
carried out on tight confluent monolayers of ADPKD epithelia there was significant transepithelial
transport of sodium when it was added to the basal surface and some as well when it was added to the
apical surface. The net tansport, however, was from the basal to the apical compartment, which is
consistent with vectorial transport from the basal (blood) to apical (cyst fluid) surfaces of ADPKD cyst
epithelia. ¢ Inhibition of normal apical-to-basal 22Na transport was effected by ouabain, but only when
it was added to the basal medium compartment, not when it was added to the apical compartment. This
is consistent with basal membrane localization of ouabain-sensitive NaK~ATPase in normal human
renal epithelia. d Inhibilion of ADPKD basal-to-apical transport of 22Na was effected by ouabain when
added to the apical medium compartment, but not when it was added to the basal compartment. This is
consistent with an apically located, ouabain-sensitive NaK-ATPase in ADPKD cyst epithelia



The Pathology of Human Renal Cystic Disease 43

100

AR

O
Nz 50 | o + Quabaln aplcal
NN ) a + Ouabain basal
25
S R S I
0 L 1 L Lo 1
0 60 120 180 240
Minutes
100
——d
1 /é/s- !

T/x/ o—e 22yqcL
O— ~0O + Ouabain apical
A——4A+ Ouabain basal

—————— T— _———— -0
. ¢ ¢ '
120 180 240
Minutes

Fig. 18. ¢,d

the secretory pathway may be involved at a fundamental level. Several proteins
that act at the trans-Golgi network level to direct vesicular transport of proteins
suggest themselves as potential candidates, but clarification will await combina-
tion of the genetic, cellular, and molecular approaches being undertaken.

11 Renal Development and Cystic Disease

1t is clear that many of the renal cystic lesions described are developmental in
origin. They may be due to nongenetic mechanisms as in renal dysplasia or
obstruction, or they may be the result of clearly arrested development at a specific
stage of the differentiation process leading to nephrogenesis, occurring early, as in
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Table 4. Polarized membrane proteins in ADPKD

Polarity Protein

Basal to apical Na + K +-ATPase
Fodrin
Ankyrin
Uvomorulin
EGF receptor
Calpactin
c-Met
CHIP 28

Intracellular to apical Cathepsin B
Cathepsin H
TIMP
Gelatinase A

Apical to basal Na*K*2CI~
Cathepsin B (secreted)

Apical no change Alkaline phosphatase
GP330
alpha 95kD
MDR P-glycoprotein
GPI-linked
Leucine aminopeptidase
Trehalase

Basal, no change Band 3
Transferrin receptor
Integrin (alpha 6)
HSPG
Collagen IV
Laminin

medullary cystic disease, or in the final stages of ureteric branching, as in ARPKD.
This concept is substantiated in the liver pattern in ARPKD, as the angulated
branching of bile ducts to form rings is atypical of a stage that precedes differenti-
ation of normal tubular bile ducts.

ADPKD was long considered an adult-onset disease that reflected conversion
of normal into abnormal tubules in adulthood. However, recent improvements in
ultrasonography and imaging techniques, increased clinical surveillance of
ADPKD families, and detailed analysis of preazotemic ADPKD kidneys have led
to the realization that ADPKD cysts may form as early as in utero, and the
possibility that ADPKD may indeed represent a developmental abnormality has
been reinvoked (WiLsoN and Burrow 1992). To examine the hypothesis that
ADPKD refelects arrested development, we have conducted several studies com-
paring the properties of proteins of normal human fetal kidneys during develop-
ment with those of ADPKD and ARPKD kidneys in vivo and in vitro
(FALKENSTEIN et al. 1993 and Table 5). Most significant, it is clear that during
normal renal development there are stages when NaK-ATPase and EGF receptor
expression are clearly apical in polarized but not yet fully differentiated renal
tubule epithelia (Figs. 13a, 14a, 16e,f, and 17a). This suggests that although renal
tubule formation is a rapid and continual process from 6 to 30 weeks of gestation
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Table 5. Expression of fetal phenotypic characteristics in ADPKD and ARPKD epithelia

Fetal Adult ADPKD ARPKD
Apical NaK-ATPase + — + +

o B, oy By o By o B,
Apical EGF receptor + — + +
Pax-2 expressed + — + +
WT-1 expressed + - + ND
Glycogen + — + ¥
Microfilaments + — +
Lamellar bodies + - + +
Albumin + — + ND

and the conversion from undifferentiated mesenchyme to structurally polarized
epithelium takes only 1 week, the fine details of specific membrane protein
segregation to final polarized locations may take many weeks, even until after
birth. It is apparent that some membrane proteins polarize more quickly than others.
For instance, tight junctional specializations occur in the earliest phases of epithelial
differentiation at the S-body stage, and proteins including alkaline phosphatase and
the MDR protein are also quick to polarize to their final apical membrane locations
in S-bodies and early proximal tubules. At the other extreme, however, proteins such
as the band-3 transporter are not expressed until after birth, NaK-ATPase and EGF
receptor occupy an intermediate position with regard to rate of acquisition of the
adult pattern of polarization. The NaK-ATPase complex is highly and differentially
expressed early in renal development, but in the earliest stages in newly formed
proximal tubules and in medullary collecting tubules it is found on the apical as well
as lateral membranes (Figs. 16¢ and f). The situation is similar for the EGF receptor,
with apical localization being distinctive in early proximal tubules and in collecting
ducts (Figs. 13a and 14a). This is interest since both of these proteins are found in
apical locations in ADPKD and in ARPKD (Figs. 13b,d, 14b,c, 16b,c,d, and 17b,c),
which then has dramatic functional consequences for renal tubule expansion into
cysts. These correlative findings are therefore consistent with the notion that even
ADPKD may represent an arrested developmental state. It could be argued that
such tubules with fetal-type protein distribution are the subset responsible for
subsequent expansion and gradual destruction of those tubules that have normal or
adult patterns of polarization. A more extensive analysis is in progress to validate or
refute this assertion which has already yielded some important additional correla-
tions between protein expression during development and ADPKD, including the
persistent expression of the transcription factors Pax-2 and WT-1. It remains to be
determined whether these correlations of structure and protein expression reflect
true arrested development and persistence of protein expression or re-expression of
fetal proteins by susceptible adult tubules in ADPKD.

12 Conclusions and Perspectives

From this apparently complicated picture a generalized concept has been
hypothesized; i.e., a candidate gene product for the ADPKD gene may be
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Fig. 19. Phenotype of an ADPKD epithelial cell. Membrane proteins are synthesized on ribosomes,
assembled and processed in the endoplasmic reticulum, and further processed by post-translational
modification by passage from the cis- to trans- side of the Golgi. In the trans-Golgi network signal
mechanisms are involved in the direction of vesicular transport of membrane proteins to their final
destinations at polarized plasma membranes. It is hypothesized that in ADPKD there is a defect in
this intracellular protein sorting mechanism, and that this may reflect an arrested developmental
programming

a protein involved in the ordered sorting of membrane proteins to their polarized
segregated membranes, a process that takes place during renal development.
This is likely to involve signals that direct proteins to certain subsets of
intracellular vesicles for their conveyance to the membrane in question. Preced-
ent exists for these types of proteins, including rab proteins, which are respon-
sible for the transport of proteins from the region of the cell in which they are
sorted, the trans-Golgi network, to their final destination at the apical or
basolateral cell membrane, or for secretion. A genetic defect which interferes in
some fairly minor way with one or more of these sorting signals might be
sufficient to cause disturbance of membrane protein polarity without disrupting
polarity completely (lethally), thus leading to a “disturbed” phenotype such as
the ADPKD cyst epithelial cell (Fig. 19).

As this review of current developments in the field of human renal cystic
kidney diseases has shown, the major part of experimental information available
concerns alterations associated with human ADPKD, although it should be
emphasized that information is also available on murine models of recessive PKD,
particularly the cpk mouse, which has not been covered in depth here. An attempt
has been made to concentrate on human manifestations of renal cystic disease, as it
is not clear how far extrapolations can be drawn between the many animal models
and disease genes of different chromosome locations with human ARPKD. This
situation will become clearer when the chromosome location, and ultimately the
gene for ARPKD are identified. In attempting to search for basic mechanisms .
underlying cystic disease it is also important not to oversimplify, since there are
apparently several ways to induce a cyst. It may be the result of a genetic or
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nongenetic mechanism and may or may not be associated with more general
systemic and frankly neoplastic disorders. Regarding the group of genetic diseases
where cyst formation is the primary event, it is important to bear in mind some
fundamentals of autosomal inheritance that will have impact on future analysis and
ultimately, hopefully on retardation and prevention treatment strategies by “design-
er drugs” and gene therapy. In those diseases that are the result of recessive
mutations, the affected individual is a homozygote bearing two abnormal alleles that
lead to a loss of gene function. The treatment for these diseases will necessitate
restoration of this lost function, most likely by introduction of the new normal gene.
Autosomal dominant mutations such as ADPKD present a more complicated and
currently less certain scenario. Since the affected individuals are heterozygotes, the
disease is a reflection of the presence of one abnormal allele which might lead to a loss
of normal gene function due to a “gene dosage” effect, and therefore be analagous to
the situation in recessive disease. Alternatively, however, the abnormal allele may
result in the acquisition of an abnormal function, a so-called gain of function
mutation. If the second alternative proves to be the case, successful treatment of the
disease will necessitate an inhibition of this abnormal function by specifically
targeted effectors. In this case, gene therapy may not be the treatment of choice,
rather the design of specific drugs would be invoked. In any event, precise definition
of the pathophysiologic consequences of the disease phenotype is essential, since
only with such an understanding will it be possible to retard progression of the
disease in individuals already carrying genes resulting in renal cystic disease.
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1 Introduction

Many renal diseases progress inexorably to end-stage renal failure even though
the initial renal insult may be transient. Most patients with a glomerular filtration
rate below 25 ml per minute will eventually require dialysis or transplantation,
regardless of the original cause of reduced function. Time plots of the reciprocal
of serum creatinine concentration suggest steady deterioration of nephron
function at rates peculiar to each patient but not characteristic of the underlying
disease (MITCH et al. 1976; RUTHERFORD et al. 1977).

Whilst in some cases the disease process responsible for the initial renal
injury may remain active throughout the decline into renal failure, in many
circumstances renal failure progresses even when a well-defined initiating disease
process has undergone spontaneous remission or has been controlled therapeuti-
cally. BALDWIN (1977) showed progression of renal disease in patients with acute
poststreptococcal glomerulonephritis in the absence of continued immunologi-
calinjury. Similarly, patients with vesicoureteric reflux often develop progressive
glomerulopathy in the absence of hypertension or active urinary tract infection,
and despite surgical correction of the reflux (TORREsS et al. 1980).

Histopathological studies in diverse forms of human renal disease have
revealed hypertrophy, most likely due to hyperfiltration, of the nephron units
least damaged by the original disease process (GOTTSCHALK 1971). BRENNER
et al. (1982) proposed a ‘hyperfiltration’ hypothesis based on the rat remnant
kidney model of nephron ablation and suggested that the increased pressures and
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flows acting on remnant glomerular capillaries may be responsible for pro-
gression of renal failure after an initial insult has reduced nephron mass. They
observed progressive glomerulosclerosis in the remnant kidney due to increased
transcapillary passage of plasma proteins and their subsequent deposition in the
mesangium (VELOSA et al. 1977) and likened this process to the early glomerular
sclerosis seen in children born with reduced numbers of functioning nephrons
(‘oligomeganephronia’) or in patients with unilateral renal agenesis (ELEMA 1976;
Kiprov et al. 1982).

The clinical relevance of intraglomerular hypertension and chronic glomeru-
lar hyperfiltration observed in the rat remnant model and the subsequent
histopathological changes have been questioned. Novick et al. (1991) found that
long-term renal function in man remained stable in most patients with a reduc-
tion of renal mass of more than 50%, although the patients were at increased risk
of developing proteinuria, glomerulopathy, and progressive renal failure.

Thus, the role of glomerular injury and scarring in the progression of renal
disease has been intensively studied, although evidence that changes in the
tubulointerstitial compartment are the major determinant of renal outcome has
been available for some time.

2 Tubulointerstitial Changes
Correlate with Renal Disease Progression

In 1968, RisDON et al. made an apparently anomalous discovery: it is the degree
of tubulointerstitial pathology that correlates most closely with declining renal
function, even in primarily glomerular diseases. They attempted to correlate the
extent of histological abnormalities in 50 cases of chronic glomerulonephritis
with renal function, using a semiquantitative technique and light microscopy,
with the following results. There was a statistically highly significant correlation
between the extent of the tubular changes and the degree of functional deteriora-
tion measured by creatinine clearance, plasma creatinine and the ability of the
kidney to concentrate and to acidify the urine. Correlation of the same degree
was not seen with glomerular damage.

Two years later, a group of researchers in Washington extended this work,
firstly with a method for assaying and classifying histopathological changes in
renal disease and secondly by correlating these structural abnormalities with
function (SCHAINUK et al. 1970; STRIKER et al. 1970). Their work on the his-
topathological assessment of renal biopsies attempted to introduce a novel
semiquantitative grading scheme into the interpretation of renal morphology
which appeared to provide a framework for reproducible recording by different
observers in a form suitable for statistical analysis. Having done this, they
attempted to apply the method to 70 patients who had renal biopsies, comparing
their histopathological data to the patients’ glomerular filtration rate (GFR),
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renal plasma flow, and concentrating and acidifying capacities. Their results
showed that a reduction in GFR, renal plasma flow, concentrating ability or
ammonia excretion following an acid load showed a substantial relationship to
abnormalities of the tubules and interstitium, regardless of the type of renal
disease. Only a modest relationship was found between functional abnormalities
and glomerular disease, even in conditions primarily affecting the glomeruli.

Bohle and colleagues, in Germany, confirmed these findings with a series of
detailed histomorphometric studies that put the issue beyond doubt (BOHLE et al.
1977a,b,c, 1979). They studied large numbers of renal biopsies of specific
diseases and were able to show that the appearance of the tubulointerstitial
compartment in the initial biopsy was the main histological predictor of whether
renal function would be preserved or lost. They found that in extreme cases,
relatively normal glomerular appearances could co-exist with a severely impaired
GFR, while highly abnormal glomerular appearances may be seen with a normal
GFR, with these apparent anomalies explicable by the appearance of the
tubulointerstitium (BOHLE et al. 1990). They gave as examples membrano-
proliferative glomerulonephritis type I with florid glomerular changes but
a normal GFR and, similarly, severe glomerular amyloidosis or diabetic
glomerulosclerosis where virtual obliteration of the glomerular tufts had occur-
red but with sparing of the tubulointerstitium.

However, in some diseases these findings were not confirmed. BENNETT et al.
(1982) studied IgA nephropathy and failed to find a correlation between decline
in GFR and expansion of the tubulointerstitium. Indeed, many other factors
need to be considered in the assessment of renal biopsies for fibrosis. Bohle’s
group in Germany demonstrated an increase in fibrosis with age
(RIEMENSCHNEIDER et al. 1980). If morphometric studies are being undertaken, it
should also be remembered that interstitial oedema and inflammatory cell

infiltration can widen the interstitium without fibrosis being present (HOOKE
et al. 1987).

3 Mechanisms of Tubulointerstitial Injury

For nearly 30 years, therefore, evidence has accumulated that a primary
glomerular disease can cause damage to the tubulointerstitium which results in
typical features of a chronic inflammatory process, tubular atrophy, interstitial
fibrosis and interstitial mononuclear cell infiltration. FINE et al. (1993) proposed
a sequence of events to explain these histological features and the gradual loss of
filtration accompanying them.

They suggested that the process starts with injury to the glomerulus and ends
with loss of glomerular function secondary to events taking place in the tubuloin-
terstitial compartment. They proposed compromise of microvascular blood flow
as the initial change leading to ischaemia and atrophy of tubules. Alternatively,
the tubules may be damaged by filtration of noxious molecules or by
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immunological attack from an interstitial inflammatory infiltrate. Subsequent
interstitial deposition of extracellular material occurs, which may be from
fibroblasts or tubular cells and which is subject to a number of paracrine growth
systems. This chapter discusses the various stages in the progression to tubuloin-
terstitial fibrosis.

4 Interstitial Microvascular Injury

BonLE et al. (1981) demonstrated obliteration of the post-glomerular peritubular
capillary network in renal biopsies (performed for a variety of pirmary glomeru-
lar diseases) in which an increase in renal interstitial volume was due to
interstitial fibrosis. The experiment involved point-counting on semithin sections
and went on to show that it is primarily the peritubular capillaries that are
destroyed by the formation of interstitial collagen. They concluded that the
energy-dependent metabolism of the tubular cells is severely impaired due to
the increased length of diffusion and tubular cell ischaemia (voN GISE et al.
1981; FINE and NorMaN 1992). This is compounded by the fact that the pO, of
much of the kidney is below that of systemic arterial blood, such that any
compromise in blood flow will be rapidly reflected by decreased function (BREzZ1S
et al. 1984).

It has also been shown that the renal oxygen requirement is increased by
a variety of adaptive processes in the remnant kidney (HARRIS et al. 1988;
SCHRIER et al. 1988). If five sixths of the rat nephron population is removed
surgically and the remaining kidney removed and perfused in vitro, its oxygen
consumption after 4 weeks 1s equivalent to that present in the intact kidney
(HARRIS et al. 1988). SCHRIER et al. (1988) suggested that the increased oxygen
consumption in the remnant kidney is associated with enhanced oxygen free
radical formation, resulting in tissue injury in the presence of inadequate free
radical scavengers. Other researchers showed an increase in renal cortical tissue
malondialdehyde, a product of oxygen radicals, in the rat remnant kidney model
(NATH et al. 1987).

The mechanisms which lead to a loss of the postglomerular circulation are
not precisely known, but it seems likely that systemic hypertension is contribu-
tory. Based upon experiments involving direct measurement of glomerular
haemodynamics in animal models, it has been established that ‘glomerular
capillary hypertension’ is common to many forms of glomerular disease (ZATZ
et al. 1986; ANDERSON et al. 1986). This results from dilatation of the afferent
arteriole, combined with systemic hypertension. However, due to dilatation of
the efferent arteriole (PELAYO et al. 1990a,b), the raised pressure would be
transmitted beyond the glomerulus into the peritubular capillary network. This
involves a significant drop in pressure due to the interposition of a resistance
vessel, the efferent arteriole. The response of a vessel wall to small alterations in
capillary pressure depend on the physical environment of the capillary; for
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instance, the response of the glomerular capillary surrounded extensively by the
urinary space will differ from that of the peritubular capillary which abuts
tubular basement membrane directly and then extracellular matrix.

It has been observed that, whilst tubulointerstitial injury is generally promi-
nent in the remnant kidney, this histological feature is absent if the blood
pressure is normal. BipaNI et al. (1990) studied a Wistar rat remnant kidney
model and found that the majority of animals remained normotensive after five
sixths renal ablation with a remarkable preservation of renal structure. The
remnant kidneys showed features of hypertrophy but no significant atrophy of
tubules, interstitial fibrosis or hyalinised glomeruli. The central role of systemic
hypertension in the evolution of renal disease is also confirmed by the observa-
tion that renal function can be improved in patients with chronically diseased
kidneys by better systemic blood pressure control, specifically in diabetic neph-
ropathy by the use of angiotensin-converting enzyme (ACE) inhibition (BJORCK
et al. 1986). Similar results have been obtained in the rat remnant model (PELAYO
et al. 1990b). This protective effect of ACE inhibition may be mediated by an
improvement in the postglomerular circulation due to afferent arteriolar dilata-
tion (NORMAN et al. 1992a).

Early, at least, in any disease process, the rise in postglomerular resistance
due to obliteration of the peritubular capillary bed could result in glomerular
enlargement (BoHLE et al. 1981). In animal models, following subtotal neph-
rectomy, enhanced glomerular haemodynamics due to glomerular capillary
distension appear to lead to glomerular hypertrophy (D1aMOND and KARNOVSKY
1987). Using a variety of rat remnant kidney models, YOSHIDA et al. (1989) found
a correlation between glomerular hypertrophy and sclerosis. Previous models of
unilateral nephrectomy which impose a hypertrophic stimulus on the remnant
kidney and glomeruli have been found to accelerate the glomerular sclerosing
process in experimental models of glomerulonephritis (TEODORU et al. 1959) and
minimal-change disease (GLASSER et al. 1977). It is also well known that in both
animal and human forms of diabetes mellitus, marked renal and glomerular
hypertrophy precedes the development of diabetic nephropathy (STEFFES et al.
1978; SEYER-HANSEN et al. 1980). Since hypertrophic glomeruli are more likely to
sclerose, it may be that the obliteration of the postglomerular capillary network
is one way in which glomerular hypertrophy and sclerosis are linked.

However, compromise of microvascular blood flow need not be due only to
structural changes. Any sustained increase in peritubular capillary pressure
could adversely affect endothelial, interstitial and tubular cell function with the
following effects. It has been shown that, in the rat remnant kidney model,
tubular expression of platelet-derived growth factor (PDGF) by collecting ducts
was increased with poorly controlled hypertension and decreased with good
blood pressure control (KNECHT et al. 1991; NorMAN et al. 1992a). PDGF is
known to be not only a potent mitogen for interstitial fibroblasts (KNECHT et al.
1991) but also a powerful vasoconstrictor substance (PELAYO et al. 1990a).
Similarly, endothelial cells may produce endothelin, a potent vasoconstrictor
peptide (YANAGISAWA etal. 1988), in response to a sustained increase in
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peritubular capillary pressure. LE HIR and colleagues (1989) showed that during
conditions of renal hypoxia, adenosine was produced by interstitial fibroblasts
which had direct access to the walls of arteries and arterioles, the nerve endings
along vessels and tubules and possibly the erythropoietin-producing cell, where
it may have its renal haemodynamic regulatory effects as well as effects on
the GFR, tubular transport, and the release of renin and erythropoietin. They
found that the most conspicuous accumulation of adenosine-producing fibrob-
lasts was in the vicinity of the arteries and arterioles, around which they often
constituted a continuous layer. In addition, tubular cells secreted PDGF
(KNECHT et al. 1991), angiotensin II (NAVAR et al. 1992) and endothelin (ONG
et al. 1993)

All of these mediators may result in vasoconstriction and increased inter-
stitial fibrosis, and thus in obliteration of the peritubular capillary network. As
the vascular bed into which glomerular capillary blood flow empties is progres-
sively obliterated, glomerular function declines and renal failure advances in
relation to the degree of interstitial fibrosis.

5 Tubular Cell Injury
5.1 Hypermetabolism

HARrRis et al. (1988) first drew attention to the existence of a hypermetabolic state
in the remnant kidney and suggested that this was an important factor in the
progression to chronic renal failure. The major oxygen-requiring process in the
kidney is tubular transport. Hence, in many forms of renal disease with hyper-
trophied nephrons, renal oxygen consumption is increased. Later in the disease
process, tubular atrophy rather than hypertrophy is the rule, and the adaptive
processes with greater oxygen requirements no longer exist (FINE 1986). A high
protein diet, which increases sodium reabsorption, will further increase oxygen
consumption, which in itself is thought to be damaging to the remnant kidney.
The two mechanisms by which increased oxygen consumption may be damaging
to the kidney are increased ammoniagenesis and increased generation of reactive
oxygen species (ROS).

ScHOOLWERTH et al. (1975) showed an enhanced rate of ammoniagenesis
and enzyme activity in rats fed high-protein diets after nephron reduction.
HAYsLETT (1979) also showed that adaptive changes in ammonia production
occur as functional renal mass is reduced, but studies in human and experimental
renal disease show that despite an increase in total ammonia production,
ammonia excretion, when adjusted for glomerular filtration rate, i1s increased
severalfold (DORHOUT-MEES et al. 1966; SiMpsoN 1971; SCHOOLWERTH et al.
1975). Ammonia production per surviving nephron more than doubles in rats
with 70% reduction in renal mass (MACLEAN and HAYSLETT 1980).
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NaTH et al. (1985) attempted to explain these findings and proposed that
local toxic and inflammatory effects of ammonia include a biochemical reaction
with the thiolester bond of the third component of complement to promote
triggering of the alternative complement pathway. This then culminates in the
deposition of complement proteins and initiation of complement-mediated
cellular infiltration and tissue injury. HANScH et al. (1991) showed that this
inflammatory cellular infiltration would lead to elaboration of inflammatory
mediators and increased collagen synthesis by tubular cells. Peritubular fibrosis
occurs, as well as on-going obliteration of peritubular capillaries. BROOIMANS
and colleagues (1991) observed the existence of a feedback system under these
circumstances and showed that proximal tubular epithelial cells in conditioned
medium could synthesise C3, and that its production could be increased in
a dose-dependent manner by interleukin 2 (IL-2), produced locally by T cells. Of
course, high levels of ammonia normally exist in the renal medulla, where similar
damage is not observed. CLARK and colleagues (1990) have demonstrated that
a hyperosmolar milieu is able to protect against injury by high ammonia
concentrations.

Increased oxygen consumption by the kidney may also lead to the generation
of reactive oxygen species. Several groups have shown that treatment of animals
with scavengers of superoxide anion, hydrogen peroxide, and hydroxyl radical
ameliorates the proteinuria and glomerular injury associated with experimental
nephritis (REHAN et al. 1984; Suan 1988, 1989). Until recently, it was assumed
that the source of ROS were neutrophils infiltrating the interstitium (REHAN et al.
1984), but it has now been shown that certain cells intrinsic to the kidney are an
important source of ROS. Glomerular mesangial cells in culture produce hydro-
gen peroxide and superoxide anion in response to opsonised zymosan and
immune complexes (BAUD et al. 1983), and resident glomerular macrophages are
also capable of generating ROS (Boyck et al. 1989).

Recent work has also demonstrated that primary cultures of rabbit proximal
tubule, cortical collecting duct, and papillary collecting duct produced aug-
mented levels of ROS, specifically superoxide anion and hydrogen peroxide, in
response to heat-aggregated immunoglobulin and zymosan (ROVIN et al. 1990).
Although the magnitude of ROS generation by renal tubular cells appears to be
significantly less than that produced by other renal cell types, it appears that ROS
secretion by tubules during immune injury of the kidney participates in the
development of interstitial disease which accompanies glomerulonephritis.

Damage due to ROS occurs only when the amount of these substances
exceeds the capacity of the kidneys’ antioxidant scavenging systems (Y OSHIOKA
et al. 1990). Within aerobic cells, three antioxidant enzymes—superoxide dis-
mutase, glutathione peroxidase and catalase—are major mechanisms to reduce
local levels of ROS (FANTONE and WARD 1982; GrisaaM and McCorp 1986),
and in their experiment, YOSHIOKA et al. (1990) demonstrated enhancement of
intrinsic antioxidant enzyme activity after renal ischaemia-reperfusion injury in
the rat and protection of renal function against ROS-induced injuries. Further
studies showed that in subtotally nephrectomised rats, the imposition of in-
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creased protein intake was sufficient to cause renal damage arising from oxidant
stress (NATH et al. 1990). It appears that in the hyperfunctioning surviving
nephron, there is increased sodium reabsorption, and hence oxygen consump-
tion, which generates a variety of ROS at several subcellular loci. Increased rates
of oxygen consumption require increased transport of reducing equivalents
through the mitochondrial electron transport chain. These augmented rates of
transport may generate free electrons that overwhelm the resident mitochondrial
antioxidant mechanisms, resulting in peroxidation of mitochondrial membrane
lipid. A dietary deficiency of antioxidants, i.e. vitamin E and selenium, imposed
on weanling rats caused renal growth and tubulointerstitial damage in the intact,
nonmanipulated rat kidney with concomitant reduction of overall somatic
growth (NATH and SALAHUDEEN 1990). The authors suggested that augmented
rates of ammonia production which antedated the phase of renal growth were
in part responsible for the renal damage due to these dietary deficiencies. It has
been suggested that the accumulation of ROS in the kidney may directly
stimulate renal ammoniagenic pathways (NATH and SALAHUDEEN 1990), or that
hydrogen peroxide deaminates amino acids via a metal ion-catalysed reaction
with the generation of ammonium bicarbonate (STADTMAN and BERLETT 1988;
BErLETT et al. 1990). In the same way that ROS up-regulate collagen gene
expression in fibroblasts, so they may in tubular cells (HouGLuM et al. 1991).
The resultant peritubular fibrosis leads to nephron destruction and disease
progression.

5.2 Toxicity of Filtered Substances

If the level of proteinuria in a particular renal disease is controlled, then
progression to renal failure is slowed (REMUZZI and BERTANI 1990). The benefi-
cial effect of angiotensin-converting enzyme inhibitors on the progression of
chronic renal disease may in part be due to their role in reducing proteinuria
(NoRrRMAN et al. 1992b).

Two separate studies on focal and segmental glomerulosclerosis suggest that
reactive mechanisms triggered by increased protein filtration across the glomeru-
lar capillary promote a decline in renal function (WEHRMANN et al. 1990;
ReMuzzi and BERTANI 1990). These mechanisms include activation of mesangial
cells by increased passage of macromolecules, which stimulates production of
collagen, laminin and fibronectin, glomerular epithelial cell injury and tubuloin-
terstitial damage. Proteinaceous casts cause dilatation and obstruction of tubules
with focal rupture of the tubular basement membrane, triggering an interstitial
inflammatory cell reaction (BERTANI et al. 1986). An extreme example of this may
be seen in an experimental acute interstitial nephritis induced by the injection of
bovine albumin into rats; here, increased vimentin intermediate filament expres-
sion is seen in proximal tubules due to endocytic protein uptake, which leads to
degradation of lysosomes (EDDY 1989). Subsequent release of degradative
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enzymes leads to interstitial injury, influx of inflammatory cells and fibrosis.
A macrophage-specific lipid chemotactic factor has been detected in the urine of
proteinuric rats and human beings (SCHREINER et al. 1992), and cultured rat
tubular cells produce the same factor when exposed to high concentrations of
albumin (KEeEes-FoLTS et al. 1992). Production of chemotactic factors by the
injured tubule then leads to secondary immune injury to the interstitium.

However, despite the data provided by these animal models, it is well known
that proteinuria per se cannot be damaging in human renal disease, as no
tubulointerstitial damage is seen in minimal-change disease, where torrential
nephrotic syndrome is the rule. This may be related to the highly selective nature
of the protein filtered, i.e. albumin. In most other forms of glomerular disease
there is increased permeability to larger molecules, which may be injurious to the
renal tubule.

Tubulointerstitial injury may occur due to a variety of other macro-
molecules, for instance, monoclonal light chains in myeloma, which impair
proximal tubular transport (SANDERS et al. 1988; SoLoMON et al. 1991), or in
Heymann nephritis where lyzozymuria occurs due to failure of normal tubular
uptake of filtered lyzozyme, causing proximal tubular injury (ZAMLAUSKI-
Tucker etal. 1990). Tubular injury also occurs in hyperlipoproteinaemia
(MOORHEAD et al. 1982), nephrotoxic serum nephritis transferrinuria (ALFREY
et al. 1989), complementuria (Camussi et al. 1983), puromycin aminonucleoside
nephropathy (D1aAMOND and ANDERSON 1990) and glomerular bleeding, where
haem-induced tubular damage occurs, probably mediated by iron-dependent
free radicals (HILL et al. 1989).

5.3 Immunologically Mediated Tubular Cell Injury

It has been noted in studies of renal transplant recipients that initial ischaemic
acute tubular necrosis predisposes to a higher rate of graft loss, apparently due to
rejection (HALLORAN et al. 1988). Increased immunogenicity due to ischaemic
injury has been suggested as the cause (SHOSKES et al. 1990). In this way a primary
nonimmune tubular insult may result in immune-mediated injury. SHOSKES et al.
(1990) found increased MHC expression in a unilateral ischaemic mouse kidney
model with early class-I antigen expression in tubular cells and late class-1I
antigen expression by tubular and interstitial cells. MHC antigens serve as
targets for T-cell recognition (KLEIN et al. 1981) and, experimentally, increased
expression of MHC antigens leads to more efficient T-cell recognition and
appropriate effector responses (BEKKHOUCHA et al. 1984; KING etal. 1986;
BisHop et al. 1988). An increased MHC expression in various cell types, particu-
larly epithelial cells, as described here, is an almost invariable accompaniment of
chronic inflammation. A similar expression was seen when the tubular toxin,
mercuric chloride, given in low doses to cause an autoimmune glomerulonephri-
tis, induced class-II expression in interstitial and tubular cells and class-I
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expression in proximal tubular, glomerular and endothelial cells (MADRENAS
et al. 1991). In this experiment MHC expression was blocked by the administra-
tion of a monoclonal antibody to interferon-y (IFN-y), indicating that this
cytokine, elaborated by T cells, plays an essential role in the phenomenon. The
induction of class-II expression on renal tubules using IFN-y was confirmed in two
experimental systems, firstly in a mouse model (SKOSKIEWICZ et al. 1985) and then
in cultured renal tubular cells, where certain additional characteristics of acces-
sory cells, namely the expression of TNF-a, were seen (WUTHRICH et al. 1990).

In an immunohistochemical study on human renal biopsies, MULLER et al.
(1989) found that normal tubular epithelium lacked HLA-DQ and -DP antigens,
but carried -DY and, variably, -DR products constitutively. In patients with
a variety of forms of proliferative and nonproliferative glomerulonephritis, they
found aberrant expression of HLLA-DQ and -DP prior to the development of an
interstitial infiltrate and significant fibrosis. A similar pattern of class-II expres-
sion was seen on renal tubular cells in a mouse lupus model, prior to the onset of
glomerular inflammation and proteinuria, with the expression localised to
tubules with dense surrounding mononuclear infiltrates (WUTHRICH et al. 1989).
The specificity of an immune response is provided by the interaction of specific
T-cell receptors with antigen presented by antigen-presenting accessory cells in
the presence of class-II molecules. The avidity of this interaction is increased by
the expression of other cell surface proteins, such as intercellular adhesion
molecule-1 ICAM-1), a specific ligand of lymphocyte function-associated anti-
gen-1, which was found to be expressed on the apical border of tubular epithelial
cells stimulated by IFN-y. The expression of ICAM-1 was more rapid, required
considerably less IFN-y for induction, and was more resistant to modulation
than class-II antigen (JEVNIKAR et al. 1990). Rapid redistribution of surface
ICAM-1 to the basolateral membrane was seen following prior sublethal tubular
cell injury, facilitating tubular cell-T cell interaction (MOLITORIS et al. 1989).
Using a mouse model, HAVERTY et al. (1989) found that autoimmune tubuloin-
terstitial damage was not induced unless proximal tubular class-II MHC antigen
expression was increased.

It seems clear that a primary glomerular insult, whether immune or non-
immune, could lead to nonimmune tubular cell injury, which could in turn cause
activation or expansion of interstitial immune cells in response to tubular-
derived cytokines (SCEMOUDER et al. 1991). A variety of lymphokines would then
amplify class-IT and ICAM-1 expression (HALTTUNEN 1990), thus enabling
tubular cells to function as antigen-presenting cells, with neo-antigens derived
from filtered proteins or ischaemic damage (NEILsoN 1989). In addition, specific
immune cell-derived factors may regulate renal transport processes and
haemodynamics (SCHREINER and KoHAN 1990). For instance, IL-1, secreted by
macrophages, induces a natriuresis by direct inhibition of collecting duct sodium
reabsorption (BEASLEY et al. 1988), and potent vasoconstrictor compounds are
released by glomerular macrophages, including leukotriene D, (SCHREINER
et al.1984) and thromboxane A, (SCHARSCHMIDT et al. 1986), which modulate
renal blood flow.
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Cultured proximal tubular epithelial cells secrete not only type IV, V and VII
(basement membrane) collagens but also smaller amounts of interstitial-type
collagens, I and III (HAVERTY et al. 1988) The same group subsequently noted
a down-regulation of transcription of type IV collagen by a T-cell-secreted
tubular antigen-binding protein, with a concomitant increase in type I collagen
synthesis due to stimulation of transcription by various cytokines in a mouse
model of autoimmune nephritis (HAVERTY et al. 1992). This process correlates
with the morphological changes observed histologically in interstitial nephritis,
where tubular atrophy occurs, followed by replacement interstitial fibrosis.

6 The Role of the Interstitial Fibroblast in Renal Fibrosis

Cultured human fibroblasts consist of populations of cells of differing morphol-
ogy, typed as early, intermediate, late mitotic or postmitotic cells (RODEMANN
etal. 1989). Thelife span and mitotic behaviour of the cells are tissue specific, and
even within the kidney the growth patterns of cortical and papillary fibroblasts
appear to be different (RoDEMANN and MULLER 1991). A substantial body of
experimental observations has demonstrated that a number of fundamental
phenotypic properties of mesenchymal cells can be stably altered. For example,
stable alterations in the proliferative capacity and expression of cellular oncogene
products have been observed in mesenchymal cells derived from the affected
organs of patients with atherosclerosis (YOSHIDA et al. 1988; PArkEs et al. 1991),
progressive systemic sclerosis (LEROY 1974), idiopathic pulmonary fibrosis
(JorDANA et al. 1988) and interstitial renal fibrosis (RODEMANN and MULLER
1990). In the last experiment, the authors established primary cell cultures of
fibroblasts from normal kidneys and from those with interstitial fibrosis. The
samples were obtained from renal biopsies of potential allografts which were not
grafted due to vascular abnormalities. The number of fibroblasts in the cultures
of kidneys with interstitial fibrosis was increased some tenfold compared with
cultures of fibroblasts from normal kidneys and showed significant alterations in
proliferative capacity and generation time when assessed by clonal growth and
kinetic experiments. Gel electrophoresis showed that the fibroblasts from fibrotic
kidneys expressed two autocrine growth-promoting proteins not normally pres-
ent in kidney or skin fibroblasts, and that in cross-feeding experiments, these
factors could induce hyperproliferation in normal kidney or skin fibroblasts. It
remains to be seen whether the stable alteration in phenotype is due to somatic
mutation, or whether it represents an autocrine loop comparable to that seen
with PDGF and mesangial cells (SCHULTZ et al. 1988) or fibroblast growth factor
in autosomal dominant adult polycystic disease (NORMAN et al. 1992b). En-
hanced proto-oncogene expression and transforming activity as seen in human
atherosclerotic plaques (PARKES et al. 1991) have not yet been demonstrated in
the kidney fibroblast.
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7 Tubular Cell-Fibroblast Interactions

Tubular epithelial cells have been found to be a rich source of an array of peptide
growth factors such as PDGF, insulin-like growth factor (IGF-1), transforming
growth factor-f (TGF-f), epidermal growth factor (EGF), granulocyte-mono-
cyte colony-stimulating factor (GM-CSF) (FRANK et al. 1993; SEGAL and FINE
1989; Rocco et al. 1992), of cytokines such as monocyte chemotactic peptide-1
(MCP-1) (ScamMOUDER et al. 1991), 1L.-6 (FrANK et al. 1993), IL-8 and TNF-«
(WUTHRICH et al. 1990), C3 component of complement (BROOIMANS et al. 1991)
and vasoactive peptides, such as endothelin (KoHAN 1991) and angiotensin 11
(NAVAR et al. 1992). Many of these substances show segment specificity with
EGF synthesised only by the thick ascending limb and the distal tubule (SEGAL
and FiNg 1989). Endothelin is synthesised by several nephron segments but in
differing concentrations, with greatest synthesis occurring in the inner medullary
collecting ducts (KoHAN 1991).

Although the function of many of these factors in the normal kidney is not
known, it may be that tubules damaged for whatever reason secrete them in
excess, recruiting inflammatory cells and initiating fibrosis due to mitogenic
stimulation of fibroblasts. Experimental studies suggest that there exists a series
of paracrine growth systems, at least for PDGF (KNECHT et al. 1991), endothelin
(ONG et al. 1994) and IGF (ROGERSs et al. 1991) with regionally specific tubular-
fibroblast cell interactions, such that growth factors produced locally within the
kidney act on an adjacent cell type which is uniquely responsive to it.

At present, it is not known when these substances are synthesised constitu-
tively or how they regulate normal renal function. It may be that changes in
tubular cytokine expression in vivo are related to specific tubulointerstitial
pathologies, and therefore that the progression of specific diseases may be altered
by blocking synthesis or action of individual compounds.

8 Conclusion

From the evidence that has accumulated over the past 30 years, it appears that
tubular cell injury is crucial to the process of tubulointerstitial fibrosis. The
injured tubular cell becomes dysfunctional, secreting in excess cytokines, growth
factors and vasoactive peptides. The process is perpetuated by subsequent
interactions between infiltrating lymphocytes and macrophages, fibroblasts and
endothelial cells, with tubulointerstitial scarring and secondary loss of glomeru-
lar function.

References

Alfrey AC, Foment DH, Hammond WS (1989) Role of iron in tubulointerstitial injury in neph-
rotoxic serum nephritis. Kidney Int 36: 753-759



The Pathogenesis of Tubulointerstitial Disease and Mechanisms of Fibrosis 63

Anderson S, Rennke HG, Brenner BM (1986) Therapeutic advantages of converting enzyme
inhibitors in arresting progressive renal disease associated with systemic hypertension in the rat.
J Clin Invest 77: 1993-2000

Baldwin DS (1977) Poststreptococcal glomerulonephritis: a progressive disease? Am J Med 62: 1-11

Baud L, Hagege J, Sraer J, Rondeau E, Perez J, Ardaillou R (1983) Reactive oxygen production by
cultured rat glomerular mesangial cells during phagocytosis is associated with stimulation of
lipoxygenase activity. J Exp Med 158: 18361852

Beasley D, Dinarello CA, Cannon JG (1988) Interleukin-1 induces natriuresis in conscious rats: role
of renal prostaglandins. Kidney Int 33: 1059-1065

Bekkhoucha F, Naquet P, Pierres A, Marchetto S, Pierres M (1984) Efficiency of antigen presentation
to T cell clones by (B cell x B cell lymphoma) hybridomas correlates quantitatively with cell surface
Ta expression. Eur J Immunol 14: 807-814

Bennett WM, Walker RG, Kincaid-Smith P (1982) Renal cortical interstitial volume in mesangial
IgA nephropathy. Lab Invest 47: 330-335

Berlett BS, Chock PB, Yim MB, Stadtman ER (1990) Manganese (II) catalyzes the bicarbonate-
dependent oxidation of amino acids by hydrogen peroxide and the amino acid facilitated
dismutation of hydrogen peroxide. Proc Natl Acad Sci USA 87: 389-393

Bertani T, Cutillo F, Zoja C, Broggini M, Remuzzi G (1986) Tubulo-interstitial lesions mediate renal
damage in adriamycin glomerulopathy. Kidney Int 30: 488-496

Bidani AK, Mitchell KD, Schwartz MM, Navar G, Lewis EJ (1990) Absence of glomerular injury or
nephron loss in a normotensive rat remnant kidney model. Kidney Int 38: 28-38

Bishop GA, Waugh JA, Hall BM (1988) Expression of HLLA antigens on renal tubular cellsin culture:
II. Effect of increased HLA antigen expression on tubular cell stimulation of lymphocyte activation
and on their vulnerability to cell-mediated lysis. Transplantation 46: 303-310

Bjorck S, Nyberg G, Mulec H, Granerus G, Herlitz H, Aurell M (1986) Beneficial effects of
angiotensin converting enzyme inhibition on renal function in patients with diabetic nephropathy.
Br Med J 293: 471-474

Bohle A, Christ H, Grund KE, Mackensen A, Neunhoeffer J (1977a) Serum creatinine concentration
and renal interstitial volume. Analysis of correlations in endocapillary (acute) glomerulonephritis
and in moderately severe mesangioproliferative glomerulonephritis. Virchows Arch [A] 375: 87-96

Bohle A, Glomb D, Grund KE, Mackensen S (1977b) Correlations between relative interstitial
volume of the renal cortex and serum creatinine concentration in minimal changes with nephrotic
syndrome and in focal sclerosing glomerulonephritis. Virchows Arch [A] 376: 221-232

Bohle A, Grund KE, Mackensen S, Tolon M (1977c) Correlations between renal interstitium and
level of serum creatinine: morphometric investigations of biopsies in perimembranous
glomerulonephritis. Virchows Arch [A] 373: 15-22

Bohle A, Christ H, Grund KE, Mackensen A (1979) The role of the interstitium of the renal cortex in
renal disease. Contrib Nephrol 16: 109-114

Bohle A, von Gise H, Mackense-Haen S, Stark-Jacob B (1981) The obliteration of the postglomeru-
lar capillaries and its influence upon the function of both glomeruli and tubuli. Functional
interpretation of morphologic findings. Klin Wochenschr 59: 10431051

Bohle A, Mackensen-Haen S, von Gise H, Grund KE, Wehrmann M, Batz C, Bogenschutz O,
Schmitt H, Nagy J, Muller C, Muller G (1990) The consequences of tubulo-interstitial changes for
renal function in glomerulophathies. A morphometric and cytological analysis. Pathol Res Pract
186: 135-144

Boyce NW, Tipping PG, Holdsworth SP (1989) Glomerular macrophages produce reactive oxygen
species in experimental glomerulonephritis. Kidney Int 35: 10931106

Brenner BM, Meyer TW, Hostetter TH (1982) Dietary protein intake and the progressive nature of
kidney disease: the role of hemodynamically mediated glomerular injury in the pathogenesis of
progressive glomerular sclerosis in aging, renal ablation, and intrinsic renal disease. N Engl J Med
307: 652-659

Brezis M, Rosen S, Silva P, Epstein PH (1984) Renal ischemia: a new perspective. Kidney Int 26:
375-383

Brooimans RA, Stegmann APA, van Dorp WT, van der Ark AAJ, van der Wounde FJ, van es LA,
Daha MR (1991) Interleukin 2 mediated stimulation of complement C3 biosynthesis in human
proximal tubular epithelial cells. J Clin Invest 88: 379-384

Camussi G, Tetta C, Mazzucco G, Vercellone A (1983) The brush border of proximal tubules of
normal human kidney activates the alternative pathway of the complement system in vitro. Ann
NY Acad Sci 420: 321-324



64 S. Dopp

Clark EC, Hostetter TH, Nath KA, Hostetter MK (1990) Renal medullary solutes impair neutrophil
function. Clin Res 38: 464 (abstract)

Diamond JR, Anderson S (1990) Irreversible tubulo-interstitial damage associated with chronic
aminonucleoside nephrosis. Am J Pathol 137: 1323-1332

Diamond JR, Karnovsky MJ (1987) Alimentary hypercholesterolaemia selectively aggravates
glomerular injury. Kidney Int 31: 383 (abstract)

Dorhout-Mees EJ, Machado M, Slatopolsky S, Klahr S, Bricker NS (1966) The functional
adaptation of the diseased kidney. 3. Ammonium excretion. J Clin Invest 45: 289-296

Eddy AA (1989) Interstitial nephritis induced by protein-overload proteinuria. Am J Pathol 135:
719-733

Elema JD (1976) Is one kidney sufficient? Kidney Int 9: 380A

Fantone JC, Ward PA (1982) Role of oxygen-derived free radicals and metabolites in leukocyte-
dependent inflammatory reactions. Am J Pathol 107: 397418

Fine LG (1986) The biology of renal hypertrophy. Kidney Int 29: 619-634

Fine LG, Norman JT (1992) Renal growth responses to acute and chronic injury: routes to
therapeutic intervention. J Am Soc Nephrol 2: S202-S211

Fine LG, Ong ACM, Norman JT (1993) Mechanisms of tubulo-interstitial injury in progressive renal
diseases. Eur J Clin Invest 23: 259-265

Frank J, Engler-Blum G, Rodemann HP, Muller GA (1993) Human renal tubular cells as a
cytokine source: PDGF-f, GM-CSF and IL-6 mRNA expression in vitro. Exp Nephrol 1:
26-35

Glasser RJ, Velosa JA, Michael AF (1977) Experimental model of focal sclerosis. I. Relationship to
protein excretion in aminonucleoside nephrosis. Lab Invest 36: 519-526

Gottschalk CW (1971) Function of the chronically diseased kidney: the adaptive nephron. Circ Res
28 [Suppl 2]: 1-13

Grisham MB, McCord JM (1986) Chemistry and cytotoxicity of reactive oxygen metabolites. In:
Taylor AE, Matalon S, Ward P (eds) Physiology of oxygen radicals. American Physiological
Society, Bethesda, pp 1-18

Halloran PF, Aprile MA, Farewell V, Ludwin D, Smith EK, Tsai SY, Bear RA, Cole EH, Fenton SS
(1988) Early function as the principal correlate of graft survival: a multivariate analysis of 200
cadaveric renal transplants treated with a protocol incorporating antilymphocyte globulin and
cyclosporine. Transplantation 46: 223-228

Halttunen J (1990) Failure of rat kidney nephron components to induce allogeneic lymphocytes to
proliferate in mixed lymphocyte kidney cell culture. Transplantation 50: 481487

Hansch GM, Schonermark M, Wagner C, Schieren G, Jahn G (1991) The terminal complement
complex C5b-9: a possible mediator of acute and chronic glomerulonephritis. In: Hatano M (ed)
Proceedings of the XIth International Congress of Nephrology, vol I1. Springer, Berlin Heidelberg
New York, pp 888-897

Harris DCH, Chan L, Schrier RW (1988) Remnant kidney hypermetabolism and progression of
chronic renal failure. Am J Physiol 254: F267-F276

Haverty TP, Kelly, CJ, Hines WH, Amenta PS, Watanabe M, Kefalides NA, Harper R, Neilson EG
(1988) Chracterization of a tubular epithelial cell line which secretes the autologous target antigen
of autoimmune interstitial nephritis. J Cell Biol 107: 1358-1369

Haverty TP, Watanabe M, Neilson EG, Kelly CJ (1989) Protective modulation of class Il MHC gene
expression in tubular epithelium by target antigen-specific antibodies. Cell-surface-directed down-
regulation of transcription can influence susceptibility to murine tubulointerstitial nephritis.
J Immunol 143: 1133-1141

Haverty TP, Kelly CJ, Hoyer JR, Alvarez R, Neilson EG (1992) Tubular antigen-binding proteins
repress transcription of type IV collagen in the autoimmune target epithelium of experimental
interstitial nephritis. J Clin Invest 89: 517-523

Hayslett JP (1979) Functional adaptation to reduction in renal mass. Physiol Rev 59: 137-164

Hill PA, Davies DJ, Kincaid-Smith P, Ryan GB (1989) Ultrastructural changes in renal tubules
associated with glomerular bleeding. Kidney Int 36: 992-997

Hooke DH, Gee DC, Atkins RC (1987) Leukocyte analysis using monoclonal antibodies in human
glomerulonephritis. Kidney Int 31: 964-972

Houglum K, Brenner DA, Chojkier M (1991) b-a-tocopherol inhibites collagen a1(I) gene expression
in cultured human fibroblasts. Modulation of constitutive collagen gene expression by lipid
peroxidation. J Clin Invest 87: 2230-2235

Jevnikar AM, Wuthrich RP, Takei F, Xu H-W, Brennan DC, Glimcher LH, Rubin-Kelley VE (1990)



The Pathogenesis of Tubulointerstitial Disease and Mechanisms of Fibrosis 65

Differing regulation and function of ICAM-1 and class II antigens on renal tubular cells. Kidney
Int 38: 417-425

Jordana M, Schulman J, McSharry C, Irving LB, Newhouse MT, Jordana G, Gauldie J (1988)
Heterogeneous proliferative characteristics of human adult lung fibroblast lines and clonally
derived fibroblasts from control and fibrotic tissue. Am Rev Resp Dis 137: 579-584

Kees-Folts D, Sadow J, Schreiner GF (1992) Individual fatty acids regulate the production of
a macrophage chemotactic factor by proximal tubular cells endocytosing albumin. J Am Soc
Nephrol 3: 598 (abstract)

King NJC, Mullbacher A, Blanden RV (1986) Relationship between surface H-2 concentration, size
of different target cells, and lysis by cytotoxic T cells. Cell Immunol 98: 525-532

Kiprov DD, Colvin RB, McCluskey RT (1982) Focal and segmental glomerulosclerosis and
proteinuria associated with unilateral renal agenesis. Lab Invest 46: 275-281

Klein J, Juretic A, Baxevanis CN, Nagy ZA (1981) The traditional and a new version of the mouse
H-2 complex. Nature 291: 455-460

Knecht A, Fine LG, Kleinman KS, Rodemann HP, Muller GA, Woo DDL, Norman JT (1991)
Fibroblasts of rabbit kidney in culture. II Paracrine stimulation of papillary fibroblasts by PDFG.
Am J Physiol 261: F292-F299

Kohan DE (1991) Endothelin synthesis by rabbit renal tubule cells. Am J Physiol 26: F221-F226

Le Hir M, Kaissling B, Gandhi R, Dubach UC (1989) Fibroblasts may represent the main site of
production of interstitial adenosine in the kidney. Kidney Int 36: 319-320

Leroy EC (1974) Increased collagen synthesis by scleroderma skin fibroblasts in vitro. A possible
defect in the regulation of activation of the scleroderma fibroblast. J Clin Invest 54: 880—889

Maclean AJ, Hayslett JP (1980) Adaptive change in ammonia exretion in renal insufficiency. Kidney
Int 17: 595-606

Madrenas J, Parfrey NA, Halloran PF (1990) Interferon gamma-mediated renal MHC expression in
mercuric chloride-induced glomerulonephritis. Kidney Int 39: 273-281

Mitch WE, Walser M, Buffington GA, Lemann J Jr (1976) A simple method. for estimating
progression of chronic renal failure. Lancet ii: 1326-1328

Molitoris BA, Falk SA, Dahl RA (1989) Ischemia-induced loss of epithelial polarity. Role of the tight
junction. J Clin Invest 84: 1334-1339

Moorhead JF, El-Nahas M, Chan MK, Varghese Z (1982) Lipid nephrotoxicity in chronic
progressive glomerular and tubulo-interstitial disease. Lancet ii: 1309-1311

Muller CA, Markovic-Lipovski J, Risler T, Bohle A, Muller GA (1989) Expression of HLA-DQ,
-DR, and -DP antigens in normal kidney and glomerulonephritis. Kidney Int 35: 116-124

Nath KA, Salhudeen AK (1990) Induction of renal growth and injury in the intact kidney by dietary
deficiency of antioxidants. J Clin Invest 86: 1179-1192

Nath KA, Hostetter MK, Hostetter TH (1985) Pathophysiology of chronic tubulointerstitial disease
in rats: interactions of dietary acid load, ammonia and complement component. J Clin Invest 76:
667675

Nath KA, Woolley AC, Hostetter TH (1987) O, consumption and oxidant stress in the remnant
nephron. Clin Res 35: 553A

Nath KA, Croatt AJ, Hostetter TH (1990) Oxygen consumption and oxidant stress in surviving
nephrons. Am J Physiol 258: F1354-1362

Navar LG, Gauthier-Lewis L, Hymel A, Broam B, Mitchell KD (1992) Assessment of intraluminal,
kidney and plasma levels of angiotensin I and II in anaesthetized rats. ] Am Soc Nephrol 3: 442
(abstract)

Neilson EG (1989) Pathogenesis and therapy of interstitial nephritis. Kidney Int 35: 1257-1270

Norman JT, Gallego C, Bridgman DA, Fogo A, Fine LG (1992a) Enalapril ameliorates interstitial
fibrosis in the remnant kidney of the rat. J Am Soc Nephrol 3: 746 (abstract)

Norman JT, Kuo NT, Wilson PD (1992b) Autocrine stimulation of fibroblast growth in autosomal
dominant polycystic kidney disease is mediated by acidic fibroblast growth factor. J Am Soc
Nephrol 3: 300 (abstract)

Novick AC, Gephardt G, Guz B, Steinmuller D, Tubbs RR (1991) Long-term follow-up after partial
removal of a solitary kidney. N Engl J Med 325: 1058-1062

Ong ACM, Jowett TP, Scoble JE, O’Shea JA, Varghese Z, Moorhead JF (1993) The effect of
cyclosporin A on endothelin synthesis by cultured human renal cortical epithelial cells. Nephrol
Dial Transplant 8: 748—753

Ong ACM, Jowett TP, Firth JD, Burton S, Kitamura M, Fine LG (1994) Human tubular-derived
endothelin in the paracrine regulation of renal interstitial fibroblast function. Exp Nephrol (in press)



66 S. Dopp

Parkes JL, Cardell RR, Hubbard FC Jr, Hubbard D, Meltzer A, Penn A (1991) Cultured human
atherosclerotic plaque smooth muscle cells retain transforming potential and display enhanced
expression of the myc protooncogene. Am J Pathol 138: 765-775

Pelayo JC, Noble PW, Riches DWH (1990a) Expression of platelet-derived growth factor A and
B mRNA in acute unilateral ureteral obstruction. J Am Soc Nephrol 1: 743 (abstract)

Pelayo JC, Quon AH, Shanley PF (1990b) Angiotensin II control of the renal microcirculation in rats
with reduced renal mass. Am J Physiol 258: F414-F422

Rehan A, Johnson KJ, Wiggins RC, Kunkel RC, Ward PA (1984) Evidence for the role of oxygen
radicals in acute nephrotoxic nephritis. Lab Invest 51: 396-403

Remuzzi G, Bertani T (1990) Is glomerulosclerosis a consequence of altered glomerular permeability
to macromolecules? Kidney Int 38: 384-394

Remuzzi A, Puntorieri S, Battaglia C, Bertani T, Remuzzi G (1990) Angiotensin converting enzyme
inhibition ameliorates glomerular filtration of macromolecules and water and lessens glomerular
injury in the rat. J Clin Invest 85: 541-549

Reimenschneider T, Mackensen-Haen S, Christ H, Bohle A (1980) Correlation between endogeneous
creatinine clearance and relative interstitial volume of the renal cortex in patients with diffuse
membranous glomerulonephritis having a normal serum creatinine concentration. Lab Invest 43:
145-149

Risdon RA, Sloper JC, De Wardener HE (1968) Relationship between renal function and histologi-
cal changes found in renal biopsy specimens from patients with persistent glomerular nephritis.
Lancet ii: 363-366

Rocco MV, Chen Y, Goldfarb S, Ziyadeh FN (1992) Elevated glucose stimulates TGF-f expression
and bioactivity in proximal tubule. Kidney Int 41: 107-114

Rodemann HP, Muller GA (1990) Abnormal growth and clonal proliferation of fibroblasts derived
from kidneys with interstitial fibrosis. Proc Soc Exp Biol Med 195: 57-63

Rodemann HP, Muller GA (1991) Characterization of human renal fibroblasts in health and disease:
I1. In vitro growth and differentiation of fibroblasts derived from kidneys with interstitial fibrosis.
Am J Kidney Dis 17: 684-686

Rodemann HP, Bayreuther K, Francz PI, Dittman K, Albiez M (1989) Selective enrichment and
biochemical characterization of seven human skin fibroblast cell types in vitro. Exp Cell Res 180:
84-93

Rogers SA, Miller SB, Hammerman MR (1991) IGF1 gene expression in isolated rat renal collecting
duct is stimulated by epidermal growth factor. J Clin Invest 87: 347-351

Rovin BH, Wurst E, Kohan DE (1990) Production of reactive oxygen species by tubular epithelial
cells in culture. Kidney Int 37: 1509-1514

Rutherford WE, Blondin J, Miller JP, Greenwalt AS, Vavra JD (1977) Chronic progressive renal
disease: rate of change of serum creatinine. Kidney Int 11: 62-70

Sanders PW, Herrera GA, Chen A, Booker BB, Galla JH (1988) Differential nephrotoxicity of low
molecular weight proteins including Bence Jones proteins in the perfused rat nephron in vivo.
J Clin Invest 82: 2086-2096

Schainuck LI, Striker GE, Cutler RE, Benditt EP (1970) Structural-functional correlations in renal
disease. Part II: The correlations. Hum Pathol 1: 631640

Scharschmidt LA, Douglas J, Dunn M (1986) Angiotensin II and eicosanoids in the control of
glomerular size in the rat and human. Am J Physiol 250: F348-F356

Schmouder RL, Streiter RM, Wiggins RC, Kunkel SL (1991) Disparate IL-8 and MCP-1 expression in
human renal cortical epithelial cells stimulated with interferon-y. J Am Soc Nephrol 3: 787 (abstract)

Schoolwerth AC, Sandler RS, Hoffman PM, Klahr S (1975) Effects of nephron reduction an dietary
protein content on renal ammoniagenesis in the rat. Kidney Int 7: 397-404

Schreiner GF, Kohan DE (1990) Regulation of renal transport process and haemodynamics by
macrophages and lymphocytes. Am J Physiol 258: F761-F767

Schreiner GF, Rovin B, Lefkowith J (1984) The anti-inflammatory effects of essential fatty acid
deficiency in experimental glomerulonephritis. J Immunol 143: 3192-3199

Schreiner GF, Kees-Folts D, Delmez J (1992) Characterization of a macrophage-specific lipid
chemotactic factor in the urine and peritoneal dialysate of nephrotic patients with declining renal
function. J Am Soc Nephrol 3: 419 (abstract)

Schrier RW, Harris DCH, Chan L, Shapiro JI, Caramelo C (1988) Tubular hypermetabolism as
a factor in the progression of chronic renal failure. Am J Kid Dis 12: 243-249

Schultz PJ, Corleto PE, Silver BJ, Abboud HE (1988) Mesangial cells express PDGF mRNAs and
proliferate in response to PDGF. Am J Physiol 255: F674-F684



The Pathogenesis of Tubulointerstitial Disease and Mechanisms of Fibrosis 67

Segal R, Fine LG (1989) Polypeptide growth factors and the kidney. Kidney Int 36: S2-S10

Seyer-Hansen K, Hansen J, Gundersen HIG (1980) Renal hypertrophy in experimental diabetes.
diabetologia 18: 501-505

Shah SV (1988) Evidence suggesting a role for hydroxyl radical in passive Heymann nephritis. Am
J Physiol 254: F337-F344

Shah SV (1989) Role of reactive oxygen metabolites in experimental glomerular disease. Kidney Int
35:1093-1106

Shoskes DA, Parfrey NA, Halloran PF (1990) Increased major histocompatibility complex antigen
expression in unilateral ischemic acute tubular necrosis in the mouse. Transplantation 49, 201-207

Simpson DP (1971) Control of hydrogen ion homeostasis and renal acidosis. Medicine (Baltimore)
50: 503-541

Skoskiewicz MJ, Colvin RB, Schneeberger EE, Russell PS (1985) Widespread and selective induction
of major histocompatibility complex-determined antigens in vivo by y interferon. J Exp Med 162:
1645-1664

Solomon A, Weiss DT, Kattine AA (1991) Nephrotoxic potential of Bence Jones proteins. N Engl
J Med 324: 1845-1851

Stadtman ER, Berlett BS (1988) Fenton chemistry revisited: amino acid oxidation. In: Simie MC,
Taylor KA, Ward JF (eds) Oxygen radicals in biology and medicine. Plenum, New York, pp
131-136

Steffes MW, Brown DM, Mauer SM (1978) Diabetic glomerulopathy following unilateral nephrec-
tomy in the rat. Diabetes 27: 35-41

Striker GE, Schainuck LI, Cutler RE, Benditt EP (1970) Structural-functional correlations in renal
disease. Part I: A method for assaying and classifying histopathologic changes in renal disease.
Hum Pathol 1: 615-630

Teodoru CV, Saifer A, Frankel H (1959) Conditioning factors influencing evolution of experimental
glomerulonephritis in rabbits. Am J Physiol 196: 457-460

Torres VE, Velosa JA, Holley KE, Kelalis PP, Stickler GB, Kurtz SB (1980) The progression of
vesicoureteral reflux. Ann Intern Med 92: 776-784

Velosa JA, Glasser RJ, Nevins TE, Michael AF (1977) Experimental model of focal sclerosis. I1.
Correlation with immunopathologic changes, macromolecular kinetics, and polyanion loss. Lab
Invest 36: 527-534

von Gise H, von Gise V, Stark B, Bohle A (1981) Nephrotic syndrome and renal insufficiency in
association with amyloidosis: a correlation between structure and function. Klin Wochenschr 59:
75-82

Wehrmann M, Bohle A, Helol H, Schumm G, Kendziorra H, Pressler H (1990) Long-term prognosis
of focal sclerosing glomerulonephrosis. An analysis of 250 cases with particular regard to
tubulo-interstitial changes. Clin Nephrol 33: 115-122

Wuthrich RP, Yui MA, Mazoujian G, Nabavi N, Glimcher LH, Kelley VE (1989) Enhanced MHC
class II expression in renal proximal tubules precedes loss of renal function in MRC/lpr mice with
lupus nephritis. Am J Pathol 134: 45-51

Wuthrich RA, Glimcher LH, Yui MA, Nevnikar AM, Dumas SE, Kelley VE (1990) MHC class II,
anitigen presentation and tumor necrosis factor in renal tubular epithelial cells. Kidney Int 37:
783-792

Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M, Mitsui Y, Yazaki K, Goto Y,
Masaki T (1988) A novel potent vasoconstrictor peptide produced by vascular endothelial cells.
Nature 332: 411-415

Yoshida Y, Mitsumata M, Yamane T, Tomikawa M, Nishida K (1988) Morphology and increased
growth rate of atherosclerotic intimal smooth muscle cells. Arch Pathol Lab Med 112: 987-996

Yoshida Y, Fogo A, Ichikawa I (1989) Glomerular haemodynamic changes vs. hypertrophy in
experimental glomerular sclerosis. Kidney Int 35: 654—660

Yoshioka T, Bills T, Moore-Jarrett T, Greene HL, Burr IM, Ichikawa I (1990) Role of intrinsic
antioxidant enzymes in renal oxidant injury. Kidney Int 38: 282288

Zamlauski-Tucker MJ, van Liew JB, Goldinger J, Noble B (1990) Persistent proximal tubule
dysfunction late in Heyman nephritis. Kidney Int 37: 1536-1542

Zatz R, Dunn BR, Meyer TW, Anderson S, Rennke HG, Brenner BM (1986) Prevention of diabetic

glomerulopathy by pharmacological amelioration of glomerular capillary hypertension. J Clin
Invest 77: 1925-1930



Cellular Biology of Tubulointerstitial Growth

G. WorrF and E.G. NEILSON

1 Introduction and Historical Perspective . . . . . . .. ... .. ... ... ... ... . 69
2 Importance of the Tubulointerstitial Environment . . . .. .. . ... ... ... ... 71
3 Hyperplasia Versus Hypertrophy . . . . . . .. ... .. ... .. ... .. ... . 71
4 Cell Cycle Regulation . . . . . . ... .. . ... .. 72
S Growth Factors for Tubular Cells . . . . . ... ... ... ... ... ... .... 74
6 Signal Transduction Pathways . . . . . ... ... ... .. ... ... ... ... 78
7 Proto-oncogenes and Immediate Early Genes . . . . . ... ... ... ........ 79
8 Negative Regulators of Cell Proliferation . . . . .. ... ................ 84
9 Mechanisms of APOPtoSiS . . . . . . . . .t e e 86
10 Mechanisms of Tubular Hypertrophy . . . . . . .. .. ... ... ... . ..., 87
11 Summary . . . . . .. o e 88
References . . . . . . . . . . . L 88

1 Introduction and Historical Perspective

The capacity of the kidney to grow has been known for more than 2000 years.
Aristotle (384-322 B.C.) was probably the first to describe that animals born
with one kidney can develop normally, and that the single kidney is enlarged
compared with the kidneys of normal two-kidney control animals (WoLF 1993).
In the early nineteenth century, the French physician Pierre-Francois-Olivier
Rayer (1793-1867) reported enlargement of the renal cortex in diabetes mellitus
and observed that the size of the remnant kidney in patients in whom one kidney
is missing approaches that of the two kidneys of healthy individuals (RAYER
1837). Rayer also undertook microscopic studies and found that ““if the kidney is
partially disorganized, the healthy parts become hypertrophied, resulting in
a curious mixture of atrophic and hypertrophic parts” (R11z et al. 1989). Gustav
Simon (1824-1876), a professor of surgery at the University of Heidelberg in
Germany, performed the first unilateral nephrectomy in human subjects. The
question of whether compensatory renal growth is solely an increase in protein
and size (hypertrophy) or rather is caused by proliferation has puzzled students
of renal growth for a long time. The famous Viennese pathologist Carl
Rokitansky (1804—1878) believed that the increase in renal size after nephrec-
tomy is true hypertrophy of all tissue constituents, whereas Simon thought that
an increase in cell number was responsible for compensatory renal growth (WOLF
1993). However, most of these confusing early opinions can be attributed to the
different ages of the animals used and the degree of renal ablation.
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Another controversial question persisting to the present is the unclear nature
of the factors which stimulate and regulate the growth of remnant renal tissue.
For example, Carl Wilhelm Nothnagel from Jena postulated as early as in 1886
that an increase in “nutrient” substances stimulates renal growth. Thus, Noth-
nagel can be considered the founding father of all subsequent studies defining the
importance of growth factors, cytokines, and hormones in the complex regula-
tion of renal growth. In contrast, Sacerdottiintroduced, in 1896, the concept that
the enlargement of the remaining kidney after uninephrectomy was a necessary
response to the need to excrete greater amounts of waste (WOLF 1993). This more
mechanical view was later referred to as the “work theory,” which considers that
a necessary increase in renal function is required as a trigger for kidney growth
after ablation. The “‘work theory” has exerted great influence in the past decade,
establishing the concept that increases in glomerular hemodynamics after perma-
nent loss of renal tissues subsequently stimulate the enlargement of remnant
nephrons (BRENNER 1985).

This chapter will highlight recent findings thought to be important in the
regulation of tubulointerstitial growth at the molecular biological level. Al-
though many cellular mechanisms have been elucidated in cells of nonrenal
origin, there is a more recent general agreement that a conceptual framework of
common molecular events is responsible for the growth regulation in virtually all
cell types (NURSE 1990; MURRAY 1989).

The present paper covers neither the renal hemodynamic alterations asso-
ciated with adaptive responses after nephrectomy—the “macromolecular” as-
pects of renal growth, nor the detailed descriptions of models of tubulointerstitial
hypertrophy and hyperplasia. This information has been summarized elsewhere
(WEssoN 1989; WoLF and NEILSON 1991). Some animal models of renal hyper-
trophy and hyperplasia are described, however, in Table 1.

Table 1. Some in vivo models of tubular hypertrophy
and hyperplasia

Hypertrophy
Uninephrectomy in adult animals
Unilateral obstruction (contralateral kidney)
High-protein diet
Insulin-dependent diabetes mellitus
Ammonium chloride feeding
Testosterone administration to female animals
Thyroxine administration

Combined hypertrophy and hyperplastic responses
Renal ablation in neonatal animals
Tubular salt overload
Potassium depletion

Hyperplasia
Folate nephropathy
Chemical nephrotoxicity (mercuric chloride, lead
acetate)
Renal ischemia with reperfusion
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2 Importance of the Tubulointerstitial Environment

The tubulointerstitial environment is organized from several distinct cell types
which are in close proximity, permitting the interactive engagement of multiple
auto-, para-, and endocrine cytokine networks (LEMLEY and KRriz 1991). The
cellular residents of the tubulointerstitium include the various types of tubular
epithelium, highly specialized in morphology and function along the nephron,
a class of interstitial cells (types I and IT in the cortex, types I-11I in the medulla),
interstitial fibroblasts, vascular endothelium, nerve cells, lymphatics, macro-
phages, and lymphocytes (TisHER and MADSEN 1988). This cellular registry is
supplemented by a vast extracellular matrix containing interstitial collagenous
fibres (types-1, -III and -VI collagen), proteoglycans, glycoproteins, and inter-
stitial fluid.

An increasing number of studies suggest that changes in the tubulointer-
stitial environment are a major determinant in the progression of renal disease
even when there is primary glomerular injury (reviewed in NATH 1992). Disturb-
ance of the normal tubulointerstitial architecture is also a common finding in the
chronically injured kidney, independent of the anatomical origin or type of
primary disease. One invariant denominator of chronic tubulointerstitial disease
is the development of interstitial fibrosis (NEILSON 1989). The molecular mechan-
isms inciting fibrogenesis are incompletely understood and are reviewed else-
where in this volume. A variety of cytokines, growth factors, and hormones
which also influence the growth of tubular cells and fibroblasts are involved in the
synthesis and deposition of extracellular matrix components (KunciIo et al.
1991). Interestingly, several in vitro studies revealed that factors influencing the
growth of tubulointerstitial cells also exert fundamental effects on the biosynth-
esis of various collagens linking growth regulation to interstitial fibrogenesis
(WoLF and NEILSON 1991).

3 Hyperplasia Versus Hypertrophy

Quiescent tubular cells can undergo either hyperplasia or hypertrophy, two
totally different growth responses (FINE 1986). Cells committed to proliferation
double their DNA content and divide during mitosis. In contrast, hypertrophic
cells increase their size, protein, and RNA content, but do not duplicate their set
of chromosomes. These growth responses are exclusive: a cell can be committed
to either mitosis or hypertrophy (WoLF and NEemwson 1991). However, different
cell types along the nephron may exhibit a different growth response to the same
factor; even adjacent cells of the identical histological type might respond
differently, depending on the activation state of the cells, receptor expression for
growth factors, influence of growth suppressors, and the genetic program of
individual cells.
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The regeneration of functional tubular epithelium after acute tubular necro-
sis is a classical example of a proliferative growth response restoring correct cell
numbers to preformed nephrons (ToBack 1992). In contrast, compensatory
renal enlargement following chronic loss of nephrons in the adult kidney after
uninephrectomy results in hypertrophy of tubular cells (FINg 1986). However,
greater degrees of renal ablation or younger animals shift the compensatory
growth response to partial proliferation of remnant tubular cells (WoLF and
NEILsON 1991). Compensatory renal growth responses which involve mainly
tubular cells, because they constitute the bulk of the renal mass, may, although
initially restoring functional renal tissue, ultimately result in maladaptation of
renal function. Hypertrophic tubular cells exert a state of hypermetabolism with
an increase in oxygen consumption per remaining nephron. It has been proposed
that this increase in oxygen consumption leads to cellular damage via the
production of oxygen-reactive species or free radicals (CULPEPPER and
SCHOOLWERTH 1992; SchRIER etal. 1988). Adaptive increments in tubular
ammoniagenesis associated with compensatory hypertrophy also yield elevated
levels of ammonia, which activates C3/C5 convertase (NATH et al. 1985). This
leads to tubular deposition of complement factor C5b-9, resulting in inflamma-
tion (NATH et al. 1985). These mechanisms may finally produce tubular atrophy
and interstitial scarring.

4 Cell Cycle Regulation

Regulation of the cell cycle is the pivotal element controlling whether resting,
quiescent cells are committed to mitosis or not (CRross et al. 1989). Major
progress in the molecular biology of the cell cycle over the past few years has
added to a detailed picture of how proliferation is controlled. Although knowl-
edge of the cell cycle biology originated from studies with the fission yeast
Schizosaccharomyces pombe and the budding yeast Saccharomyces cerevisiae, as
well as with Xenopus oocytes, there is general agreement that similar mechanisms
are operative in all cell types (GAUTIER et al. 1989; MALLER 1990). Orderly cell
division depends on the progression of cells through a cycle of successive phases
(LEWIN 1990; Cross et al. 1989). Quiescent, nondividing cells, enter the cell cycle
from the G,-phase, pass through G, initiate their DNA synthesis in the S-phase,
and, after progressing through G,, enter mitosis. Mitosis, with its ordered steps
of prometaphase, metaphase, anaphase, and telophase, may be considered cycle
itself, interfaced between the G,- and G| -phases of the cell cycle (McINTOSH and
KooncE 1989). The organized events during circular progression of the cell cycle
require checkpoints at which the successful completion of earlier phases of the
cell cycle i1s controlled. For example, cells can enter mitosis only if the DNA
replication in the S-phase has been accomplished. Two general checkpoints have
been identified, one in the G /G, transition governing entry into S-phase, and the
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other in the G,-phase, governing entry into the phases of mitosis (HOFBAUER and
DENHARDT 1991; PARDEE 1989).

Complex oscillation patterns of expression of various cyclins, changes in
phosphorylation patterns of key proteins and activation of distinct phosphatases
control the kinetics of the cell cycle. It was known for some time that a poorly
characterized factor called maturation promoting factor (MPF), originally
isolated from frog oocytes undergoing meiosis, is a major regulator of mitosis
(BROEK et al. 1991; GAUTIER et al. 1988). The activity of MPF fluctuates during
the cell cycle: the active factor is detectable during mitosis but not during the
interphase (GouLb and NURSE 1989). The catalytic subunit of MPF is
a 34000 M, phosphoprotein with kinase activity called pp34. This phospho-
protein isidentical to the product of the cdc2 ™ gene, originally identified as a gene
crucial to mitosis in yeast (CLARKE and KARSENTI 1991; NURSE 1990). The cdc2™*
gene s required not only at the onset of mitosis, but also at the so-called start
control point of the G,/S transition; pp34 itself functions as a protein kinase
(MALLER 1990). The protein is phosphorylated on both threonine and tyrosine
during late interphase (MORIA et al. 1989). The level of pp34 remains constant
during the cell cycle and complexes with cyclins, the other constituents of MPF
(DRrAETTA et al. 1989; PINES and HUNTER 1989). In contrast to pp34, cyclins must
accumulate during interphase (DRAETTA et al. 1989). The complex of cyclin and
pp34 still lacks activity and is called pre-MPF. This complex is then activated by
dephosphorylation of pp34 and phosphorylation of cyclin. The 107-kD phos-
phoprotein product of the wee 1* gene prevents the activation of MPF and is
a negative regulator of entry into mitosis (PARKER et al. 1992; RuUsSeLL and
NURSE 1987); p107 is also a kinase with the unusual properties of phosphorylat-
ing serine/threonine, as well as tyrosine residues (PARKER et al. 1992). The
product of the cdc25™ gene, a 67-kD protein, counteracts the mitotic inhibition
caused by weel * (RUsseLL and NURSE 1986). Although cdc25* has no sequence
homology to known phosphatases, there is overwhelming evidence that cdc25™*
directly catalyzes the dephosphorylation of pp34 (GaLAKTIONOV and BEACH
1991). Interestingly, the phosphatase activity of cdc25* seems to be highly
substrate specific, and no efficient dephosphorylation of any protein other than
pp34 complexed to cyclin has been detected so far. Active pp34 phosphorylates
several target substrates, resulting in biochemical changes necessary for mitosis;
pp34 kinase phosphorylates laminins Bl and B2 at serine 16 residue as well as
with vimentin (OTTAVIANO and GERACE 1985; WARD and KIRSCHNER 1990; CHOU
et al. 1990). This phosphorylation plays a major role in the nuclear disassembly,
which is an important prerequisite of mitosis. On the other hand, pp34 activity
has traditionally been measured as histone H1 kinase, and phosphorylation of
this histone may contribute to chromosome condensation by changing nucleo-
some assembly (ARION et al. 1988).

A more direct role of pp34 in active transcriptional regulation has been
suggested by the identification of the carboxyl terminal domain of RNA poly-
merase as substrate (Ci1SEK and GORDEN 1989). Moreover, recent studies demon-
strate that the cyclinA-pp34 complex is associated with the E2F transcription
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factor, and this complex accumulates during S-phase (DevoTo et al. 1992). This
observation suggests that cyclin A-pp34 possesses sequence-specific DNA-
binding activity and may phosphorylate other DNA-bound substrates, offering
the possibility of direct transcriptional control of selected target genes (DEvOTO
et al. 1992). The cyclin partner of pp34 in the MR F complex can be classified into
A and B types which are only weakly related to each other (MALLER 1990). Either
A or B cyclins complex with pp34. Cyclin B levels accumulate during the
G,-phase (DrRAETTA et al. 1989). The transition from metaphase to anaphase in
mitosis leads to the degradation of cyclins, making this the crucial event in exiting
mitosis and entering the G,-phase (NURSE 1990). Cyclins are degraded by
ubiquitin-dependent proteolysis (GLOTZER et al. 1991). Recent studies revealed
that the cyclin A-pp34 complex is active earlier in the cell cycle than the cyclin
B-pp34 complex (REeD 1991). It has been proposed that the binding of pp34 to
cyclin A controls the G,/S transition in the cell cycle (REeD 1991). In accordance
with this hypothesis is the observation that microinjection of antisense cyclin
A cDNA or anti-cyclin A antibodies into fibroblasts during G,-phase led to
inhibition of entry into the S-phase and DNA synthesis (GIRARD et al. 1991).
Other control elements such as the product of cdc 10* gene, which is part of
a trans-acting binding factor named DSC1 interacting with the hexamer element
ACGCGT, present in the promoters of several target genes, are important for
entryinto the S-phase (LOWNDEs et al. 1992). There is compelling recent evidence
that additional cyclins named D and E exist (KOFF et al. 1992). Human cyclin
E associates with a cell cycle-regulated protein kinase, the activity of which peaks
during G,, before the appearance of cyclin A. The major cyclin E-associated
kinase was identified as a member of the cdc 2% family called cdk 2 (cyclin-
dependent kinase 2). It is apparent that the assembly of the cyclin E-cdk complex
is important for the progression through G, (KoFF et al. 1992). Although many
details have been worked out regarding the control of this complicated phos-
phorylation cascade, it is most likely that other important kinases and/or
phosphatases will also be identified in this orchestrated progression toward
mitosis (CYERT and THORNER 1989).

5 Growth Factors for Tubular Cells

Several investigators have assessed growth-stimulatory effects of cytokines and
polypeptide growth factors on different tubular cell lines (for review see Kurusu
and FInE 1989; ToBack et al. 1990). The biochemical properties of renal growth
factors have been extensively reviewed and are summarized in Table 2. In
general, serum, epidermal growth factor (EGF; HAVERTY et al. 1988), transform-
ing growth factor o (TGFa; HUMES et al. 1991), hepatocyte growth factor (HGF;
Icawaet al. 1991; IsHiBAsHI et al. 1992), fibroblast growth factor (FGF), insulin,
insulin-like growth factor-1 (IGF-1; BLAZER-YOST et al. 1992), calcium oxalate
monophosphate (LEskE et al. 1992), and adenosine diphosphate (ADP; KARTHA
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Table 2. In vitro effects of cytokines and growth factors
on cultured tubular cells

Proliferation
Serum
Epidermal growth factor
Transforming growth factor «
Hepatocyte growth factor
Fibroblast growth factor
Insulin-like growth factor I
Insulin
ADP
Culture medium with low sodium
Calcium oxalate monophosphate

Hypertrophy
Angiotensin IT
NH,Cl
High glucose in the medium
Transforming growth factor f

et al. 1987) have been shown in vitro to be mitogenic for tubular cells (Table 2). In
contrast, angiotensin II (ANG II; WoLF and NEILSON 1990a), transforming
growth factor g (TGF-f; FINE et al. 1985), NH,CI (GoLcHNI et al. 1989), and
high glucose (Rocco et al. 1992) induce cellular hypertrophy in cultured tubular
cells.

In a series of experiments we have studied the hypertrophogenic actions of
ANG II as a single-factor model on a murine proximal tubular cell line (WOLF
and NEILSON 1990a; WoLF et al. 1991a, ¢). Stimulation of quiescent tubular cells
with 10 "8 M ANG II for 48—-72 h led to an incrase in cellular size, total RNA and
protein content, and protein synthesis, but failed to induce mitosis (WoLF and
NEILSON 1990a). These effects were mediated by DuP 753-sensible, G-protein-
coupled AT, receptors, and depended on a decrease in intracellular cAMP
(WoLr et al. 1991c¢). Furthermore, tubular enlargement was associated with an
increase in transcription and synthesis of collagen type IV (WOLF et al. 1991a).
Activation of immediate early genes is not sufficient to explain ANG II-induced
hypertrophy, since a similar pattern of genes is induced by the mitogenic factor
EGF (WorLF et al. 1991d). We have isolated a set of ANG II-induced genes by
differential hybridization which appears to be associated with hypertrophy
(WoLF and NEILSON 1990b, 1993). A further analysis of these genes will help to
understand the complex mechanisms of cellular enlargement.

The involvement of single growth factors on renal proliferation or hyper-
trophy in vivo is more difficult to assess. Acute ischemia reduces renal prepro-
EGF mRNA and increases the number of EGF receptors (NORMAN et al. 1990).
Subcutaneous administration of EGF enhanced tubular proliferation and func-
tional recovery after acute tubular necrosis (HuMEs et al. 1989). EGF precursoris
synthesized in the thick ascending limbs of Henle’s loop and in more distal
tubules (BREYER et al. 1991, MILLER et al. 1992). At 24 h after uninephrectomy,
there was an increase in luminal immunostainable EGF in the remnant kidney.
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In contrast, staining of EGF was present more diffusely throughout distal
tubular cells at 5 and 14 days after uninephrectomy, involving luminal and
contraluminal membranes (MILLER et al. 1992). Mice made deficient of circula-
ting EGF by sialoadenectomy failed to undergo compensatory renal growth
following unilateral nephrectomy (UcHIDA et al. 1988). Although it appears that
EGF may play a role in proliferative regeneration of functioning tubular
epithelium after acute necrosis, its function as an initiator of tubular hypertrophy
seems unlikely, since hypertrophy occurs prior to any change in renal EGF
content (MILLER et al. 1992). Nevertheless, EGF may be involved as a growth
promoter in subsequent events of compensatory hypertrophy, perhaps through
the stimulation of IGF-1 synthesis.

Several groups have studied the expression of IGF-1 in different models of
renal growth (EL NAHAS et al. 1990; FAGIN and MELMED 1987; FLYVBERG et al.
1992; LAJARA et al. 1989; MARSHALL et al. 1991; MULRONEY et al. 1991; STILES
et al. 1985). IGF-1 receptors which can undergo autophosphorylation after
activation have been localized on the basolateral membrane of the proximal
tubule (HamMMERMAN and RoGEers 1987). In addition, several IGF-binding
proteins have been characterized (CONOVER et al. 1989). EGF also stimulates
IGF-1 expression in renal collecting ducts (ROGERS et al. 1991). In a model of
unilateral obstruction, hypertrophic growth of the contralateral kidney was
preceded by a rise in extractable IGF-1 protein (MARsHALL et al. 1991). Increases
in IGF-1 immunoreactivity in regenerating tubules after ischemia have been
reported (DAUGHADAY and ROTWEIN 1989). Earlier studies suggested an increase
in IGF-1 mRNA 24h and IGF-1 protein 4 days after uninephrectomy in the
remnant kidney (STILES et al. 1985). This phenomenon occurred independent of
changes in growth hormone (GH) secretion. EL. NaHAs and co-workers (1990)
reported that IGF-1 protein increases and compensatory enlargement of the
contralateral kidney occurred after uninephrectomy in GH-deficient dwarf rats,
suggesting that GH is not necessary. In contrast, a different study found an
increase in the intensity of immunostaining for IGF-1, but no changes in mRNA
post nephrectomy (LAJARA et al. 1989). These results indicate that possible
translational mechanisms underlie the induction of IGF-1 synthesis during
compensatory hypertrophy. Along this line, the initial hypertrophy in experi-
mental diabetes is associated with renal accumulation of IGF-1 protein, but not
of mRNA (FLYVBERG et al. 1990). Transcripts for the IGF-1 receptor and
receptor binding of the peptide are increased in the kidneys of rats 14 days after
streptozotocin-induced diabetes. IGF-1 peptide, but not transcripts, is increased
in initial renal hypertrophy in potassium-depleted rats (FLYVBERG et al. 1992).
Recent evidence suggests an age-related difference in IGF-1 and IGF-1 receptor
steady-state mRNA levels: they were three- to four fold increased in remnant
kidneys of immature rats (22-24 days of age), but not in adult rat kidneys
(4 months of age) after unilateral renal ablation (MULRONEY et al. 1992a,b).
Considering all these findings, there is some evidence that IGF-1 may play a
role in hypertrophy. However, it is not clear whether the expression of IGF-1
peptide, in the absence of concomitant changes in mRNA levels, may represent
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some common epiphenomenon associated with different models of renal hyper-
trophy rather than being causally connected to the molecular mechanisms of
renal enlargement. Furthermore, since IGF-1 is clearly mitogenic for cultured
tubular cells (BLAZER-YOST et al. 1992), its role in cellular hypertrophy remains
speculative.

Recent interest has focused on HGF, a heterodimer composed of 69-kD and
34-kD subunits, originally identified as a potent mitogen for mature hepatocytes
(Grazian et al. 1991). HGF strongly induces mitogenesis in cultured tubular
cells of the LLC-PK,; and OK cell lines (IsHIBASHI et al. 1992). These cells also
express the receptor for HGF, which is the protein product of the c-met
oncogene. In contrast, only mesangial cells have transcripts for HGF (where
HGEF has no effect on proliferation), but not tubular cells (ISHIBASHI et al. 1992).
These findings suggest that HGF is produced in mesangial cells and may work on
tubular epithelial cells to stimulate proliferation in a paracrine manner. In the
remnant kidney, HGF mRNA increased markedly, reaching a maximum 6h
after uninephrectomy in male Wistar rats. In situ hybridization suggests that
these transcripts were produced by renal endothelial cells (NAGAIKE et al. 1992).
The HGF receptor was greatly reduced 24 h after unilateral nephrectomy,
suggesting internalization of the receptor after binding of HGF (NAGAIKE et al.
1991). Thus, HGF may be involved in some way in the growth response after
uninephrectomy. However, the strong mitogenic action of HGF on tubules in
vitro and the contradictory findings of tubular hypertrophy after uninephrec-
tomy certainly do not make HGF likely to be the single factor causing compensa-
tory hypertrophy.

Many investigators have attempted to isolate, purify, and characterize renal
growth factors from plasma of uninephrectomized rats, the so-called renotropins
(AvVveErBUKH et al. 1992; MALT 1983; MANzANO et al. 1989; KANETAKE and
Y AaMAMOTO 1981; HARRIS et al. 1983; LoGAN and BENsSON 1990, 1992). Nobody
has so far succeeded in purifying such a factor, and the molecular weights of
candidate renotropins, estimated by different investigators (12-55kD), are as
variable as the biological effects of these factors. Some, for example, induce
production of inositol trisphosphates (BANFIC and KukoLia 1988; BANFIC 1990);
other factors appear to stimulate prostaglandin synthesis in renal cells from the
rabbit (LoGaN and BensoN 1990). Noticeably, all these studies investigated the
effect of the proposed serum renotropin on proliferation, an inappropriate assay
to measure factors which are supposed to induce compensatory renal hyper-
trophy (LoGaN and BEnsoN 1992). In conclusion, there is some evidence that
specific renotropins might exist. It is, however, more likely that they represent
a heterogeneous group of moieties which may be similar to the polypeptides
described above. It appears that not just one humoral factor is responsible for
tubular hypertrophy and hyperplasia; rather, the interplay of several growth
modulators, in concert with events regulating the cell cycle, determines the net
growth responses (hypertrophy or hyperplasia) of tubular cells.



78 G. Worr and E.G. NEILSON

6 Signal Transduction Pathways

As a fairly simple generalization, a growth factor binds to its appropriate
receptor and the signal is transduced by G-proteins and/or protein kinases,
depending on the type of receptor (CANTLEY et al. 1991; KARIN 1992; MILLER
1991). Subsequent events include the generation of cyclic nucleotides like cAMP
and ¢cGMP, or the stimulation of phospholipase C, which hydrolyzes phos-
phatidyl inositol biphosphate to inositol trisphosphate (IP;) and diacylglycerol
(DAG:; PrEILSCHIFTER 1989b). These second mesengers induce release of Ca*™
from intracellular stores. In addition, growth factors may modulate the activity
of transmembrane Ca*" channels, resulting in an increased influx of this ion
(IRVINE 1992). There is also clear evidence that inositol tetracisphosphate (IP,)
can control Ca** entry (JRVINE 1991). All these second messengers, in turn, can
influence the activity of successive protein kinases, such as cAMP-dependent
kinases and calmodulin-associated kinases (TAYLOR 1989). The signals are then
further transmitted to the nucleus where trans-acting factors influence the
activity of key regulators of the cell cycle or the activation of immediate early
genes, as described below. Although the different signal transduction pathways
have traditionally been considered separate entities, more recent work indicates
that considerable networking occurs between all these systems (PFEILSCHIFTER
1989a). For example, activation of protein kinase C (PK.C) with phorbol ester
increase cAMP in the presence of cholera toxin (ROZENGURT et al. 1987). Domin
and Rozengurt demonstrated in 3T3 fibroblasts that persistent occupancy of the
V| receptor, a guanine-nucleotide-binding protein-coupled receptor, by vasopres-
sin attenuated responsiveness to a polypeptide growth factor (in this case
platelet-derived growth factor, PDGF) that initiates responses through
a tyrosine kinase (DOMIN and ROZENGURT 1992). Down-regulation of PKC
results in an enhanced induction of the urokinase-type plasminogen activator
gene expression by cAMP-mediated signals in LLC-PK, cells, a permanent
porcine tubular cell line (ZIEGLER et al. 1991). Moreover, diverse proteins like an
isoenzyme of phospholipase C (PLC-g), oncogenes like ¢-src and c-vav, the
GTPase-activating protein (GAP), and a phosphatase all express a common
protein motif consisting of approximately 100 amino acids, the SH2 domain
(MAcARA 1989; MARGOLIS 1992). These proteins interact via their SH2 domains
with autophosphorylated receptors for polypeptide growth factors like EGF
after ligand binding. Many ligands induce autophosphorylation of their recep-
tors on tyrosine residues (MARGOLIS 1992). In a secondary step, serine and
threonine residues in many target proteins are phosphorylated. Mitogen-
activated protein (MAP) kinases are 42- and 44-kD serine-threonine kinases that
are activated by tyrosine and threonine phosphorylation in cells treated with
mitogens (PELECH and SANGHERA 1992). A MAP-kinase kinase has been identifi-
ed which phosphorylates MAP kinase, indicating a hierarchic cascade of phos-
phorylation (ApAMs and PARKER 1992). MAP kinase itself phosphorylates and
activates the transcription factor p62TCF which constitutes with the serum-
response element, a tertiary complex binding to the ¢-fos promotor (PULVERER
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et al. 1991; details see below). This pathway provides one example of how signals
are transduced from the cell surface to the nucleus, and how this information is
translated to changes in transcription of distinct genes. The roles of different
signal transduction pathways in tubulointerstitial hypertrophy and hyperplasia
have previously been reviewed in detail (WOLF and NEILsoN 1991). PKC activity
of proximal tubular brush-border membranes is significantly increased after
unilateral nephrectomy (BAaNFIC 1990). A significant increase in the concentra-
tion of DAG in remnant kidney cortical tissues as early as 5 min after unineph-
rectomy has been reported as well (SALHAGIC et al. 1988). Ischemia and
reperfusion resulted in stable increases of phospholipase A2 in the rat kidney
(NakamuURraet al. 1991). A rise in the concentration of cGMP in the contralateral
kidney within 2 min after unilateral nephrectomy was found by SCHLONDORFF
and WEBER (1978). In contrast, adenylate cyclase activity was significantly lower
in cortical membranes from kidneys with compensatory hypertrophy compared
with controls (MILANES et al. 1989). These changes in the activation state of
signal transduction pathways in the growing kidney probably mirror the stimula-
tion by multiple growth factors and cytokines.

7 Proto-oncogenes and Immediate Early Genes

Proto-oncogenes play a major role in the control of proliferation and hyper-
trophy in all tissues including renal cells (WOLF et al. 1991b; HERSCHMAN 1991;
STRYER and BOURNE 1986; BisHor 1983). Proto-oncogenes can be functionally
classified into different groups. Certain proto-oncogenes encode for growth
factors (MULLER et al. 1990), for example the ¢-sis product, which is the f-chain
of platelet-derived growth factor (PDGF; CHiu et al. 1984), and the k-fgf proto-
oncogene are related to the FGF (SmitH et al. 1988). A different group of
proto-oncogenes are related to receptors for growth factors. Examples of this
group are c-erb B, which encodes for a truncated version of the receptor for EGF,
and the protein product of ¢-ros, which shares more than 70% homology with the
tyrosine domain of the insulin receptor (ULLRICH and SCHLESINGER 1990;
FREEMAN and DONOGHUE 1991). The c-met proto-oncogene encodes for the
receptor for HGF, which associates with phosphatidylinositol 3-kinase
(GrazIANI etal. 1991). A third group of proto-oncogenes encode proteins
related to G-proteins (c-ras, c-rho proto-oncogenes; MILLER 1991; MILBURN
et al. 1990)

Finally, the last group of proto-oncogenes encode for proteins acting in the
nucleus as regulators of transcriptional activity (BOETTINGER 1989; HERSCHMAN
1991). They represent primary sets of genes induced after stimulation by various
growth factors or mechanical stimulation and have been called immediate early
or primary response genes because of their induction kinetics (TRAVALI et al.
1990). We will focus in this chapter solely on this group of genes, since they
represent a common mechanism of growth regulation and indicate how various
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growth factors can induce a group of early genes which regulate the activity of
other downstream structural genes (HOFBAUER and DENHARDT 1991). Several
primary response genes have been identified using differential hybridization of
cells stimulated with serum, various growth factors, cytokines, and phorbol ester
(ALMENDRAL et al. 1988; CHAVRIER et al. 1988). Sequences induced by these
factors include c-fos, fosB, c-jun, junB, fra-1, fra-2, Egr-1, Egr-2, N10, TISI1,
cMGy, c-myc, max, TIS10, and T1S21. The function of many of these immediate
early genes remains uncharacterized. However, a more detailed understanding
emerges for the employment of ¢-fos, ¢-jun, Egr-1, and c-myc in transcriptional
regulation. We will therefore focus on these primary response genes.

The induction, regulation, and function of ¢c-fos can serve as a paradigm for
other primary response genes (GILMAN et al. 1986). This proto-oncogene is
a member of a whole family of related genes including fosB, fra-1, and fra-2.
Serum and other growth factors induce transcription of ¢-fos in the presence of
cycloheximide, indicating that ligand-mediated post-translational actions are
sufficient to stimulate its transcriptional activity (SASSONE-CORsI and VERMA
1987). Deletion experiments in the c-fos promoter identified a region between
nucleotides —322 and —276 as responsible for the ligand-induced transcription
of ¢c-fos (GILMAN et al. 1986). This element has been named the serum-response
element (SRE). Subsequently, the corresponding 508-amino acid protein binding
to SRE, the serum response factor (SRF), has been cloned. Growth factor-
induced phosphorylation of SRF, perhaps by casein kinase II, appears to be
important in the transcriptional activation of c-fos. Although many growth
factors induce c-fos activity through SRE, it is not known whether several
competing SRFs exist. Moreover, a second, less potent, serum-response element
(SRE-2) has been characterized in the c-fos promoter. Induction of c¢-fos by
cAMP requires the cAMP-response element (CRFB) at nucleotide — 60 as well
as an AP-l-like element at —296 (SassoNe-Corsi et al. 1988a). A cis-acting
element responsible for calcium induction of c-fos is identical with CRE.
Additional data suggest that cAMP-mediated transcription of c-fos involves
phosphorylation of a protein binding to CRE by protein kinase A, whereas
calcium phosphorylates this peptide by a calmodulin-dependent protein kinase.
C-fos protein has an auto-negative feedback on its own promoter (SASSONE-
Corst et al. 1988b). C-fos mRNA is rapidly degraded. Repeated copies of
AUUUA elements in the 3" untranslated part of the c-fos mRNA are responsible
for the rapid destabilization (HipSKIND and NORDHEIM 1991). Apparently the 3’
AU-rich region is necessary for the removal of the poly(A) tail, resulting in
a labile, easily degradable RNA. Thus, the concentration of steady-state c-fos
mRNA may also be determined by post-transcriptional regulation of message
stability. Immunoprecipitation of c-fos protein revealed a complex of c-fos
associated with another protein, subsequently identified as the product of the
c-jun gene (GENTZ et al. 1989; RANSONE and VERMA 1989; TUrRNER and TiiAN
1989). C-jun is the cellular counterpart to the avian sarcoma virus 17 oncogene
v-jun and displays approximately 80% homology (VoGT and TianN 1988). In
contrast to the high basal activity of v-jun, c-jun expression is tightly regulated
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(RysEK et al. 1988). Induction of ¢-jun transcription by phorbol ester is mediated
by binding of AP-1 to a high-affinity AP-1 binding site in the ¢-jun promoter
region, suggesting positive autoregulation of this immediate early gene (ANGEL
et al. 1988). There exist other ¢-jun related genes (junB, junD). The c-jun protein
forms a heterodimer with the protein product of ¢-fos. This heterodimer associ-
ation occurs through a leucine zipper domain which is different from the DNA-
binding site (GENTZ et al. 1989). The c-jun—c-fos complex binds to the sequence
TGACTCA, the AP-1 site which can be found in the regulatory region of many
genes (FrRaNZA et al. 1988; NAKABEPPU and NATHANS 1989). Dimerization of
both proteins through the leucine zipper is necessary for DNA binding to the
AP-1 region. The c-jun—c-fos heterodimer binds DNA more tightly and activates
transcription more potent than the c-jun homodimer (TURNER and Tian 1989;
CHiu et al. 1988). C-fos alone fails to form homodimers. A transcriptional
activation domain (A1) and an adjacent negative regulatory domain (delta) have
been identified in c-jun (BaicHwaALD and TiaN 1990). A cell-type-specific
inhibitor binding to the Al and delta regions of the c-jun protein has been
characterized (BAICHWALD et al. 1991). This specific inhibitor does not bind
sufficiently to c-jun—c-fos heterodimers. Recently, a signal-transduction pathway
that results in an increase in transcriptional activity of c¢-jun and AP-1 by
disrupting the c-jun-inhibitor interaction has been proposed (GILLE et al. 1992).
Various members of the c-jun/c-fos family may be associated with each other
through the common leucine zipper motif. Since expression of every member of
these families is probably independently regulated, and their protein products
compete to form dimers through leucine zippers with subsequent binding to
AP-1 regions involving cell-type-specific inhibitors, it is obvious that such
a multidimensional network modulates gene expression at different levels.

The immediate early gene c¢-myc encodes a short-lived 64-kD nuclear
phosphoprotein which is induced early in the G/G, transition (ASSELIN et al.
1989). N-myc and L-myc are additional elements of the c-myc family (KaTo and
DANG 1992). Transcription of ¢c-myc initiates from two promoters named P1 and
P2, which are independently regulated (LUsCHER and E1SENMAN 1990). The c-myc
protein negatively regulates its own expression at the level of transcription
initiation (LGUCHI-ARIGA et al. 1988). Multiply mechanisms regulate c-myc gene
expression, and different growth factors work through several modes: by in-
fluencing initiation of transcription and by abrogation of intragenic pausing, as
well as by post-transcriptional stabilization of the mRNA (STUDZINSKI et al.
1986; KAKKIS et al. 1989; NEPVEU et al. 1987). Although it has been known for
some time that the c-myc protein contains helix-loop-helix and leucine zipper
regions in its carboxyl-terminal 85 amino acids, evidence for direct DNA binding
or heterodimer formation was inconclusive. However, lately BLACkwoobp and
EISENMAN (1991) used a labeled fusion protein containing the carboxyl-terminus
region of c-myc to screen an expression library in AGT11 constructed from
random-primed lymphoblast cell RNA. They came up with a new protein, max,
which contains adjacent helix-loop-helix and leucine zipper regions
(BLackwooD and EISENMAN 1991). Max forms heterodimers with all three
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proteins of the c-myc family, and these heterodimers bind to the sequence
CACGTG (CoLE 1991). Interestingly, max does not dimerize with other proteins
having leucine zipper motifs. This explicit binding to myc proteins is likely due to
the precise spacing of the helix-loop-helix and leucine zipper domains in max and
myc. A 2.1-kb RNA for max is expressed in many tissues at concentrations
comparable to those of ¢-myc (BLACKWOOD and E1SENMAN 1991). Interestingly as
well, an endogenous RNA transcript with homology to the antisense strand of
c-myc has been identified, offering the possibility of an additional control
mechanism (CELANO et al. 1992). Both activation and repression of target genes’
were observed, depending on the promoter, when c-myc was tested in trans-
activation experiments. Expression of neural cell adhesion molecule (N-CAM)
and major histocompatibility antigen (MHC) class I is suppressed by c-myc,
whereas the hsp70 promoter plasminogen activator inhibitor-1 (PAI-1) gene is
activated (KaTo and DANG 1992). However, expression of c-myc is typically
associated with proliferation, but not with cellular hypertrophy.

The Egr-1 cDNA (also known as TIS-8, Krox-24, or Zif268) was identified
by SUKHATME and co-workers using differential screening of a serum-stimulated
fibroblast library (SUKHATME et al. 1987, 1988). Other members of the Egr-I
family exist (e.g., Egr-2, Egr-3, Egr-4). The human Egr-I gene maps to the long
arm of chromosome 5 and has two exons and one intron (TSAI-MORRIS et al.
1988). The transcript size of Egr-1 is 3.7kb. The protein of 533 amino acids
reveals in the carboxyl-terminal end a zinc finger structure of the Cys2-His2 class
which interacts with specific DNA sequences (SUKHATME 1990). Egr-I protein
binds with high affinity to the sequence CGCCCCCGC. Protein kinase C (PKC)-
dependent and -independent signal transduction pathways can induce Egr-1.
The promoter region of Egr-1 contains several CREB, SRE, and Spl and AP-1
bindingsites, suggesting complex regulation by diverse factors (SUKHATME 1990).

C-fos, c-jun, c-myc, and Egr-1 are readily induced in cultured tubular cells by
mitogenic growth factors such as serum or EGF. Expression of ¢-fos and Egr-1
has been also reported after ischemia and reperfusion of the kidney (BONVENTRE
et al. 1991; OUELLETTE et al. 1990, ROSENBERG and PALLER 1991; SAFIRSTEIN et al.
1990). The increase in c¢-fos and Egr-I mRNAs occurs within the first hour of
reflow, well before the peak in DNA synthesis is reached. Reperfusion is required
for Egr-1 protein synthesis (OUELLETTE et al. 1990). The Egr-1 protein was
localized to the nuclei of the thick ascending limbs and principal cells of the
collecting ducts (BONVENTRE et al. 1991). In a model of regeneration of tubules
after folic acid-induced necrosis c-myc levels accumulated to very high levels
4-6h after treatment (AsSELIN and MaRrcuU 1989; CowLEy et al. 1989). The
amount of effective transcription throughout the ¢-myc gene remains unchanged
after folic acid-induced proliferation, indicating strong post-transcriptional
regulatory events (ASSELIN and MARcU 1989). ADP, which is a potent mitogen
for the monkey kidney epithelial cells of the BSC-1 line, also induces expression
of c-myc within 1h of incubation (KARTHA et al. 1987). Significant increases in
c-myc, c-fos, and ¢-Ki-ras expression were detected in whole kidneys from cpk
mice, a murine model of autosomal recessive polycystic kidney disecase (COWLEY
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et al. 1991). Nuclear run-on experiments revealed that the c-fos and c-myc genes
are transcriped at higher rates in cystic kidneys (HARDING et al. 1992). C-myc
mRNA was detected in elongated tubules by in situ hybridization (HARDING
et al. 1992). Interestingly, cultures of cpk kidneys as well as of kidneys harvested
from folic acid-treated animals showed that the level of ¢-fos induction following
stimulation with serum was much higher than that in normal renal cells (R ANKIN
et al. 1992). Mice positive for the c-myc transgene driven by an SV 40 enhancer
also develop polycystic kidney disease (TRUDEL et al. 1989).

Renal expression of proto-oncogenes is not limited to proliferation of cells.
We have demonstrated in a culture model of tubular hypertrophy that angioten-
sin II induces, under defined culture conditions, the expression of ¢-fos, c-myc,
and ¢-N-ra ras (Table 3; WoLF and NEILSON 1990a). Moreover, Rosenberg and
Hostetter have demonstrated a significant increase in the renal expression of ¢-fos
and Egr-1 after infusion of angiotensin II into the renal artery in vivo that was
independent of the arterial blood pressure (ROSENBERG and HOSTETTER 1990).
Although some earlier studies investigating immediate early gene expression in
compensatory renal hypertrophy after nephrectomy revealed some inconclusive
results (NORMAN et al. 1988), recent studies have clearly demonstrated that such
genes are also elevated in situations with renal hypertrophy (OUELLETTE et al.
1990; NAKAMURA et al. 1992; SAwczUK et al. 1988). One hour after uninephrec-
tomy, c-jun, c-fos, and c-myc mRNA levels were significantly increased in the
cortex of the remnant kidney (NAKAMURA et al. 1992; SAwczUK et al. 1990).
C-jun and c-fos expression decreased rapidly to the control levels, whereas ¢c-myc
showed a more sustained level, decreasing to basal levels after 7 days. Increases in
Egr-1 mRNa levels also occur after uninephrectomy (OUELLETE et al. 1990). The
genes c-H-ras and ¢-K-ras were induced in the remant kidney after uninephrec-
tomy of mice (BAILEY et al. 1990; NoMATA et al. 1990). Oncogene expression was
also detected in contralateral kidneys 15 min after acute unilateral obstruction,
which leads to a compensatory hypertrophy of the contralateral kidney
(Sawczuk et al. 1989). Collectively, these results suggest that immediate early
genes play a key role in tubular growth. However, their similar induction
patterns, by mitogenesis and cellular hypertrophy suggest that the expression is
an early common pathway influenced by many factors, and most likely charac-
terizes the generic shift from the G,- to the G,-phase of the cell cycle.

Table 3. Oncogenes expressed during tubular
hypertrophy and/or hyperplasia

Immediate early genes
c-jun
c-fos
EgR-1
c-myc

Oncogenes related to G-proteins
c-Ha-ras
c-K-ras
c-N-ras
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8 Negative Regulators of Cell Proliferation

The discovery that malignancy can be suppressed when malignant cells are fused
with non-malignant ones by Harris and co-workers almost 25 years ago was
a high point in the envolution of the concept that cellular growth can also be
negatively regulated (HARRIS et al. 1969). Enormous progress in the molecular
biology of tumor-suppressor genes or anti-oncogenes in recent years has pro-
vided a detailed picture of how these genes are associated with the regulative
elements of the cell cycle. Despite the fact that several tumor-suppressor genes
may exist (LAKSHMANARAO et al. 1991), only the function of the protein products
of p53, retinoblastoma gene (Rb), Wilm’s tumor gene (WAGR), and growth-
arrest-specific (gas) genes have been more thoroughly characterized. Protein p53
was originally identified in a complex with the large T antigen of SV 40 virus by
co-precipitation (LEVINE et al. 1991). Overexpression of p53 mutants immortal-
ize cells, whereas wild-type p53 inhibits transformation and proliferation of cells
(ULLrICH et al. 1992). Protein p53 is expressed at very low levels in almost all cell
types. Expression of wild-type p53 inhibits growth factor-induced G, - to S-phase
progression (YIN et al. 1992) and may directly repress transcription. Transient
co-transfection experiments revealed that p53 represses may promoters includ-
ing c-fos, actin,and MDM2, A 10-bp binding site for p53 has been identified, and
binding of the protein may occur as a tetramer on two 10-bp binding sites
separated by up to 13 bp of random sequence. Since p53 down-regulates the
expression of genes which do not contain p53-binding sites, it is likely that other,
yet unknown, genes are regulated by p53 which, in turn, suppress the activity of
subsequent genes (MERCER et al. 1991). Thus, p53 may regulate transcription of
a set of genes which are necessary for the passage from late G- to -S phase of the
cell cycle. Loss of both alleles of wild-type p53 leads to the ability of cells to
amplify at a high frequency caused by changes in cell cycle progression. In
addition, a 90-kD cellular phosphoprotein, the protein product of the mdm-2
oncogene, which binds to the p53 protein has recently been isolated (MOMAND
et al. 1992). Interestingly, when a cosmid expressing mdm-2 was co-transfected
with p53, the transactivation of the pS53-responsive element was inhibited,
suggesting that mdm-2 exerts its oncogenic potential by inhibiting the growth
suppressive effect of p53 (MoOMAND et al. 1992).

The product of the retinoblastoma susceptibility gene (Rb) is a 110- to
114-kD phosphoprotein whose phosphorylation depends on the phase of the cell
cycle (BucHKOVICH et al. 1989; LEE et al. 1987a). Rb is unphosphorylated in
G,/G/ cells, becomes progressively phosphorylated at the G,/S boundary, and is
exclusively phosphorylated during S and G, (MITTNACH and WEINBERG 1991;
DEeCarrio et al. 1989). This phosphorylation occurs in at least three steps. Only
underphosphorylated Rb binds efficiently to the nucleus. Phosphorylation inac-
tivates Rb, and the underphosphorylated form suppresses cell proliferation and
promotes cellular differentiation (LEE et al. 1987b). It has been proposed that
pp34 kinase is responsible for this phosphorylation (Dou et al. 1992; Lin et al.
1991). Interestingly, transforming growth factor § (TGF-f), which is a known
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growth-inhibitory cytokine, retains Rb in the underphosphorylated, growth-
suppressive state (LaiHO et al. 1990). On the other hand, recent evidence suggests
that Rb activates transcription of the TGF-f, gene through transcription factor
ATF-2 (KM et al. 1992). Unphosphorylated Rb, but not phosphorylated Rb,
associates with the transcrption-activating factor E2F protein (SHIRODKAR et al.
1992). E2F promoter elements are important for transcriptional activation of
genes which play a pivotal role during the orderly progression through the cell
cycle. The Rb-E2F complex, which forms during G, silences transcriptional
activity when bound to the E2F target site, providing a clue to how changes
in Rb phosphorylation directly influence transcription of regulatory genes
(WEINTRAUB et al. 1992; SHIRODKAR et al. 1992; BANDARA et al. 1991).

Recent studies have also classified a series of genes (so-called gas genes)
which are only expressed only on mRNAs and proteins which are expressed only
in quiescent, growth-arrested cells (SCHNEIDER et al. 1988; PHILIPSON and
SORRENTINO 1991; MARSHALL 1991). Gas I is an integral membrane protein with
two putative transmembrane domains flanking an extracellular region (DEL SAL
etal. 1992). Sequence analysis showed no significant homology with other
known proteins. The expression of gas I mRNA and protein is significantly
increased in growth-arrested cells compared with growing cells in medium
containing serum. When such serum-starved NIH 3T3 cells are induced to
reenter the cell cycle, gas I expression is promptly down-regulated. Gas I
overexpression from a constitutive promoter in serum-stimulated NIH 3T3 cells
induced a block in cell cycle progression without affecting the immediate early
expression of ¢-fos and c-jun (MANFIOLETTI et al. 1990; DEL SAL et al. 1992). In
contrast, gas I overexpression had no effect on SV 40-transformed fibroblasts.
Another gene of the gas family, gas 5, is ubiquitously expressed in murine tissues
during development and differentiation (Coccia et al. 1992). Nuclear run-off
experiments revealed that the accumulation of gas S mRNA in density-arrested
cells is controlled at the post-transcriptional level, whereas in differentiating cells
the expression is regulated by gene transcription (Coccia et al. 1992).

The tumor-suppressor gene for Wilm’s tumor, WT1, is expressed at high
levels in glomeruli. It appears that WT1 plays a crucial role in proliferation and
differentiation of nephroblasts and gonadal tissue. The WT1 protein is 45-49 kD
in size and contains a carboxyl terminus which consists of four Cys-His zinc-
finger domains, indicating that it functions as a transcription factor. Moreover,
two alternative splice sites have been identified in the WT1 gene, resulting in the
expression of four distinct mRNA transcripts (BICKMORE et al. 1992). These
alternative spliced RNAs encode for proteins with different DNA binding
specificity (HABER et al. 1991). The binding sequence for the WT1 protein is
similar to the site recognized by the Egr-I gene product, implying that WT1 may
antagonize the growth-stimulatory trans-activating effects of the Egr-I protein
(RAUSCHER et al. 1990). Recent experiments using transient transfection assays
revealed that the WT1 protein functioned as a repressor of transcription when
bound to the Egr-1 site (MADDEN et al. 1991). This repressive function was
mapped to the NH,-terminus of WT1. However, simple competition between
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Egr-1and WT1 at a single DNA-binding site seems unlikely, since the zinc-finger
domain alone is unable to suppress transcription, although it binds to DNA.
Rather, each protein interacts in a fundamentally different manner with the
transcriptional machinery, involving hitherto unidentified co-factors.

Other genes involved in growth suppression have also been identified. For
example, a gene called prohibitin has been isolated (BoyLaN and ZARBL 1991;
NueLL et al. 1991). Prohibitin mRNA is expressed in the rat kidney and
microinjection of synthetic prohibitin mRNA blocks entry into S-phase in
fibroblasts, while antisense oligonucleotides stimulate entry into the S-phase
(NueLL et al. 1991). Furthermore, the soluble lectin-like protein, murine f-
galactoside-binding protein, has been shown to be a cell-growth-regulatory
molecule exerting control during the G- and G,-phases of the cell cycle (WELLS
and MaLLucct 1991). 1t is likely that many other genes with growth-suppressive
abilities working together in an increasingly complex network of growth regula-
tion will be identified in the 1990s.

9 Mechanisms of Apoptosis

Apoptosis is a distinct type of cell death, fundamentally different from necrosis,
and is important in development and growth of adult tissue (ELLIS et al. 1991;
Fesus et al. 1991). The term “programmed cell death” has also been applied to
apoptosis. The apoptotic cell is, in contrast to necrosis, not characterized by
marked inflammation and organelle swelling. Morphological changes of apopto-
sis are a reduction in nuclear size, condensation of chromatin at the nuclear
periphery, and, finally, nucleolar disintegration with dissociation of the tran-
scriptional complex from the fibrillar center (FEsus et al. 1991). Typical for
apoptosis is an internucleosomal DNA fragmentation with double-strand cleav-
age of DNA, resulting in 180- to 200-bp fragments on agarose gels. This process
requires energy, depends on protein synthesis, and involves the activation of one
or more endonucleases, although the enzyme responsible for the fragmentation
hasnot been identified. A 36-kD polypeptide with a single transmembrane region
having homology to the tumor necrosis factor has been shown to mediate
apoptosis (IToH et al. 1991). This protein is encoded by the Fas gene, 1.9- and
2.7-kb RNAs of which are expressed in various cell lines (IToH et al. 1991).
Although the detailed functions of Fas are not known, it may act as a susceptibil-
ity gene for apoptosis. Interestingly, it has been demonstrated in immortalized
fibroblasts that overexpression of the oncogene c-myc can induce apoptosis
under special circumstances (EvaN et al. 1992). On the other hand, expression of
the bcl-2 gene, originally isolated from the breakpoint of the translation between
chromosomes 14/18 found in lymphomas, suppresses apoptosis. Thus, cells may
grow when normal apoptosis is suppressed by bcl-2 expression (CLEARY et al.
1986; BISSONNETTE et al. 1992). Recent studies have identified apoptosis of
tubular cells as a major contributor to cell death during the reperfusion phase of
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renal ischemia (GOBE et al. 1990; SCHUMER et al. 1992), as well as in experimental
hydronephrosis (GoBE and AXELSEN 1987). Even more important, apoptosis
seems to be a requirement for subsequent hyperplastic regeneration processes
after tubular ischemia. Although data are still sparse, it is apparent that
apoptosis is relevant to the fine tuning of growth regulation.

10 Mechanisms of Tubular Hypertrophy

In contrast to proliferation of tubular cells, cellular hypertrophy is a separate
process with increases in cell size, RNA, and protein content without DNA
replication (WOLF and NEILsoN 1991; FINE 1986). In very particular situations,
described mainly in liver tissue, cells may replicate their DNA during the S-phase
but do not undergo mitosis, resulting in hypertrophy with polyploidy. Compared
with hyperplasia, the mechanisms of which can be conveniently explained by the
above-described gating of the cell cycle, much less is known about the regulatory
elements controlling tubular hypertrophy. It is a matter of controversy whether
cells undergoing hypertrophy remain arrested in the G;-phase of the cell cycle or
donotenter the cell cycle at all and stay in a special G,-phase. Some authors have
observed apparent differences in the expression of immediate early genes in
proliferation and hypertrophy (Kujusu et al. 1991; NorRMAN et al. 1988), while
others, including ourselves, have found similar expression patterns of those genes
in the two growth responses, supporting the view that hypertrophic cells enter the
G;-phase and remain arrested there (NAKAMURA et al. 1992; OUELLETTE et al.
1990; WoLr and NEILSON 1990a). It is reasonable to assume that cellular
hypertrophy may be caused by the parallel induction of stimulating and inhibit-
ing growth factors. In such a scenario, a growth-stimulatory factor would push
cells out of the quiescent state (G,) into G. The progression toward mitosis
would then be inhibited by a growth suppressor such as T6F-f, (MosEs et al.
1990; HoLiEy ctal. 1980). Investigations into the hypertrophy of vascular
smooth muscle cells indicate that a balance between growth stimulating and
inhibiting factors indeed occurs (GIBBONS et al. 1992). We believe that a primary
set of genes causally involved in the cell biology of hypertrophy exist. We have
isolated several genes by differential hybridization from the ANG II-induced in
vitro model of tubular hypertrophy (WoOLF and NEILSON 1990b). Preliminary
results indicate that one of these genes (called 22H) is expressed in the late
G,-phase of the cell cycle and is induced in the remnant kidney 6-24h after
uninephrectomy. In contrast, 22H transcripts were not increased in the prolif-
erative model of folic acid-induced tubular necrosis in mice. These results suggest
that a certain population of genes induces a genetic program leading to tubular
enlargement. Further studies are necessary to identify the interface of these new
genes with the above-described events controlling the cell cycle.
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11 Summary

The study of tubular growth has certainly become more complex since Pierre-
Rayers’s time and is progressing toward a molecular dissection of regulatory
events. Understanding the mechanisms of tubular growth is important, because
these cells represent the bulk of the nephron, and there is convincing evidence of
a link between tubular hypertrophy and the progression of renal disecase with
irreversible tubulointerstitial fibrosis as an end point. Two tubular growth
responses can be distinguished: hypertrophy and hyperplasia. These fundamen-
tally different patterns of growth indicate that diverse molecular mechanisms
may be involved in inducing distinct growth responses. It is likely that cytokines
and polypeptide growth factors play a role in tubular hypertrophy and hyper-
plasia. Probably, a combination of growth factors including inhibitory polypep-
tides like TGF B, rather than a single factor, is necessary for differentiated tubular
growth responses. Such factors bind to their receptors, and signals are trans-
duced to the nucleus by various second messengers involving protein kinases,
cyclic nucleotides, Ca**, and inositolphosphates. The phosphorylation of nu-
clear trans-acting factors resulting in an expression of immediate early genes may
be the common pathway of many of these mediators. Finally, whether the cell is
to proliferate or to remain in the G,-phase of the cell cycle is determined by the
very complex cascade phosphorylation of kinases and their associations with
different cyclins. How the induction of immediate early genes is linked to events
of the cell cycle is currently incompletely understood. Negative regulation of
growth through protein growth suppressors like the retinoblastoma gene
product or the expression of special genes only during cell rest may be mandatory
for the fine tuning of tubular growth.
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1 General Introduction

In renal pathology glomerular changes have been studied in greater detail than
the tubulointerstitium. Interest in the glomeruli was due to their function as the
filtration barrier, and also they showed a variety of specific histological and
immunohistochemical changes in various glomerulonephritides. In contrast, the
tubulointerstitial changes in the majority of primary tubulointerstitial nephri-
tides and secondary to glomerular diseases are strikingly similar. Therefore
the tubulointerstitial component of the kidney in renal disease received little
attention.

Damage to the tubulointerstitium in various glomerulonephritides became
important when the glomerular filtration rate (GFR) was shown to be related to
tubulointerstitial damage (TID). Early works on the correlation of tubulointer-
stitial structure to function highlighted the importance of TID in determining
the GFR (MUEHRCKE et al. 1957; ROSENBAUM et al. 1967; RisDON et al. 1968;
Scuamvuck et al. 1970). These studies were based on quasi-quantitative analyses,
and were either based on “persisting glomerulonephritides” (Rosenbaum et al.
1967) or unselective kidney tissue (Schainuck et al. 1970). However, convincing
data on the significance of TID in renal function emerged only when morphomet-
ric methods were employed to quantitate renal injury.

Current Topics in Pathology
Volume 88, S.M. Dodd (Ed.)
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A great variety of aetiological agents and several pathogenetic mechanisms
lead to tubulointerstitial injury (CHURG et al. 1985). Tubulointerstitial nephritis
can be primary damage or a component of various glomerulonephritides. This
chapter reviews only the changes that occur in the tubulointerstitial component
of the kidney, mainly in various primary and secondary glomerulonephritides.
The relative contribution of glomerular structural changes in the impairment of
renal functions is not discussed.

2 Morphometry in the Study of Renal Disease

The significance and correlation of structural changes to renal function is gaining
importance. Renal pathologists can no longer just report the morphological
changes, as structural damage leads to functional impairment which are facets of
the same biological process. Morphological data has to be quantified to identify
the functional correlates and to permit an understanding of its pathological
significance. The obvious limitation in morphometry is that it cannot be used to
study diseases which have unilateral or localised involvement of the kidney.
Glomerular diseases and tubulointerstitial nephritides with bilateral involve-
ment of kidneys lend themselves to morphometric analyses even if the involve-
ment is focal.

2.1 Morphometric Methods Used in Renal Pathology

Several methods are available for estimating the relative volume of the various
tissue components in renal tissue sections. These methods are based on the belief
that the mean relative area of a component in a series of random sections through
a tissue is a consistent estimate of its relative volume in the whole tissue. Keeping
in view the complex biology of the disease process, this is often not true. The
second problem is one of measuring area in a section, which can be done by the
simple point-counting method (HALLY 1964). In morphometry it is desirable to
know (a) how many points must be counted to achieve any given degree of
accuracy; and (b) whether it is necessary to examine every slice of the organ
tissues to obtain an accurate measurement of the quantity of damage in a disease
condition. The larger the volume proportion to be estimated, the fewer is the
number of points that need to be counted in order to obtain a given standard
error of the estimate. Ideally, the whole organ should be sampled, by examining
series of slices of equal thickness, in order to obtain reliable results (ANDERSON
and DUNNIL 1965). Due to the limitations involved in the study of human renal
tissues where only a small biopsy is available, various methods have been used to
obtain the best possible estimates.



Morphometric Assessment of Tubulointerstitial Damage in Renal Disease 101

Fig. 1. Renal biopsy stained with Arachis hypogaea (PNA) lectin. The distal tubules are clearly
outlined. This is overlaid by a square-lattice grid used in morphometric methods. Of the 77 points,
37(48.05%) fall on distal tubules, 25 (32.47%) fall on the proximal tubules which are unstained, and
15(19.48%) on the interstitium. x 345

2.1.1 Technique of Point Counting

Commonly an eyepiece graticule with a regular array of crosses or a square lattice
is used (BENNETT et al. 1982; HowiEg et al. 1990; KxaN and SinNiaH 1993a). The
centres of intersection of the lines or crosses are used as points for counting
(Fig. 1). Alternatively, a projection microscope can be used with a point-lattice of
1 cm distance (MACKENSEN-HAEN et al. 1988). Five to nine visual fields per biopsy
are counted to estimate the cortical interstitium (percentage interstitial volume).
Glomeruli and large blood vessels are neglected (BENNETT etal. 1982;
MACKENSEN-HAEN et al. 1988). The total surface area, epithelial surface area,
and luminal surface area of 40 to 100 cross-sectioned tubules (BOHLE et al. 1987;
MACKENSEN-HAEN et al. 1988) or percentage tubular volume per biopsy are
calculated (KHAN and SINN1AH1993a).

2.1.2 Morphometric Method Based on Summation Average Graph

The number of fields to be counted is determined by a preliminary study of the
cortex of normal kidneys with no evidence of renal damage or immune deposits



102 R. SinN1aH and T.N. KHAN

on light and immunofluorescence microscopy. An eyepiece graticule is superim-
posed randomly and 30 fields are analyzed in each case, which yielded a count of
3630 points with a square lattice containing 121 points. For the study of TID the
points are put into one of the following three categories: (1) those falling on
proximal tubules; (2) those falling on distal tubules; (3) those falling on the
interstitium. Points falling on glomeruli, blood vessels and cortical collecting
ducts are recorded separately. From these counts, percentage of points falling on
each of the above anatomical structures is calculated and referred to as proximal
tubular percentage, distal tubular percentage and interstitial percentage. In each
case, the cumulative means of proximal tubular percentage, distal tubular
percentage and interstitial percentage are plotted after each field until the means
remained steady on summation average graph (AHERNE and DUNNILL 1982a;
Howie et al. 1990; KHAN and SinniAH 1993a). The summation average graph
method necessitates a large number of points to be counted and considerably
lowers the standard error of the estimate.

2.2 Immuno- and Lectin-Histochemistry in Aid of Morphometry

Incases of TID it is not possible to clearly identify the anatomical segments of the
tubules in the absence of a marker stain. Consecutive serial sections can be
stained with peanutagglutin (PNA) and in phytohaemagglutinin-E (PHA-E)
lectins using double labelling (Fig. 2). PNA lectin is used as a staining marker
because of its usefulness in staining both the distal tubules and cortical collecting
ducts (HoLTHOFER et al. 1981; KHAN and SINNIAH 1993a). It is also economical,
less time consuming and stains even the severely atrophic tubules. The identifica-
tion of the distal tubules can be confirmed by serial sections stained with Tamm-
Horsfall glycoprotein. The proximal tubules are not stained by PNA lectin but by
PHA-E lectin, which is specific for proximal tubules (TRUONG et al. 1988; KHAN
and SINNIAH 1993Db).

3 Regression and Correlation Analysis

Once the tubular damage has been quantified with morphometric techniques, it is
important to assess this damage in terms of a functional parameter of renal
function. The creatinine concentration (mg/100 ml) and clearances of creatinine,
inulin and PAH (ml/min per 1.73m?), the most commonly used functional
parameters, are recorded as near as possible to the day of obtaining the renal
biopsies. Apart from the excretory function of the glomeruli, an important func-
tion of the kidney is its ability to concentrate urine, i.e. raise urine osmolality.
Relationships between morphometric findings are quantified by the
product-moment correlation coefficients (ARMITAGE and BERRY 1987). Poly-
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Fig. 2. Double labelling showing PHA-E lectin staining the brush border of the proximal tubules
(blue) and PNA lectin staining the apical cell membrane of distal tubules (brown). x 200

nomial regression analysis is employed to obtain the best-fitting function be-
tween renal function (dependent variable) and independent (morphometric)
variables (ARMITAGE and BERRY, 1987; FUNG and LEE 1991).

4 Morphometric Analysis in Glomerulonephritides

Bohle and colleagues (1987) performed a series of studies based on morphomet-
ric point counting in well-defined inflammatory and non- inflammatory glomeru-
lar diseases. They demonstrated that glomerular damage did not appreciably
reduce GFR if the tubulointerstitium showed no pathological changes
(Figs. 3a,b). However, the excretory functions of the glomeruli were detrimen-
tally affected by interstitial fibrosis and tubular atrophy (BoHLE et al. 1987).
Table 1 summarises some of the important morphometric studies in various
glomerular diseases. Convincing data emerged showing statistically significant
correlations between TID and renal function, especially of interstitial widening
with fibrosis, with serum creatinine. It was also shown that clearances of
creatinine, inulin and PAH showed a significant correlation to the breadth of the
renal cortical interstitium (BOHLE et al. 1987). It was further shown that as the
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Fig. 3. a Renal biopsy from a patient with focal and segmental glomerulosclerosis and renal
dysfunction. The section here shows minor changes in most glomeruli with one obsolescent
glomerulus. There is patchy tubular atrophy and interstitial fibrosis. silver stain, X 100. b Renal
biopsy from a patient with crescentic glomerulonephritis and renal dysfunction. The section shows
extensive glomerular damage and tubular atrophy with interstitial fibrosis. silver stain, x 100
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size of the renal cortical interstitium increases, the concentration ability of the
kidney progressively decreases as manifested in the fall in urine osmolality.

Another interesting feature of these studies was the kidney survival rate as an
indicator of prognosis, which was calculated in the form of survival curves in
relation to various morphological and clinical parameters. Univariate and
multivariate survivorship analyses showed that TID was an important mor-
phological parameter associated with an increased risk of terminal renal failure
or death due to renal causes in focal sclerosing glomerulonephritis (WEHRMANN
et al. 1990), membranous glomerulonephritis (WEHRMANN et al. 1990) and IgA
nephritis (BOGENSCHUTZ et al. 1990).

4.1 Relative Importance of Proximal and Distal Tubular Damage

Study of tubular injury showed that damage to the proximal tubules played a role
in producing impaired GFR (Mackensen-Haen etal. 1992). Distal tubular
damage is also potentially important because of its strategic location to the
macula densa, and its important physiological role as the diluting segment of the
tubules. The correlation of distal tubular damage to GFR is not clearly under-
stood, and its importance as a morphometric parameter in determining GFR is
beginning to be recognized (BOHLE et al. 1987; MACKENSEN-HAEN et al. 1992).

We observed that the distal tubules did not express antiproteinase response,
and, hence, were vulnerable to proteolytic attack (KHAN and SiNN1AH 1993c¢). In
our recent study utilizing lectin histochemistry we observed that, in cases with
TID, it was the distal tubules which showed damage more often than the
adjoining proximal tubules (KHAN and SINNIAH 1993b). In the study of TID, the
three important predictors of GFR are interstitial expansion, and proximal and
distal tubular damage. It has not been clearly demonstrated which is the best
predictor in determining the fall in GFR. It is important to analyze the degree of
damage occurring in the two anatomical components of the tubules to establish
the most extensively damaged segment. These aspects were analysed by us in
a morphometric study (KHAN and SINNIAH 1993a).

We studied 45 renal biopsies from patients with various glomerulone-
phritides. The control group comprised ten normal renal tissues; five each were
obtained from donor transplanted kidneys and nondiseased kidneys of road
traffic accident victims. The disease group (45 cases) included biopsies from
a variety of primary and secondary glomerulonephritides; five cases each with
minimal change disease, focal and segmental sclerosing glomerulonephritis,
diffuse mesangial proliferative glomerulonephritis, membranous glomerulone-
phritis, and diabetic nephropathy, 11 cases of IgA nephritis and nine cases of
lupus nephritis. Based on the results of this morphometric study, a statistically
significant correlation existed between the creatinine clearance and the percen-
tage area occupied by the proximal (Fig. 4a) and distal tubules (Fig. 4b) and the
cortical interstitium (Fig. 4c). Multiple regression analysis to determine the best
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Fig.4. a Regression of
creatinine clearance on
proximal tubular percen-
tage in the disease group.
b Regression of creatinine
clearance on distal tubu-
lar percentage in the dis-
ease group. ¢ Regression
of creatinine clearance on
interstitial percentage in
the disease group. (From
Khan and Sinniah 1993a)



108

R. SInniaH and T.N. KHAN

Table 2. Correlation matrix between creatinine clearance, proximal tubular percentage, distal
tubular percentage and interstitial percentage

Creatinine Proximal Distal Interstitial
clearance tubular tubular percentage
(ml/min) percentage percentage
Creatinine clearance — r=0.611* r=0.818 r=—10.749
(ml/min) p = 0.0001 p = 0.0001 p= 0.0001
Proximal tubular — r=0.489 r=—0.901
percentage p=0.0004 p= 0.0001
Distal tubular — r=—10.768
percentage
p <0.0001

2The relation between proximal tubular percentage and creatinine clearance (ml/min) is significantly
parabolic (from Khan and Sinniah 1993a)

Table 3. Relative mean difference in morphometric parameters of the disease group compared to the
control group

Morphometric Control group Disease group Mean Relative mean
parameters difference®  difference?
Mean CV(%)* Mean CV(%)

Proximal tubules  65.91 6.85 55.80 21.50 —10.11 —15.33
(0.0001)°

Distal tubules 15.54 18.28 12.31 40.45 —3.83 —21.29
(0.0492)

Interstitium 10.51 20.83 23.46 62.53 12.95 123.21
(0.0001)°

2CV (%), computed by (100 x standard deviation)/mean, is the coefficient of variation
®Mean difference is mean of disease group minus mean of control group

°p Values in brackets obtained from t test after performing arcsin transformation on the original data
(Steel and Torrie 1980)

4Relative mean difference is the mean percentages of the parameters in the disease group expressed as
a percent deviation from the mean percentages of these for the control group. For example, the
relative mean difference for proximal tubules is [(55.80-65.91)/65.91] x 100 = —15.33% (Lee and
Kolonel 1982). (From Khan and Sinniah 1993a)

predictor for creatinine clearance was not performed because a strong correla-
tion also existed between the independent variables (Table 2), in which situation
this statistical analysis is not recommended (ARMITAGE and BERRY 1987).

To compare the relative magnitude of the damage occurring in both types of
tubules and interstitium in the disease group compared to controls, the “relative
mean difference,” in addition to “mean difference” for each variable under study
was computed as shown in Table 3 (LEg and KoLoNgL 1982). The relative mean
difference was the mean percentage of a parameter in the disease group expressed
as a percent deviation from the mean percentage of the same parameter from the
control group. On this basis, the disease-control group’s difference was greater
for the distal tubules than for the proximal tubules, though the mean difference of
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the proximal tubules was more than that of the distal tubules. This indicates
a greater fall in the percentage area occupied by the distal tubules due to tubular
damage compared to proximal tubules for which this value was the smallest. The
difference was highest for the interstitium, as it represents an expansion relative
to the extent of damage to both the proximal and distal tubules (Table 3).

5 Morphometry in Acute Renal Failure

The morphometric investigation of the proximal and distal tubules, the cortical
interstitium, the intertubular capillaries, the renal corpuscles and juxtaglomerular
apparatus (JGA) in oligoanuric, polyuric and normouric phases of human acute
renal failure (ARF) revealed mainly swelling of the epithelial celis of the proximal
and distal tubules. The interstitium of the cortex is significantly widened in most
cases of ARF. Compared to controls the JGAs were significantly larger in the
kidneys in the oligoanuric phase of ARF, while they were slightly smaller in
the normouric and polyuric phases (Klingebiel et al. 1983; Bohle et al. 1990).

6 Morphometry in Chronic Sclerosing Interstitial Nephritides

It is known that long-term chronic diffuse interstitial nephritis leads to irrevers-
ible renal injury (ZOLLINGER 1966). This is seen in many cases of idiopathic
sclerosing interstitial nephritides (MACKENSEN-HAEN et al. 1979), Balkan neph-
ropathy (DAMMIN 1972) and drug-induced tubulointerstitial nephritis (MURRAY
1983). Morphometric study of different types of chronic sclerosing interstitial
nephritis showed a statistically significant correlation between the breadth of the
renal cortical interstitium and the level of serum creatinine concentration. With
interstitial nephritis, it is evident that the serum creatinine concentration may be

increased even when there is no glomerular pathology (MACKENSEN-HAEN et al.
1979).

7 Morphometric Studies Based on Electron Microscopy

Qualitative and quantitative structural changes of the tubules can also be
analyzed by electron microscopy. Morphometric analysis can be carried out on
montages of electron micrographs of randomly selected cortical areas and cross
sections of individual proximal convoluted tubules (MOLLER et al. 1986). These
experimental studies have shown that reduction in proximal tubular epithelial
mitochondria and basolateral membrane changes precede the increase in cortical
interstitium. The progression of tubular atrophy was concluded to follow
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impaired tubular function due to increased interstitial tissue and altered relation-
ship between tubules and capillaries. Electron microscopy morphometry showed
that even a slight increase in cortical interstitial volume by associated significant
quantitative changes in tubular cell organelles leads to impaired tubular function
(MoLLER and SKRIVER 1985). Electron microscopy morphometry has also been
performed in spontaneously hypertensive rats. Measurements of the volume of
mitochondria and other intracellular organelles suggest that reabsorption of
substances at the beginning of the distal tubules is reduced butis intensified in the
collecting ducts. The reabsorption of substances in the proximal tubules is
essentially normal (Postnov and Perov 1977). These morphometric studies
substantiate the importance of distal tubules which have been demonstrated in
human patients (KHAN and SINNIAH 1993a).

In tubular damage another important morphometric correlate could be the
TBM itself, as all the damaged tubules show thickening of the TBM. The
relationship of TBM thickness to GFR has not been studied to date. This can be
studied morphometrically from electron micrographs, as it is realized that in light
microscopy it is difficult to separate the basal part of the tubular epithelium and
adjoining interstitium from the TBM. Furthermore, the number of points falling
on the TBM in a biopsy tissue on light microscopy will be very few and will yield
a large standard error (SE) of the estimate (AHERNE and DUNNILL 1982b,c). The
TBM is a metabolically active component of the renal tubules and shows
significantly increased deposition of collagen type IV and laminin in TID
(DownER et al. 1988). Morphological correlation with the GFR needs to be
studied to explain the TBM thickening.

In most instances, tubular lesions coexist with interstitial lesions. The
interstitium forms another important morphometric correlate of GFR as shown
previously in several studies. Electron microscopy can be employed to study the
interstitial banded collagen, and changes in cortical type Linterstitial cells (ICs) in
TID. It is believed that prostaglandins in lipid droplets of type I ICs exert an
endocrine type antihypertensive action on the kidney (Muirhead 1980, 1988).
The cortical type I ICs and the changes they undergo in TID have not been
documented in human kidneys.

8 Video-Based System for Morphometry

There are a number of video-based systems used for quantitative histopathology
which are commercially available. These systems comprise a microscope,
a digitizer and a computer and are of varying degrees of sophistication. For
computer-based morphometric analysis, there should be standardization of the
histologic images for reproducibility. This would involve tissue processing,
sectioning and staining, standardization and calibration of video camera and the
sampling rate (pixels/micron rate). To minimize data-collection artifacts, parallel
processing of control materials should be performed (JORDAN et al. 1988).
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Specific algorithms have to be written to study the lesions in question. For the
study of basement membrane structures in kidney electron micrographs, an
adaptive window-based algorithm has been produced (ONG et al. 1993). Thiscan
measure the length and width of the glomerular basement membrane with
minimal user interaction, and can easily be adapted to measure tubular basement
membrane thickness.

9 Image Analysis and Cytochemical Stains in Renal Tissues

Cell organelles including lysosomes, renal brush border and mitochondria in
human and rat kidney can be studied by specific cytochemical stains applied to
light and electron microscopic materials. Densitometry and morphometry of
subcellular structures in thin sections can be performed by automatic image
analysis with software utilizing appropriate and specific algorithms (CORNELIS
et al. 1985). These techniques are going to be utilized with greater frequency in
the study of renal tubules and their functional relationship to other components
of the kidney.

10 Relationship Between Tubulointerstitial Structures
and Renal Function

It is established that the proximal and distal tubules maintain the electrolyte
concentration and osmolality of urine. Their structural connection permit
tubuloglomerular (TG) feedback control (SCHNERMANN and BRIGGS 1985),
which is the major regulator of glomerular filtration (WRIGHT and Oxusa 1990).
In TID, the mechanisms elicited by tubular damage and interstitial widening
have been explained by Bohle and coworkers in several structure and function
correlation studies (BOHLE et al. 1977a,b, 1979, 1981, 1987; MACKENSEN-HAEN
et al. 1979, 1992; BoGenscHUTZ et al. 1990). They explained that the decrease in
GFR in mild tubulointerstitial changes occurs via the renin-angiotensin axis.
Deficient NaCl reabsorption occurs in the damaged renal tubules, leading to an
increase in NaCl concentration at the macula densa, which then causes reduction
in the activity of the renin-angiotensin axis, resulting in dilatation of the efferent
arteriole (BAUMBACH and SKOTT 1986; LEYSSAC 1986). These events cause the fall
in GFR, with resultant drop in creatinine clearance. This decline in GFR
explains why excessive polyuria does not occur in spite of impaired concentrating
ability (MACKENSEN-HAEN et al. 1992). In severe TID the fallin GFR is due to the
reduction in the number and areas of postglomerular vessels (BOHLE et al. 1981,
1987).

In our recent study (KHAN and SINNIAH 1993a), both the distal and proximal
tubular percentages correlated significantly with the fall in GFR. However, the
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GFR correlated more strongly to the distal tubular damage than to proximal,
raising the possibility that distal tubular damage may play a key role in the
regulation of GFR. In another study in the same group of patients using lectin
histochemistry (KHAN and Sinn1aH 1993b), it was observed that the distal
tubules, especially the thick ascending limb (TAL) rather than proximal tubules
and cortical collecting ducts, were the initial sites of tubular damage and showed
increased damage as TID progressed. The relative mean difference values
computed from the morphometric results clearly support these observations
(KHAN and SiNNIAH 1993a). The relative mean difference for the distal tubules
showed a higher value compared to the proximal tubules, indicating greater
damage to them. The distal tubular system plays a key role in maintaining
sodium homeostasis, and enables the kidney to concentrate and dilute urine. It
also participates in the regulation of GFR and, most importantly, is the site
where the final adjustment between sodium excretion and sodium intake is
achieved (HIERHOLZER 1985).

In our opinion, damage to the proximal tubules, and consequent impaired
reabsorption of NaCl in particular, can be compensated by the TAL of the distal
tubules, which respond to increased delivery of sodium salt with a significant
increase in its reabsorption, as observed in rats (MORGAN and BERLINER 1969;
KHur! et al. 1975; HEERHOLZER 1985). Conceptually, this load-dependent re-
absorption of sodium salt by the distal tubule, which functions normally as
a diluting segment, can compensate for the decreased reabsorption by the
proximal tubules. If the TAL of the distal tubules is damaged, then it may lead to
an uncompensated increase in the NaCl concentration in the tubular fluid. The
increase in the NaCl content of urine passing the macula densa becomes
plasma-isotonic and leads to a fall in GFR due to TG feedback mechanisms
(BOHLE et al. 1987; KHAN and SINNIAH 1993a).

The study of renal structure and function based on morphometric analyses
have given us a better understanding of renal pathophysiology. These meticulous
studies have shown that the tubules and the interstitium have an intimate and
important relationship to renal function, both in primary tubulointerstitial
diseases and secondary to various types of glomerular pathology. In many cases,
tubulointerstitial involvement is a more important and sensitive index of renal
dysfunction than glomerular damage. The introduction of image analysis sys-
tems and the creation of specific algorithms incorporated into software will
produce both speedy and reproducible results in the study of the anatomy and
function of different components of the kidney.
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1 Introduction

Tubulitis in the kidney is defined as the presence of inflammatory cells in the
tubular wall (Oor et al. 1975). It is the hallmark of tubulointerstitial nephritis
(OLsEN et al. 1986) and one of the important lesions in acute renal allograft
rejection (SOLEZ et al. 1993). However, it may occur in other renal diseases as
well, e.g., glomerulonephritis and acute tubular necrosis (OLSEN et al. 1981),
systemic vasculitis affecting the kidney (Akisusa et al. 1990), chronic renal
ischemia (TRUONG etal. 1992). Knowledge of the clinical implications,
pathogenesis, and consequences of tubulitis is limited due to the complex
structural-functional relationships between the tubular epithelium, the peritubu-
lar interstitium, and the capillaries and the complicated segmental structure
of the tubules. It seems likely that tubulitis is in most cases a result of a
T-cell-mediated reaction. Studies of human renal allograft rejection (Sect. 7.1)
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and autoimmune nephritis in mice (KELLEY et al. 1993) led to the hypothesis that
renal tubular epithelial cells may participate in the development of tubulitis, since
they can be induced to express major histocompatibility complex (MHC)
molecules and cell adhesion molecules, and present antigen to T cells (HAGERTY
and ALLEN 1992).

This chapter will focus on the morphological features of tubulitis in the
human kidney. Immunological and other aspects of tubulointerstitial disease
which may be of importance for an understanding of tubulitis have been dealt
with by CaMmErON (1989, 1992), Jongs and Eppy (1992), KELLY et al. (1991),

McCLUsSKEY (1992), NatH (1992), YEE etal. (1991), and WiLson (1991,
1992).

2 Definition of Tubulitis

The term tubulitis was used first by Oor et al. (1975) in a clinicopathological
study of acute interstitial nephritis “to describe the infiltration of acute and/or
chronic inflammatory cells in the peritubular regions or between the lining
epithelial cells, with or without disruption of the tubular basement membrane.”
Their definition should be modified on the basis of subsequent observations.
Peritubular accumulation of leukocytes does not eventually lead to the infiltra-
tion of these into the tubules. Rupture of the tubular wall, accumulation of
leukocytes in the tubular lumen, and an increased rate of apoptosis in tubular
epithelial cells may be present, but not always. Since the only constant feature of
tubulitis in various renal disorders is the presence of leukocytes in the tubular
walls, we and others (SoLEz et al. 1993; TRUONG et al. 1991) define tubulitis
simply as a situation in which inflammatory cells are localized between tubular
epithelial cells, andlor between these and the tubular basement membrane (TBM ).

3 Ultrastructure of Tubulitis

The electron-microscopic appearance of tubules infiltrated with inflammatory
cells was studied in acute pyelonephritis and renal allograft rejection by IVANYI
etal. (1983, 1988) and NADASDY et al. (1988). It was found that neutrophilic
granulocytes, macrophages, and lymphocytes invaded the tubules in the same
way. On the basis of a great number of electron micrographs, the following time
sequence was presumed. Initially, the leukocytes are situated close to the outer
side of the TBM. Eventually they open the TBM with a pseudopod and move first
with their cytoplasm (Fig. 1) and then with their nuclei into the lateral space
between two epithelial cells. After the passage, the TBM becomes a continuous
layer again. The migration of leukocytes through the TBM must be fast because
the study of a considerable number of thin sections and micrographs was
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necessary to find examples of passage through the TBM. Following invasion, the
leukocyte is usually situated in the basal region of the tubular wall; it exhibits
close cell-to-cell contacts with adjacent tubular epithelial cells and other emi-
grated leukocytes, and it is separated from the underlying TBM by a narrow
layer of epithelial cytoplasm (Fig. 2). This appearance was common to acute
pyelonephritis (IVANYI et al. 1983, 1988), allergic acute interstitial nephritis
(IvAnyl et al. 1992b), glomerulonephritis-associated tubulitis (unpublished
observation, Fig. 3), and renal allograft rejection (NADASDY et al. 1988). The
epithelial cytoplasm “protecting” the TBM and the close cell-to-cell contacts
therefore seem to be important for maintainance of the integrity of the tubular
wall infiltrated by inflammatory cells. In vitro, the close contacts have been

shown to prevent leakage of tracers across penetration sites into the tubular wall
(MiLks et al. 1983).

Fig. 1. Experimental acute pyelonephritis. The tubular basement membrane is opened (arrowheads),
and the infiltrating pseudopod of a granulocyte is localized in the lateral intercellular space of two
epithelial cells. x 11500 (Reprinted from IvANYI et al. 1983, with permission)
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Fig. 2. Acute human pyelonephritis. Two neutrophilic granulocytes with phagocytosed bacteria
(arrowheads) at the basal region of the lateral intercellular spaces between epithelial cells. The
granulocytes are separated from the tubular basement membrane (TBM) by a narrow layer of

epithelial cytoplasm. The TBM (star) is continuous. x 9000 (Reprinted from IvANyr et al. 1988, with
permission)
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Fig. 3. Pauci-immune crescentic glomerulonephritis. The tubular wall-localized lymphocyte (szar) is
situated in the lateral intercellular space between adjacent epithelial cells and is separated from the
tubular basement membrane (TBM) by a narrow layer of epithelial cytoplasm. The TBM (arrow-
head) is continuous. x 4600
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The adhesion of tubular epithelial cells to the TBM via integrin receptors
(GOLIGORSKY et al. 1993; GoLIGORSKY and DiBona 1993) appears to be so tight
that the penetrating pseudopod is usually not able to separate the epithelial cell
from the TBM. In some cases, however, the infiltrating cell may be located
beneath the epithelium. We have seen this occasionally in acute allograft
rejection. The loss of the basolateral expression of integrin receptors leading to
the loosening of the contact between epithelium and TBM may conceivably be
due to ischemia or cell-mediated cytotoxicity, or both.

The adhesion of tubular epithelial cells to their BM is obviously tighter than
that between the peritubular capillary endothelial cells and their BM. In acute
pyelonephritis and acute allograft rejection, we found that during the emigration
of leukocytes from peritubular capillaries to the interstitium, the leukocytes
often became localized in the capillary wall by lifting the endothelial cell
body from the BM (OLsEN and BoumaN 1979; Ivanyr and THOENES 1987;
IvANyr et al. 1992a).

4 Semiquantitative Estimation of Tubulitis

Tubulitis is a focal process. Its severity and extent differ from site to site, and
from kidney to kidney. The semiquantitative estimation of tubulitis is therefore
not easy. During work on the problem of the histological standardization of
acute renal allograft rejection, a scheme was developed to score the severity of
tubulitis (SOLEZ et al. 1993). The presence of tubular profiles with 1-4 leukocytes,
5-10leukocytes, and more than 10 leukocytes in the most affected tubular profile
wasscored as T, T,, and T, respectively. The minimum sampling standard was
the presence of seven glomeruli in the biopsy. It is important that periodic
acid-Schiff (PAS)-stained slides are used for scoring, since a clear definition of the
TBM is required.

To describe tubulitis in glomerular disorders, diabetic nephropathy, renal
amyloidosis and renal artery stenosis, we developed a grading system which
combines the severity and extent of tubulitis. At a magnification of 40, tubular
profiles were investigated for tubulitis. The severity (S) was scored according to
SoLez et al. (1993). The extent (E) of tubulitis was assessed in a 3-mm? area of the
biopsy specimen including the most severe focus of tubular inflammation. Four
categories were distinguished: E: 1-10, E,: 11-20, E5: 21-30, and E,: more
than 30 tubular profiles with tubulitis. In nephrectomy specimens, a 9-mm? area
was studied and the values were divided by three. E;S, ; and E,S, cases were
regarded as mild, E,S,_; and E;_,S, as moderate, and E;_,S, and E;S;_, as
severe tubulitis “No” tubulitis included cases with E;S; (IvANYI et al. 1995).
Axisusa et al. (1992) used the percentage of tubules with inflammatory cells in 20
high-power fields as a measure of the degree of tubulitis in renal biopsies with
systemic vasculitis.
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5 Methods for Studying the Segmental Localization of Tubulitis

Differences may exist in the distribution of tubulitis along the nephron. The
electron microscope is not an ideal tool for studying this, because the epon-
embedded material is too small, the number of blocks is limited, and it can be
difficult to identify the segments, especially of the distal nephron. To solve the
problem, we introduced a multiple immunolabeling method which allows the
identification of renal cortical tubular segments in formalin-fixed, paraffin-
embedded biopsy material. In this protocol, the PAS reaction stains the brush
border of proximal tubules, and the anti-Tamm-Horsfall protein antibody the
cytoplasm of distal straight tubules. The cytokeratin antibodies (clones AE1/
AE3) stain the cytoplasm of the cells of the cortical collecting system (cortical
collecting ducts and connecting tubules) in a mosaic staining pattern. The
luminal binding pattern of peanut agglutinin (Arachis hypogaea) verifies the
distal convoluted tubules (for color documentation see IVANYI and OLSEN 1991,
Ivanyr et al. 1992b, 1993). Using such multiply immunolabeled sections, we
carried out stereological studies to describe tubulitis quantitatively. In allergic
acute interstitial nephritis, the point-count method served to estimate the relative
volume fraction of the inflammatory cell infiltrates within each category of
tubular segments (IVANYI et al. 1992b). In acute renal allograft rejection (IVANYI
et al. 1993) and anti-glomerular basement membrane (anti-GBM) nephritis (see
Sect. 7.5.4), the relative intrasegmental length and the average intensity of
tubulitis were determined using the stereological relationship between the
number of isolated profiles and the length of the structure. The relative length of
a tubular segment was estimated by dividing the number of profiles in the given
tubular segment by the total number of tubular profiles. The relative intraseg-
mental length of tubulitis was calculated by dividing the number of tubular
profiles infiltrated by inflammatory cells in a given tubular segment by the total
number of tubular profiles. The average intensity of tubulitis was calculated by
dividing the total number of intraepithelial mononuclear cells in a given tubular
segment by the total number of tubular profiles. The latter method disregards
possible variations in absolute profile area.

Immunolabeled sections and the point-count method recently were used by
MARCUSSEN et al. (1991), who analyzed tubulitis in renal biopsies from patients
with transplant acute tubular necrosis, native acute tubular necrosis, and acute
graft rejection.

6 Phenotypic Analysis of Tubulitis in the Native Kidney:
Missing Data

A great number of publications have dealt with the phenotypic analysis of
interstitial cell infiltrates in various renal disorders (ALEXOPOULOS et al. 1989a,
1989b, 1990; BENDER et al. 1984; BorLTON et al. 1987; BOUCHER et al. 1986;
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BRUNATI et al. 1986; CALIGARIS-CAPPIO et al. 1985; CHENG et al. 1989; D’AGATI
et al. 1986; GIMENEZ and MaMPASO 1986; HOOKE et al. 1987; HusBy et al. 1981;
L1 et al. 1990; MarRkoOVIC-LIPKOVSKI et al. 1990, 1991; MATSAMURA et al. 1988;
MULLER et al. 1988; ROSENBERG ¢t al. 1988; SABADINI et al. 1988; STACHURA et al.
1984a.b; TakAYA et al. 1985). These studies revealed that CD4* and CD8”
T cells and macrophages are the major subgroups of inflammatory cells in the
interstitium. The ratio of the CD4* and CD8" subsets varied in these studies. In
general, T-helper/inducer cells predominated over T-cytotoxic/suppressor cells
in chronic and idiopathic cases with tubulointerstitial nephritis and primary
glomerulonephritides, whereas in drug-induced tubulointerstitial nephritis and
lupus nephritis T-cytotoxic/suppressor cells were sometimes in the majority
(ALExOPOULOS et al. 1989a, 1989b, 1990; BENDER et al. 1984; BOUCHER et al.
1986; CHENG et al. 1989; D’AGaATi et al. 1986).

In all papers except one (MATSUMURA et al. 1988), the phenotypic analysis of
tubular wall-localized inflammatory cells was not documented. Accordingly, we
can only speculate about the immunological basis of tubulitis. The light- and
electron-microscopic appearance of tubular wall-localized leukocytes and the
cellular composition of interstitial infiltrates in the above-mentioned papers
make it possible that, with the exception of acute pyelonephritis, T-cell mecha-
nisms play a role in the development of tubulitis. It is uncertain whether delayed
hypersensitivity (release of lymphokines from a few specifically sensitized T cells
with a subsequent influx of leukocytes) or T-cell-mediated cytotoxicity is the
basis of tubulitis. In the study of tubulointerstitial nephritis associated with
Sjdgren’s syndrome by MATSUMURA et al. (1988), the lymphocytes invading the
tubules were exclusively of the CD87 type.

The systematic determination of T-cell subsets in the tubular wall in various
renal disorders, e.g., acute allergic interstitial nephritis, chronic pyelonephritis,
Bence Jones cast nephropathy, crescentic glomerulonephritis, is an essential task
for the future. It would also be important to study the activated state of the
tubular wall-localized lymphocytes, as well as interactions between lymphocytes
and tubular epithelial cells in culture. The expression of activation markers, i.e.,
granzyme B, perforin, interleukin-1 (IL-1)-beta, tumor necrosis factor (TNF)-
alfa, may clarify whether tubulitis is a response of delayed hypersensitivity or
T-cell-mediated cytotoxicity in these disorders. Granzyme B and perforin are
markers for cytotoxic T cells (HAMEED et al. 1991, 1992), and IL-1-beta and
TNF-alfa positivity indicate delayed hypersensitivity (LIPMAN etal. 1992;
NoRONHA et al. 1992). In culture conditions, the tubular epithelial cells and
infiltrating T cells from the same biopsy specimen can be propagated. If cytotoxic
T cells directed against renal tubular epithelium are present in the renal biopsy
specimen, the culture T cells will lyse the epithelial cell line (MILTENBURG et al.
1989).
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7 Tubulitis in Renal Disorders

7.1 Tubulitis in Acute Renal Allograft Rejection
7.1.1 Inflammatory Cells in the Tubular Wall

The histopathology of acute renal allograft rejection includes interstitial mono-
nuclear infiltrates, tubulitis (Fig. 4) and intimal arteritis (SOLEZ et al. 1993). An
electron-microscopic study of tubular changes revealed that the most frequent
inflammatory cell in the tubular wall was the lymphocyte, followed by the
macrophage and finally the granulocyte (NADASDY et al. 1988). Phenotypically,
the intratubular lymphocytes were predominantly T cells, mostly CD8* and
Leu-7* (CD57%) lymphocytes (BESCHORNER et al. 1985; SoLEz et al. 1992).
Analysis of the in vitro outgrowth of T lymphocytes from needle biopsies
showed that the T cells were cytotoxic and donor specific, since they caused the
lysis of proximal tubular cell lines of donor origin (MILTENBURG et al. 1989; vAN

DER WOUDE et al. 1990). The cytotoxic cells were CD4* and CD8* (YARD et al.
1993).

Fig. 4. Tubulitis in acute renal allograft reaction. Lymphocytes are present between the tubular
epithelial cells. PAS, x 340



126 B. IvANYI and S. OLSEN
7.1.2 Tubular Expression of MHC and Cell Adhesion Molecules

In the normal human kidney, tubular epithelial cells constitutively express
HLA-ABC (class-1) antigens. The immunohistochemical reaction is confined to
the cytoplasm of tubular cells. The proximal tubular cells express little if any
HLA-DR (class-II) antigen. The weak immunohistochemical reaction (if pres-
ent) is localized at the base of the cells (FUGGLE et al. 1983; HALL et al. 1984;
RAFTERY et al. 1989). The distal tubules, collecting ducts, and loop of Henle do
notexpress HLA-DR antigen. In acute rejection, the tubular expression of MHC
class-I and -II molecules is markedly increased (MARKOVIC-LIPKOVSKI et al.
1992; FUGGIE et al. 1993). The increased expression of the HLA-DR molecule
involved all tubules in the majority of cases (HALL et al. 1984; RAFTERY et al.
1989). The most intense reaction was seen in the proximal tubules (RAFTERY et al.
1989; MARKOVIC-LIPKOVSKI et al. 1992). Variable numbers of nonrejecting
allografts also exhibited DR expression. In culture, renal tubular cells expressed
HLA-ABC antigens, but not HLA-DR. Mixed lymphocyte supernatants and
interferon-gamma (INF-gamma) increased the expression of both classes
(BisHOP et al. 1986, 1988).

Intercellular adhesion molecule-1 ICAM-1) is a ligand for all leukocytes via
interaction with the lymphocyte function-related antigen-1 (LFA-1) (SPRINGER
1990). Normally, tubular epithelial cells express ICAM-1 not at all or only
weakly (BisHop and HALL 1989; FUGGLE et al. 1993). During acute rejection,
there is a marked increase of ICAM-1 on tubular epithelial cells, which involves
predominantly the proximal tubules and is very intense at the brush border
(ANDERSEN et al. 1992; BisHOP and HALL 1989; BROCKMEYER et al. 1993; FAUuLL
and Russ 1989; FUGGLE et al. 1993; MARKOVIC-LIPKOVSKI et al. 1992; von
WILLEBRAND et al. 1993). In tissue culture, IFN-gamma and TNF-alfa induced
tubular epithelial cells to express ICAM-1 (JEVNIKAR et al. 1990; KirBy et al.
1993; NOrRONHA et al. 1992; SUrRANYI et al. 1991; WUTHRICH et al. 1990). In tissue
sections, FUGGLE et al. (1993) and voN WILLEBRAND et al. (1993) found a correla-
tion between the tubular expression of ICAM-1 and the presence of monocytoid
and lymphoid cells in the interstitium. In contrast, there was no clear-cut
association of cellular infiltrates with the tubular expression of ICAM-1 in
another study (BROCKMEYER et al. 1993).

LFA-2 or CD2 is expressed on the T lymphocyte; its counter-receptor on the
target cell is LFA-3. LFA-2 and -3 are members of the immunoglobulin family
(SPRINGER 1990). Tubular cells in the normal kidney constitutively express
LFA-3. The rate of expression was not found to be changed during rejection
(BisHoP and HALL 1989).

Vascular cell adhesion molecule-1 (VCAM-1) is a ligand for lymphocytes,
monocytes, and eosinophils via interactions with the VLLA-4 (very late activation
molecule-4, CD49d/CD29) receptor molecule (SPRINGER 1990). In normal kid-
neys, immunoreaction against VCAM-1 is localized on a few cells of the
proximal tubules (BROCKMEYER et al. 1993). In other studies, VCAM-1 express-
ion was variably seen on tubular profiles (BRISCOE et al. 1992; FUGGLE et al.
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1993). The stain was patchy and concentrated towards the basolateral surface of
the cells (BRISCOE et al. 1992). During rejection, increased tubular staining was
observed by all groups. The increase involved both the number of tubules and the
intensity of staining. The staining was focally distributed and included distal
tubular segments. The tubular display of VCAM-1 did not reveal a strict
correlation with infiltrating cells in the interstitium according to the report of
BROCKMEYER et al. (1993), whereas FUGGLE et al. (1993) and BRISCOE et al. (1992)
found an increased VCAM-1 expression in association with interstitial infil-
trates.

The vascular endothelium and tubular epithelial cells of renal allografts are
the targets of the rejection response (BiSHOP et al. 1989; IvAnyr et al. 1992a;
RENKONEN et al. 1990). When responding to foreign antigen, the individual
T cells simultaneously recognize an epitope of the foreign antigen and a determi-
nant of the self-MHC complex expressed on the surface of the antigen-presenting
cell. CD8* cytotoxic T cells recognize antigen in association with MHC class-I
products, and CD4* helper/inducer or cytotoxic T cells recognize antigen in
association with MHC class-I1 products. Antigen-independent interactions,
such as LFA-1 and LFA-2, expressed by T lymphocytes, with LFA-3 and
ICAM-1, expressed on antigen-presenting cells, lead to the transcription of
T-cell-activation genes, the production of IL-2 and other cytokines, the forma-
tion of IL-2 receptors, and T-cell proliferation (KRENSKY et al. 1990; SPRINGER
1990; STrOM 1992; SHERMAN and CHATTOPADHYAY 1993). It is conceivable that
an increased expression of class-I antigen by tubular epithelial cells would render
these cells more susceptible to cytotoxic injury by CD8* cytotoxic cells. Further-
more, cytokine-stimulated tubular epithelial cells, by expressing allo-class-II
antigens and ICAM-1, may present antigen to T lymphocytes and directly
activate resting allospecific lymphocytes which have infiltrated the graft tissue.
Testing the latter theory in culture, KirBY et al. (1993) found that cytokine-
stimulated renal epithelial cells bound, but failed to initiate proliferation of
resting allogenic lymphocytes. Their data indicate that the tubular expression of
MHC and cell adhesion molecules seems to facilitate the interstitial accumula-
tion of lymphocytes and monocytes in rejecting allografts. VCAM-1, expressed
basolaterally, might play a role in the mediation of tubulitis, since the basolateral
intercellular spaces are the sites of tubulitis. The role of ICAM-1 expression
(which s localized immunohistochemically at the apical part of tubular epithelial
cells) for the evolution of tubulitis is unclear at present.

7.1.3 Localization and Quantitative Characteristics of Tubulitis

In formalin-fixed kidney biopsy specimens from 15 patients with transplanted
allografts undergoing acute rejection we investigated two parameters of tubulitis:
the relative intrasegmental length and the average intensity of tubular inflamma-
tion (IVANYI et al. 1993). Tubulitis was most prominent in the distal convoluted
tubules, followed by the cortical collecting system. The relative intrasegmental
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length of tubulitis was lowest in the proximal and distal straight tubules. The
average intensity of tubulitis was lowest in the distal straight tubules, and this was
statistically different from that found in the cortical collecting system and distal
convoluted tubules. The average intensity of tubulitis was similar in the cortical
collecting system and distal convoluted and proximal tubules. Using a point-
count technique, MARCUSSEN et al. (1991) found a significant difference between
the marked tubulitis in epithelial membrane antigen(EMA)-positive and the less
affected EMA-negative (proximal) tubules. Tamm-Horsfall-positive (distal
straight) tubules had the lowest values. These data indicate that the aberrant
co-expression of MHC class-II antigens and cell adhesion molecules mainly by
proximal tubular epithelial cells (Sect. 7.1.2) does not influence the distribution
of tubulitis between cortical tubular segments in favor of proximal tubules.

7.2 Tubulitis Associated with Acute Tubular Necrosis
in the Native and Grafted Kidney

In an early study of tubulitis in which different renal diseases were compared,
OLsEN et al. (1981) described the presence of this lesion in ischemic acute renal
failure (acute tubular necrosis) of the native kidney. MARCUSSEN et al. (1991)
compared native and graft acute tubular necrosis and in both situations found
a moderate but statistically significant increased number of LCA (leukocyte
common antigen)-positive tubular wall-localized cells compared with control
biopsies (baseline biopsies 1 h after revascularization of renal allotransplants).
The degree of tubulitis was not as high as in acute graft rejection. In all groups,
the tubulitis was more severe in distal than in proximal tubules.

7.3 Tubulitis in Allergic Acute Interstitial Nephritis

Allergic acute interstitial nephritis (acute tubulointerstitial nephritis) is usually
caused by drugs or infections (HEPTINSTALL 1992; SoLEZ 1992). A hypersensitiv-
ity reaction may play a role in the pathogenesis, but direct evidence is lacking. In
a minority of cases, TBM-drug conjugates may act as antigens, inducing
anti-TBM antibodies (WiLsoN 1991). Morphologically, there is interstitial
edema and a mononuclear cell infiltrate composed mainly of T lymphocytes. The
lymphocytes invade the tubules, particularly in areas with marked interstitial
inflammation. A recent study showed that tubulitis was mostly confined to the
distal nephron segments and tended to spare the proximal convoluted tubules
(IvAnyi et al. 1992b). Silver staining of the TBM revealed its focal thinning or
absence, which appeared not to be associated with the occurrence of tubulitis.
Electron microscopically seen small and large lymphocytes invaded the tubules.
Cytolyticinjury was not seen in the epithelial cells adjacent to lymphocytes in the
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tubular wall. However, severe focal tubular damage was present in regions with
interstitial infiltrates. The TBM became thin and eventually disappeared. The
final stage was complete distintegration of the tubular wall with necrosis of
tubular epithelial cells (OLSEN et al. 1986). The pathogenesis of tubular wall
injury is still not clear, and the role of tubulitis in the process is not known.

SERON et al. (1991) investigated VCAM-1 and HLA-DR expression by
tubular cells in five cases of nonsteroidal anti-inflammatory drug-induced acute
interstitial nephritis. The number of proximal tubular profiles stained with
anti-VCAM-1 antibody was very low in the normal kidney and markedly
increased in interstitial nephritis. The number of VCAM-1-positive tubular
cross-sections was higher in areas of activated leukocytes in the interstitium,
indicating a relationship between the tubular display of VCAM-1 and the
presence of interstitial infiltrates. There was no correlation between the number
of tubular cross-sections expressing HLA-DR and the number of those express-
ing VCAM-1.

7.4 Tubulitis in Acute Pyelonephritis

Patchy suppurative interstitial inflammation, tubulitis with a neutrophilic
granulocyte predominance, casts composed of neutrophils and a smaller number
of macrophages, and tubular destruction are the histological hallmarks of acute
pyelonephritis. It is likely that the transtubular passage of neutrophils and
macrophages is a favorable route in the drainage of the interstitial suppurative
inflammation, because the inflammatory cells containing bacteria leave the
kidney with the urine. In vitro, neutrophils and monocytes are capable of
traversing the renal tubular epithelial monolayer (CRAMER et al. 1980, 1986;
MiGLIORISI et al. 1988; Miiks etal. 1983). The neutrophils migrate much
faster than the monocytes (MIGLIORISI et al. 1988). The molecular pathology of
the transtubular passage of leukocytes is not clear. The passage may be enhanced
by the release of TNF-alfa from the migrating neutrophils (LLoyp and
OPPENHEIM 1992) and monocytes, since TNF-alfa increases the permeability of
tight junctions (MULLIN et al. 1992). In experimental pyelonephritis, micro-
vascular perfusion defects were demonstrated in the renal parenchyma which led
to severe tissue hypoxia (HiLL and CLARK 1972; Ivany1 1991). Hypoxia may
contribute to the opening of the tight junctions (MoLITORIS etal. 1989;
MOoLITORIS 1992).

We have had the opportunity to study five biopsy cases of acute pyelonephri-
tis occurring in the native kidney. The indication for biopsy was acute uremia of
unexplained origin. A unique feature of the tubulitis in these cases was that the
proximal tubules around the glomeruli seemed to be relatively resistant to the
inflammatory cell infiltration (Fig. 5). The granulocytes tended to infiltrate
tubular segments without PAS-positive brush border. Three of these cases were
examined electron microscopically; it was found that especially the collecting
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Fig. 5. Acute human pyelonephritis. The proximal tubules (szars) are resistant to the inflammatory
cell infiltration. The collecting duct (center) exhibits tubular wall rupture and contains a pus cast.
Pearse trichrome, x 360

ducts were affected by tubulitis, often associated with rupture of the tubular wall
(IvAnyi et al. 1988). At present, no explanation is available for the preferential
distal nephron involvement.

It is not established whether the attachment of bacteria to the luminal
surface membrane of tubular epithelial cells, or even their incorporation into the
lysosomes (IVANYI et al. 1985, 1988), may evoke a transtubular migratory
stimulus for granulocytes or not. Electron microscopy has demonstrated tubular
profiles with intraluminal bacteria but not tubulitis.

7.5 Tubulitis in Nontubulointerstitial Renal Disease
7.5.1 Frequency, Grade, and Site of Tubulitis

We recently performed a semiquantitative light-microscopic pilot study of 274
renal biopsy and 12 nephrectomy specimens in order to assess the frequency,
grade, and site of tubulitis in glomerular diseases, diabetic nephropathy, renal
amyloidosis, and renal artery stenosis (Table 1). Tubulitis, mostly severe, was
present in crescentic glomerulonephritis (linear, pauci-immune and granular)
and renal artery stenosis (Fig. 6). The light-microscopic variant of dense deposit



Tubulitis in Renal Disease 131

Table 1. Frequency, grade, and site of tubulitis in nontubulointerstitial renal disease

n Grade® of tubulitis Mostly in
atrophic
none mild moderate severe tubules
Crescentic GN, linear 15 0 0 0 15 2
Crescentic GN, pauci-immune 18 1 2 5 10 9
Crescentic GN, granular 5 0 0 0 5 1
Renal artery stenosis 11 0 2 0 9 11
Diabetic NP 30 11 8 7 4 16
IgA GN 50 32 11 4 3 15
Lupus nephritis, WHO IV 28 12 7 7 2 1
Henoch-Schoénlein 12 10 1 0 1 0
MPGN, type I 16 10 2 1 3 1
Dense deposit disease 6 3 2 0 1° 1
Endocapiilary GN 15 10 4 1 0 1
Focal segmental GS 15 12 1 0 2 2
Minimal change NP 21 20 0 1 0 0
Idiopathic membranous NP 27 25 0 1 1 1
Renal amyloidosis 17 11 4 2 0 4

*“Tubulitis was graded according to severity and extent (see Sect. 4).
*Light microscopy: focal segmental necrotizing GN with crescents.
GN, Glomerulonephritis; M P, membranoproliferative; GiS, glomerulosclerosis; NP, nephropathy

Fig. 6. Severe tubulitis in renal artery stenosis: more than ten lymphocytes within an atrophic tubule
(arrowhead). The peritubular interstitium contains dense inflammatory cell infiltrate. PAS, x 700



132 B. IvANYI and S. OLSEN

disease, 1.e., focal segmental necrotizing glomerulonephritis with crescents, was
also associated with severe tubulitis, as described by SiBLEY and Kim (1984).
Moderate or severe tubulitis was found in two fifths of the cases of diabetic
nephropathy and in one quarter of the cases of membranoproliferative
glomerulonephritis. Mild or moderate tubulitis occurred in half of the lupus
nephritis cases. Tubulitis, mostly mild, was present in one third of the cases of
IgA glomerulonephritis, and it was rare but moderate or severe in minimal
change nephropathy and membranous nephropathy.

In most cases, small lymphocytes and larger mononuclear cells (probably
also lymphocytes) were localized within the tubular walls. In crescentic and
endocapillary glomerulonephritis, neutrophilic granulocytes occasionally also
invaded the tubular wall. Tubulitis was found in both atrophic and nonatrophic
tubules. In renal artery stenosis, diabetic nephropathy, and IgA glomeruloneph-
ritis, the tubulitis was localized predominantly to atrophic tubules (IvANyI et al.
1985).

AKisusa et al. (1992) studied tubulointerstitial alterations in 18 renal biopsy
cases of systemic vasculitis. Two indices, the number of interstitial inflammatory
cells and the tubulitis percentage, were used to evaluate the changes quantitative-
ly. Tubulointerstitial changes in systemic vasculitis seemed to be less prominent
than those in drug-induced tubulointerstitial nephritis. However, six cases (33%)
of systemic vasculitis were regarded as having developed pathological changes
similar to drug-induced tubulointerstitial nephritis.

7.5.2 Tubular Target Antigens in Nontubulointerstitial Renal Disease

Little is known about tubular target antigens which may initiate an inflammatory
reaction against the tubular wall. Immune complexes in the TBM usually do not
give rise to tubulitis in lupus nephritis (SCHWARTZ et al. 1982; PARKk et al. 1986).
Tubulitis in anti-GBM nephritis may be attributed to the deposition of anti-
TBM antibodies (ANDRES et al. 1978). The target antigen is localized in the TBM
(BuTKOWSKI et al. 1989; YosHIOKA et al. 1986; Sect. 7.5.5). It is possible that
neo-antigens induced by renal ischemia play a role in the development of
tubulitis in nontubulointerstitial renal disease. TRUONG et al. (1992) produced
chronic renal ischemia in rats by clamping the renal artery and in this way was
able to induce chronic tubulointerstitial nephritis. The atrophic tubular
epithelium displayed the neo-expression of vimentin and keratin, indicating
change in the antigenic profile. The authors concluded that ischemia-induced
neo-antigens may initiate a cell-mediated immune response, leading to interstitial
inflammation and tubulitis. This may be the explanation of the tubulitis in renal
artery stenosis, diabetic nephropathy, and IgA glomerulonephritis, in which
diseases it was confined predominantly to atrophic tubules. In this respect, it may
be significant that tubulitis was most severe in renal artery stenosis, the condition
most similar to experimental clamping of the renal artery. As shown in Table 1,
tubulitis was also a feature of crescentic glomerulonephritis. By compressing the
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glomerular capillaries, crescents can slow or even stop the circulation in the
postglomerular capillaries, leading to local ischemia, and in turn to tubulitis.

7.5.3 MHC, Cell Adhesion Molecule and Interleukin-6 Expression
by Tubular Epithelial Cells in Nontubulointerstitial Renal Disease

Aberrant HLA class-11 antigen expression has been on proximal tubular epi-
thelial cells in variable numbers of cases of crescentic glomerulonephritis
(MULLER et al. 1988), membranoproliferative glomerulonephritis (MULLER et al.
1989), and focal segmental glomerulosclerosis (MARKOVIC-LIPKOVSKI et al.
1991). The expression of ICAM-1 was observed on undamaged and damaged
tubules in various types of glomerulonephritis, particularly in cases with crescent
formation (CHOW et al. 1992; LHOTTA et al. 1991). An upregulated VCAM-1
expression of variable degree has been reported on proximal tubular epithelial
cells in systemic vasulitis with crescents, minimal change nephropathy, IgA
nephropathy, lupus nephritis, diabetic nephropathy, amyloidosis, and gout. The
proximal tubule VCAM-1 expression correlated with the number of activated
leukocytes in the interstitium (SERON et al. 1991). The significance of the aberrant
co-expression of VCAM-1, ICAM-1, and HLA class-II antigens on tubular
epithelial cells is not known.

Interleukin-6 (IL-6), (which plays a role in the differentiation of cytotoxic
T cells, activation of macrophages, etc.) is not demonstrable in tubular epithelial
cells in the normal kidney (FukaTsu et al. 1991). In IgA nephropathy and
diabetic nephropathy, the co-localization of IL-6 and MHC molecules was found
in the damaged and atrophic tubules adjacent to interstitial T-cell infiltrates,
suggesting that tubular IL-6 may be involved in the pathogenesis of tubular
injury seen in nontubulointerstitial renal disease (FUKATSU et al. 1993).

7.5.4 Localization and Quantitative Features of Tubulitis
in Anti-GBM Nephritis

To obtain data about the segmental distribution and quantitative features of
tubulitis in anti-GBM nephritis, two stereological parameters (the relative
intrasegmental length and the average intensity of tubular inflammation) were
investigated in a pilot study (not published) of formalin-fixed, paraffin-
embedded renal biopsy specimens from 11 patients with anti-GBM nephritis.
The cortical tubular segments were identified with lectin and immuno-
histochemical markers, all applied to the same section (IVANYI and OLSEN 1991;
IvANYI et al. 1992b, 1993). Profiles of proximal convoluted tubules, proximal
straight tubules, distal straight tubules, distal convoluted tubules, and the
cortical collecting system with and without inflammatory cells were studied.
Distal nephron segments not otherwise specified and profiles of tubules without
segmental marker expression were also distinguished and investigated. The
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proximal straight tubules were recognized by their location in the medullary ray.
The tubular wall-localized leukocytes were identified on the basis of their
morphological appearance. For calculation of the relative intrasegmental length
and the average intensity of tubulitis (IVANYI et al. 1993), proximal convoluted
tubules and proximal straight tubules were combined as proximal tubules.
Differences between the tubular segments were analyzed with the paired
Student’s ¢-test. Statistical significance was accepted at a level of 5%.

The quantitative data on tubulitis are given in Table 2. In three cases, only
106, 140, and 155 tubular profiles were sampled. The relative intrasegmental
length of tubulitis and the average intensity of tubulitis are plotted in Figs. 7 and
8, respectively. No significant difference was found between proximal tubules,
distal convoluted tubules, and the cortical collecting system as concerns the
relative intrasegmental length and average intensity of tubulitis. These param-
eters were lowest in the distal straight tubules (where they differed significantly
from those in the proximal tubules), the proximal tubules, and the cortical
collecting system. The data indicate that the proximal tubular segments are not the
main site of tubulitis. The accessory immune functions of proximal tubular

Table 2. Quantitative analysis of tubulitis in anti-GBM nephritis

Mean range
Number of sampled tubular profiles 225 106-309
Relative length of tubular segments Mean range
Proximal convoluted tubule 0.56 0.36-0.70
Proximal straight tubule 0.01 0.00-0.05
Distal straight tubule 0.05 0.01-0.11
Distal convoluted tubule 0.03 0.00-0.09
Cortical collecting system 0.11 0.06-0.20
Distal nephron, not otherwise specified 0.11 0.03-0.24
Tubule without segmental features 0.09 0.00-0.27
Relative intrasegmental length of tubulitis Mean +SD Statistics: significantly
different from:
Proximal tubule (convoluted + straight) 0.38 +0.19 DST
Distal straight tubule 0.23 +0.22 PT
Distal convoluted tubule 0.30 +0.23
Cortical collecting system 0.34 +0.21
Distal nephron, not otherwise specified 0.27 +0.13
Tubule without segmental features 0.51 +0.38
Average intensity of tubulitis Mean +SD
Proximal tubule (convoluted + straight) 0.99 +0.80 DST
Distal straight tubule 0.34 +0.35 PT, CCS, TWSF
Distal convoluted tubule 0.55 +0.50
Cortical collecting system 0.70 +0.54 DST
Distal nephron, not otherwise specified 0.55 +0.28
Tubule without segmental features 1.02 +0.95 DST

SD, Standard deviation; at 5% level; DST, distal straight tubule; PT, proximal tubule; CCS, cortical
collecting system; TWSF, tubule without segmental features.



Tubulitis in Renal Disease 135

08

0.6

Frequency of profiles

0.4

0.2

T T T T T T
PT DST DCT CCS DN, NOS T without segmental
characteristics

Fig. 7. Relative intrasegmental length of tubulitis in anti-GBM nephritis. Each thin line represents
a single biopsy. No significant difference between values of proximal tubules (PT), distal convoluted
(DCT), and cortical collecting system (CCS). Tubulitis was lowest in the distal straight tubules
(DST). DN, NOS, distal nephron, not otherwise specified; 7, tubule
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Fig. 8. Average intensity of tubulitis in anti-GBM nephritis: lowest in the distal straight tubules
(DST). No significant difference between values of proximal tubules (PT'), distal convoluted tubules
(DCT), and cortical collecting system (CCS). DN, NOS, Distal nephron, not otherwise specified;
T, tubule

epithelial cells (KELLEY et al. 1993; Sect. 7.1.2 and 7.5.3) would suggest that
tubulitis in anti-GBM nephritis preferentially involves the proximal tubules and
spares the segments of the distal nephron. Our results do not support this
assumption.
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7.5.5 Pathogenesis of Tubulitis and Tubular Damage in Anti-GBM Nephritis

The primary target of anti-GBM antibodies seems to be the 28-kD non-
collagenous C-terminal domain of the alfa, chain of type-IV collagen (Hupson
et al. 1989; KLEPPEL et al. 1989; SAVIGE and GAvLLIccHIO 1991). The glomerular
inflammation is accompanied by tubulointerstitial nephritis in 85% of cases
(Conen and GrLassock 1989). Tubulitis in anti-GBM nephritis may be related to
the deposition of anti-TBM antibodies, which occur in 70% of patients with
anti-GBM antibodies (WiLsoN 1992). The target antigen of anti-TBM antibodies
islocalized in type-IV collagen of the TBM. The TBM antigen was analyzed with
antibodies to subunits of the globular domains of BM collagen by BUTKOWSK1
et al. (1989). One staining pattern exhibited the staining of all renal basement
membranes and the mesangial matrix. The other staining pattern was character-
ized by staining of the GBM as well as Bowman’s capsule and distal tubule BM.
In another study, eluted antibodies from the kidney of a patient with Goodpas-
ture’s syndrome bound strongly to the GBM of normal kidney, and also to
Bowman’s capsule and some distal TBM (SAVAGE et al. 1986; PUSEY et al. 1987).
ANDRES et al. (1978) examined eight cases of anti-GBM nephritis with linear
deposits of IgG in the GBM and TBM. The tubular deposits were localized
mainly in the BM of the proximal convoluted tubules. Four kidneys were
available for elution study. All four eluates contained antibodies reacting with
the GBM, and only two eluates reacted with the TBM. These observations
suggest that there is selectivity in the distribution and/or expression of TBM
antigens in anti-GBM nephritis, and the localization of eluted antibodies may
differ from that seen in the renal biopsy specimens. However, since tubulointer-
stitial nephritis can occur in anti-GBM nephritis without anti-TBM antibodies
as well (ANDRES et al. 1978; CoHEN and GLASSOCK 1989), other factors may also
play a role as regards the mediation of tubulitis in anti-GBM nephritis. Renal
ischemia induced by glomerular crescents (Sect. 7.5.2) may alter the antigenic
profile of the tubular epithelium, and this change may be associated with the
inflammatory infiltration of the tubules.

The tubular histopathology of tubulointerstitial nephritis in anti-GBM
nephritis includes focal thickening, thinning, gaps, or complete disappearance of
the TBM and tubulitis. Extensive tubular atrophy is frequent in patients with
advanced disease (ANDRES et al. 1978). The mechanism by which tubular damage
develops in anti-GBM nephritis and how tubulitis contributes to this damage is
not known.

8 Significance and Possible Consequences of Tubulitis in Renal Disease

Definitive evidence for a specific injury to tubular cells by tubular wall-localized
leukocytes is sparse. In Sjogren’s syndrome, manifest tubular dysfunction (renal
tubular acidosis, nephrogenic diabetes insipidus, etc.) is present in a small
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percentage of patients (POKORNY et al. 1989; VIERGEVER and SwaAAK 1991),
and chronic renal insufficiency seldom develops. CD8* T cells within renal
tubules (MATSUMURA et al. 1988, Sect. 6) may conceivably disturb the tubular
function.

It is tempting to speculate that infiltration with inflammatory cells leads to
persistent tubular damage, at least in some conditions. The high relative number
of atubular glomeruli demonstrated in several types of chronic tubulointerstitial
renal disease (MARCUSSEN 1992) could therefore be explained by tubular damage
due to tubulitis. The aggressive tubulitis present in some types of glomeruloneph-
ritis, which usually takes a progressive course, might also be the cause of the
marked tubular atrophy characteristic of the late stages of these diseases.
Support for the hypothesis could be found in acute allergic interstitial nephritis,
which is characterized by the severe destruction of tubular segments, as demon-
strated by electron microscopy. In acute interstitial nephritis with acute renal
failure, the renal function does not always normalize and the follow-up biopsies
performed have shown some degree of interstitial fibrosis and tubular atrophy.
In acute renal allograft rejection, infiltrating leukocytes seem to collect in the
tubular walls due to immune reactions involving cytotoxic Iymphocytes
(Sect. 7.1.1). Chronic rejection is often a long-term resulit of one or more rejection
episodes of severe grade. It is therefore conceivable that cytotoxic damage to the
tubular epithelium is partly responsible for the tubular atrophy present in
chronic rejection. In some cases of lupus nephritis and drug-induced acute
tubulointerstitial nephritis, CD8* T cells predominate in the interstitial T-cell
population. In these cases, CD8* T cells may also infiltrate the tubular walls,
eventually leading to tubular damage.

It is clear, however, that these observations comprise at most circumstantial
evidence. There are other data which speak directly against or are less consistent
with this hypothesis.

The severe focal destruction of tubules in acute interstitial nephritis (OLSEN
et al. 1986) may have other explanations than the direct cytotoxic action of
Iymphocytes. The destruction of tubular segments seems to be a late phenomenon
in the sequence of events leading to this damage. The presence of lymphocytes in
tubules is therefore compatible with the entirely normal ultrastructure of adjac-
ent epithelial cells (IVANYI et al. 1992b). In previous studies on the segmental
localization of tubulitis in allergic acute interstitial nephritis (IVANYI et al.
1992b), acute allograft rejection (IVANYI et al. 1993; MARCUSSEN et al. 1991), and
in anti-GBM nephritis (Sect. 7.5.4), the proximal tubules were not found to be
the main site of tubulitis. These findings indicate that the capacity of proximal
tubular epithelial cells to facilitate interactions with T cells does not appear to
influence the location of tubulitis significantly. Co-stimulatory immune functions
have not been observed in the epithelial cells of the distal nephron. It should
further be remembered that in most diseases with tubulitis it is not known
whether the infiltrating cells are T-helper or T-cytotoxic lymphocytes. It may also
be significant that tubulitis 1s often most pronounced in tubules which have
already become atrophic (IVANYI et al. 1995; Sect. 7.5.1).
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The molecular pathological basis of tubulitis remains an enigma, and current
knowledge does not permit a clear-cut answer to the problem of the importance
of tubulitis as concerns tubular atrophy in end-stage renal disease. Future
investigations must decide whether tubulitis is a pathogenetically important
lesion or an innocent epiphenomenon.
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1 Background

Quite different types of renal injury often lead to a common histopathological
pattern. The histopathological changes that may be detected are interstitial
fibrosis, glomerulosclerosis, and tubular atrophy. Even after the original eti-
ological factor has ceased to act, the chronic renal disorders may continue to
progress toward the end stage (KLAHR et al. 1988). Several possible mechanisms
responsible for progression and pathogenesis of chronic renal failure have been
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proposed. Some of these hypotheses have been limited to specific diseases while
others have tried to cover all conditions leading to end-stage renal failure.

Bright was one of the first physicians who described a relationship between
pathological features of chronic renal disease and the clinical abnormalities of
the uremic state (BRIGHT 1827-1831). Oliver, using microdissection, showed that
the nephrons in chronic renal failure comprised a very heterogeneous popula-
tion: some nephrons were hypertrophied, some consisted only of a tubule
(aglomerular tubule), and in others only the glomerulus remained (atubular
glomerulus) (OLIVER 1939). At the time of Oliver’s work it was thought that the
diseased kidney was transformed into a disorganized population of nephrons
which varied from one disease to another and that the functional disturbances
were due to this heterogeneity. This view made it difficult to establish any general
principle that might apply to all patients. BRICKER and others in the late 1950s
formalized ‘‘the intact nephron hypothesis”, which proposed that the majority of
damaged nephrons do not contribute to the formation of urine (BRICKER et al.
1960; Bricker and FINE 1981; FRANKLIN and MERRILL 1960). This shifted the
emphasis away from the diseased tubular sites. The remaining functioning
nephrons were exposed to a greater solute load and had to respond with increased
tubular reabsorption or excretion.

The partial nephrectomy model has often been used to investigate chronic
renal disease. Rats deprived of more than five sixths of their kidney mass
invariably develop glomerulosclerosis and progressive renal failure (SHIMAMURA
and MORRISON 1975). Based on this crucial observation, HOSTETTER et al. (1981)
proposed that glomerular hyperfiltration might be responsible for progressive
renal disease. The concept was generalized to cover several types of renal disease
and to explain the final common pathway for deterioration of renal function.
However, in a large number of renal diseases, renal function, measured by
parameters dependent on glomerular filtration, is not as closely related to
structural glomerular changes as to lesions of the tubulointerstitial system
(BoHLE et al. 1987; ScHAINUCK et al. 1970). These apparently divergent facts and
the original ideas and findings of Oliver led us to perform studies on the
occurrence of disconnection between structurally relatively intact renal cor-
puscles and the tubular system (atubular glomeruli). Authors other than Oliver
have assumed the existence of such a disconnection in specific renal diseases,
because they demonstrated either a lack of proximal tubules in traditional histo-
logical sections or their occasional presence by nephron dissection (HEPTINSTALL
et al. 1963; SCHAINUCK et al. 1970).

The atubular glomerulus is deprived of its connection to a proximal tubule.
Perhaps the most correct term would be “atubular corpuscle”, because it is
Bowman’s capsule that is not connected to the proximal tubule. However, in this
chapter, and in accordance with general consensus, the term glomerulus is here
applied for the corpuscle. The atubular glomeruli are difficult to demonstrate and
quantitate. As in other situations involving relationships between structure and
function, quantitative data are of the utmost importance. Although it is possible
in a single section to evaluate whether the interstitial fibrosis is slight, moderate,
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Fig. 1. Perfusion-fixed kidney from
normal rat. Some events are detect-
able only in three dimensions;
here no tubular pole is found in
the glomeruli although the vast
majority or all of the glomeruli
have normal proximal tubules.
PAS, x 80

or severe, these data do not correlate as well with renal function as absolute
values for interstitial fibrosis. Furthermore, in a single section it is not possible to
assess whether many atubular glomeruli are present or not (Fig. 1). Quantitative
data are essential in the discussion of pathogenesis in chronic renal failure.

This chapter covers atubular glomeruli in chronic renal disease and empha-
sizes the importance of quantitative data obtained by stereological or mor-
phometrical methods in the investigation of chronic nephropathy.

2 Methods for Direct Detection of Atubular Glomeruli

The detection of atubular glomeruli requires that the entire capsule of Bowman
be investigated for the presence or absence of tubular connection. The three
methods that have been used are: serial sections, microdissection, and scanning
electron microscopy.
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2.1 Serial Sections

Serial sections through a specimen containing cortical tissue enable the investiga-
tor to estimate by appropriate stereological methods the number or percentage of
atubular glomeruli. It is necessary that the entire capsule of Bowman be included
in the sections to determine whether a glomerulus is atubular or not. The number
of sections required is high because the diameter of a human Bowman’s capsule is
on the order of 140 um. The disector principle makes it possible to sample
without bias and estimate the numer of glomeruli (STErIO 1984). The disector is
a stereological sampling device with which randomly selected sections pairs are
used to count and sample particles (glomeruli). In these correctly sampled
glomeruli the connection between the glomerulus and the proximal tubule can be
investigated, and in the same glomeruli the volume can be estimated using the
Cavalieri principle. The Cavalieri method is based upon the estimation of the
area of the glomerular profile in each section, summation of the areas, and
multiplication of the sum with the mean section thickness, which is then equal to
the volume of the glomerulus.

2.2 Microdissection

Microdissection has been widely used to study single nephrons under normal
conditions and in various chronic and acute renal diseases (BAXTER 1965; BIBER
et al. 1968; Kramp et al. 1974; OLIVER 1953). With this technique, the part of the
nephron that is damaged by the disease process can be identified, and it is
possible to see whether a glomerulus is connected to a normal tubule or an
atrophic tubule, or is atubular. With microdissection it is difficult to sample the
nephrons without bias. If the tubules are atrophic, or if interstitial fibrosis is
present microdissection may be complicated because there is considerable risk of
artificial damage to the nephron due to mechanical manipulation and heavy
maceration with strong acids or enzymes. The identification of glomeruli which
have been disconnected from the tubules is difficult, because the attachment of

the tubule to its corpuscle is weak and may fracture during dissection (OLIVER
1939).

2.3 Scanning Electron Microscopy

The technique of scanning electron microscopy may be used to investigate
Bowman’s capsule for the presence or absence of tubular connection. The major
limitations of this method are the expensive equipment needed, the sampling of
glomeruli, the difficulty in applying stereological methods, and the time required.
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3 Evidence for the Presence of Atubular Glomeruli
3.1 Indirect Evidence

3.1.1 Light Microscopy

It is not possible in ordinary sections to see whether a glomerulus is atubular or
not. However, some hints may be found. If the glomerulus is lying in a severely
fibrotic area with no tubules present, or if the glomerulusis in a tumor-infiltrated
area, the glomerulus may be atubular. In nonfunctioning renal allografts,
glomeruli can be seen lying closely together surrounded by interstitial tissue
where tubules are no longer detectable (BoHLE et al. 1989b). After single nephron
obstruction, glomerular changes develop more slowly than the atrophy of the
tubules; this shows that the glomerulus can exist despite severe atrophy of its
connected tubule (TANNER et al. 1989). Also in renal cell carcinomas and other
renal tumors, glomeruli are sometimes surrounded by tumor tissue where no
tubules are seen, indicating that these glomeruli are atubular.

3.1.2 Enzyme- and Immunohistochemistry

Enzyme histochemistry is used to localize different tubular enzymes and to
identify different tubular segments (BURSTONE 1962; JACOBSEN et al. 1967). These
relatively simple stains have provided useful information regarding pathogenetic
mechanisms, and the stains can be used to localize the target of injury (Howig
et al. 1990; IvANYI and OLSEN 1991; MARCUSSEN 1991; SCHERBERICH et al. 1989).
ScHERBERICH et al. (1989) have demonstrated by immunohistochemistry in
end-stage chronic renal failure the existence of apparently enlarged glomeruli
with increased enzyme activity surrounded by a completely destroyed tubular
apparatus and fibrotic tissue. In cisplatin-induced nephropathy, after repeated
staining of tubular enzymes only scattered clusters of intact staining tubules were
found (MaRcCUSSEN and JACOBSEN 1992). Because no sclerotic glomeruli were
found, these findings may indicate the presence of atubular glomeruli.

3.1.3 Functional Investigations

Raaschou noted that the inulin clearance fell in cases of chronic, nonobstructive
pyelonephritis, although autopsy revealed completely intact glomeruli
(RaascHOU 1948). A poor correlation exists in various renal diseases between
glomerular abnormalities and functional impairment, and SCHAINUCK et al.
(1970) suggested, as one of several explanations, that atubular glomeruli might
be present. In experimental chronic pyelonephritis in the rat the single nephron
glomerular filtration rate has been found to be similar in diseased kidneys and in
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control kidneys, whereas the glomerular filtration rate was decreased in the
pyelonephritic kidneys (LUuBOwITZ et al. 1969). A selection bias for the sampling
of nephrons may quite likely be present in such a study, but it does provide some
evidence that the number of functioning nephrons is decreased. In rats with
chemically induced chronic renal failure investigated by microdissection and
micropuncture some nephrons had no filtration, and totally atrophic tubules
were found attached to normal appearing glomeruli (Kramp et al. 1974). Atleast
functionally, this study also indicated the presence of atubular glomeruli.

DAMADIAN et al. (1965) investigated the presence of nonfunctioning, non-
urine-forming nephrons in pyelonephritic kidneys in the dog. A double-marker
technique was used for the simultaneous in vivo detection of glomerular perfu-
sion and glomerular filtration. In the dogs 6-31% of the perfused glomeruli did
not filter. In two of the dogs with pyelonephritis, microdissection of nephrons
was performed and showed many glomeruli without tubular attachment. The
authors concluded “‘that routine histologic examination of the diseased kidney
cannot distinguish accurately between nephrons that contribute to urine forma-
tion and those that do not.” In lithium-treated rats it was suggested that the
decrease in the effective filtration fraction was caused by the presence of atubular
glomeruli (CHRISTENSEN et al. 1992).

3.2 Direct Evidence

3.2.1 Stereological and Morphometrical Methods

Atubular glomeruli have been demonstrated in both man and animals with the
use of serial sections (Table 1). Kidneys from 11 patients with chronic pyeloneph-
ritis were investigated by stereological methods (MARCUSSEN and OLSEN 1990).

Table 1. The percentages of atubular glomeruli and of glomeruli with normal proximal tubules in
experimental and human chronic nephropathies

Atubular Glomeruli with
glomeruli normal proximal
(%) tubules
(%)
Lithium nephropathy in rats (Marcussen et al. 1989) 36.1 +£13.5% 48.1+19.0

Cisplatin for 10 weeks (Marcussen and Jacobsen 1992) 35.3413.7 27.7+15.7
Cisplatin for 10 weeks followed by 10 weeks without

(Marcussen and Jacobsen 1992) 40.4 +18.2 28.74+22.2
Human chronic pyelonephritis (Marcussen and Olsen

1990) 354+19.6 499+ 264
Human renal artery stenosis (Marcussen 1991) 52.04+19.2 8.1+13.1
Human long-term diabetes mellitus (Marcussen 1992) 8.8 +15.2 57.1+31.0
Normal human kidneys (Marcussen 1991) 25+48 959+5.8

*Values and mean +SD.
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Glomeruli with little or no sclerosis were sampled without bias by the disector
and followed in serial sections. Only 50% of the glomeruli were connected to
normal proximal tubules, 35% were atubular, and the remaining 15% were
connected to atrophic tubules. In the controls fewer than 3% of the glomeruli
were not connected to normal proximal tubules. In areas of the kidneys with the
most severe degree of fibrosis the number of atubular glomeruli was greatest.
A negative correlation was found between the percentage of glomeruli without
connection to normal proximal tubules and the volume fraction of proximal
tubules.

In renal artery stenosis atrophy of the tubules takes place, whereby the
glomeruli appear crowded in normal histological sections (HEPTINSTALL 1983).
Using serial sections, the percentage of atubular glomeruli in 15 kidneys with
stenosis of the renal artery was 52%, whereas only 8% were found to be connected
to a normal proximal tubule; the remaining 40% were connected to an atrophic
tubule (MARCUSSEN 1991).

Diabetic nephropathy has been investigated with regard to the presence of
atubular glomeruli (MARCUSSEN 1992). Ten kidneys from patients with pro-
teinuria and moderately clevated serum creatinine and seven kidneys from
patients on dialysis were examined. Only glomeruli with no or slight glomerulo-
sclerosis were sampled. In three of the kidneys from the dialysis group the
glomerular sclerosis was so diffuse that these kidneys had to be excluded from
further study. In the four kidneys from the group of patients on dialysis that were
investigated, 14% of still-open glomeruli had not tubular connection. The ten
kidneys from patients with comparatively well preserved function had 8-9%
atubular glomeruli; a figure not significantly different from the 2—3% found in the
controls. In the two groups, the volumes of glomeruli connected to atrophic
tubules and of atubular glomeruli were lower than the volumes of the glomeruli
with normal proximal tubules. The volume fractions of tubules were decreased
and the relative interstitial volume increased, compared with the controls in both
groups. The relative volumes were most increased, as expected, in the group on
dialysis.

Atubular glomeruli have been demonstrated in different tubulointerstitial
diseases in experimental animals. In rabbits with pyelonephritis, the proximal
tubules had either disappeared or become atrophic and many tubules consisted
only of a thickened basement membrane. Glomeruli had either a normal
histological appearance or showed a dilated capsular space (HEPTINSTALL and
GoORRILL 1955). Bowman’s membrane was frequently thickened. In some kidneys
6—7 months after initiation of pyelonephritis there were few glomerular changes,
despite heavy loss of tubules (HEPTINSTALL et al. 1960). In another study, kidneys
from rabbits were investigated by histology and microdissection 6 months after
induction of pyelonephritis. Proximal tubules were not seen, and only a few
collecting tubules were present. The glomerular changes varied from very small
changes in the tuft to complete hyalinization (SHIMAMURA and HEPTINSTALL
1963). Nephron dissection revealed that the glomeruli had no attached proximal
tubules, apart from short, thin strands seen on occasional glomeruli. Many
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microdissected collecting ducts were also found to end blindly. By serial section-
ing as well many glomeruli from rats who had had chronic pyelonephritis for
6 months were found to be without tubular connection (HEPTINSTALL et al.
1963).

In lithium-induced nephropathy in rats the atubular glomerulus was inves-
tigated by serial sectioning (MARCUSSEN et al. 1989, 1990, 1991). When lithium
was given to newborn rats for 8—16 weeks, about 35-40% of the glomeruli
became atubular and only one third were found to be connected to normal
proximal tubules (MARCUSSEN et al. 1989, 1991). The atubular glomeruli were
characterized by small volumes, amounting to only about one third of the
glomerular volume in control rats (Table 2). By contrast, the glomeruli connec-
ted to normal proximal tubules in lithium-treated animals were hypertrophic
(Fig. 2). A third of the glomeruli were seen to be connected to atrophic tubules.
The volumes of glomeruli connected to such atrophic tubules were in general
slightly larger than the atubular glomeruli (MARCUSSEN et al. 1991).

In cisplatin-induced nephropathy in adult rats the percentage of atubular
glomeruli correlated with the total dose of cisplatin when cisplatin was adminis-
tered in repeated doses (MARCUSSEN and JACOBSEN 1992). After a total of
20 mg/kg body weight of cisplatin, administered over 10 weeks, 35% of the
glomeruli were found to be atubular. The percentage of atubular glomeruli
increased only slightly when the rats were followed up for a further 10 weeks
without administration of cisplatin (Table 1).

Table 2. The volumes of the different types of glomeruli in experimental lithium and cisplatin
nephropathy

Volume of all Volume of Volume of
glomeruli atubular glomeruli with
(10° pm®) glomeruli normal proximal
(10° pm®) tubules (10° pm®)
Lithium for 8 weeks followed
by 8 weeks without
(Marcussen et al. 1991) 0.64 4+ 0.08 0.24 +0.08 1.04+0.21
Lithium for 8 weeks followed
by nephrectomy
(total duration 16 weeks)
(Marcussen et al. 1991) 0.62+0.12 0.24+0.07 1.78 £ 1.05
Cisplatin for 10 weeks
(Marcussen and Jacobsen 1992) 0.89+0.11 0.68 +0.11 1.27+0.23
Cisplatin for 10 weeks followed
by 10 weeks without (Marcussen
and Jacobsen 1992) 0.85+0.24 0.61+0.14 1.33+0.33

Values are means +SD.
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Fig. 2. Kidney from a rat treated with lithium from time of birth for 8 weeks, uninephrectomized and
followed for 8 additional weeks. Two hypertrophic glomeruli are seen. Many small glomeruli (likely
atubular) were present. PAS, x 250

3.2.2 Microdissection

The presence of the atubular glomerulus was demonstrated in 1939 by OLIVER,
based on microdissection studies of human kidneys (OLIVER 1939). Some of the
glomeruli described by Oliver had an avascular tuft, and some were described as
small. Oliver also emphasized the heterogeneity of the nephrons and aglomerular
tubules in chronic renal disease (OLIVER 1950; OLIVER et al. 1941). HEPTINSTALL
and co-workers (1963) also demonstrated the presence of atubular glomeruli
using microdissection, as described earlier. They also measured seven enzymes
by histochemistry in microdissected control glomeruli and glomeruli from
pyelonephritic scars; no difference in enzyme staining intensity was found. The
atubular glomeruli from pyelonephritic scars, however, had higher DNA con-
centration, indicating cytoplasmic shrinkage rather than cellular loss.

3.2.3 Scanning Electron Microscopy

GiBsON et al. (1993) have used this technique to investigate the glomeruli and
Bowman’s capsule in glomerular cysts. He found that the atubular glomeruli
consisted mainly of an atrophic tuft in a severely dilated Bowman’s capsule. In
Bowman’s capsule, the authors often noted proteinaceous material and saw that
parietal podocytes frequently lined the wall of the cysts; this is partly in contrast
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to the normal glomerulus, where the podocytes preferentially are found close to
the vascular pole (GIBsON et al. 1992).

4 The Atubular Glomerulus

4.1 Light-Microscopic Features

The atubular glomerulus has open capillaries, but some atubular glomeruli may
have narrow capillaries. The atubular glomeruli showed no alterations after
hypertension in the rat (HEPTINSTALL et al. 1963). This is in contrast to the
normal glomerulus, where nodular lesions have been described. No glomerular
sclerosis was found in studies of atubular glomeruli in lithium-induced and in
cisplatin-induced chronic nephropathy, where rats were treated with either of
these drugs for up to 16 weeks.

No signs of damage were found in the juxtaglomerular apparatus in the
atubular glomeruli in rat kidneys with experimental pyelonephritis or in
glomeruli whose tubular continuity had been interrupted by localized traumatic
lesions to the renal papilla (TRIBE and HEPTINSTALL 1964). Following adrenalec-
tomy, the juxtaglomerular apparatus in the atubular glomeruli was capable of
hyperplasia.

When lithium-treated rats received a high-protein diet, or when nephrec-
tomy of the contralateral kidney was performed, atubular glomeruli were not
able to respond to this extra load with an increase in glomerular volume
(MARCUSSEN et al. 1991). Only glomeruli connected to normal proximal tubules
were able to respond in this way.

4.2 Stereological Parameters Including Capillary Numbers

At the light-microscopic level the main stereological parameters that have been
investigated in kidneys where atubular glomeruli are present include the
glomerular volume and the number of capillaries. Investigations have also been
performed in the interstitium and tubules. Changes in the tubules and inter-
stitium are of course of the greatest importance in the investigation of atubular
glomeruli, and some of these results will be dealt with later.

In lithium and cisplatin nephropathy the glomerular volumes have been
estimated. The disector was used for the sampling of glomeruli and the Cavalieri
principle for the estimation of individual glomerular volumes. With the same
serial sections it was investigated whether Bowman’s capsule was connected to
a normal proximal tubule or not. From the volumes of individual glomeruli, the
mean volume of normal glomeruli, atubular glomeruli, or hypertrophic
glomeruli were calculated. In lithium nephropathy, the distribution of
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glomerular volumes revealed that all the small glomeruli were either atubular
or connected to an atrophic tubule, and the large ones were all connected to
a normal-appearing proximal tubule (Fig. 3). The atubular glomeruli had a
volume about one third that of glomeruli in the controls. The hypertrophic
glomeruli (connected to normal proximal tubules) had a volume up to five times
normal values (Fig. 3). Nephrectomy and high-protein diet also increased the
volume of glomeruli with normal tubular connections (Fig. 4). The volumes of
atubular glomeruli in cisplatin nephropathy were about half those of control
glomeruli. No hypertrophy of glomeruli with normal attachment to tubules was
seen in the cisplatin-treated group. The number of glomeruli in cisplatin- induced
nephropathy was not different from the number found in untreated rats. In
cisplatin- and lithium-treated rats the decrease in proximal tubules and the
increase in interstitial fibrosis paralleled the increase in the percentage of
glomeruli with no or atrophic tubules (MARCUSSEN 1990; MARCUSSEN and
JACOBSEN 1992).

The mean volume of glomeruli in a group of patients with pyelonephritis and
in a control group was not significantly different. A much larger variation of the
glomerular volumes was found in the pyelonephritic kidneys, and glomeruli
without connections to normal proximal tubules had only half the volume of
those connected to normal tubules (MARCUSSEN and OLSEN 1990). The mean
volume of the atubular glomeruli in renal artery stenosis in man was only half of
that of glomeruli with normal attachments to proximal tubules (MARCUSSEN
1991). The mean number of glomeruli was estimated in six kidneys with renal
artery stenosis at 441 000 £ 194000 and in eight controls at 564 000 + 225 000;
differences were not statistically significant.

An unbiased stereological method based on the topological definition of
a capillary may be used to estimate the number of glomerular capillaries
(NYENGAARD and MARCUSSEN 1993). In lithium nephropathy, the method was
used to estimate the glomerular capillary number in glomeruli with no or
atrophic tubules, in hypertrophic glomeruli connected to normal proximal
tubules, and in control glomeruli. The estimation was done on 1-um serial
sections. On the same sections other stereological parameters were estimated as
well. The mean number of capillaries in normal, hypertrophic, and atrophic
glomeruli was 188 + 26 (4 SD), 271 + 32, and 65 + 12, respectively (MARCUSSEN
et al. 1994). The total length of the capillaries per glomerulus was increased in
hypertrophic glomeruli and decreased in atrophic glomeruli compared with
normal glomeruli. The mean capillary length 0f 48.3 + 3.7 pmand 53.0 4 11.3 um
in the hypertrophic and atrophic glomeruli, respectively, was significantly higher
than the41.0 + 4.6 um in the controls. This study demonstrates that hypertrophy
of glomeruli takes place primarily by increase in the number of capillaries. The
atubular glomeruli have a significantly lower capillary number, which could be
due to atrophy or simply lack of development of these glomeruli. This last
possibility exists, because the rats were treated with lithium from time of birth,
and in the normal rat the capillary number per glomerulus is much lower at time
of birth than later in its life (NYENGAARD 1993).
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Fig. 4. Mean volume of glomeruli (vV) connected to normal proximal tubules in control rats (C) and
in rats treated with lithium for 8 weeks from time of birth (Li). HP, rats received a high-protein diet
from week 9 to 16; Nx, uninephrectomy at 8 weeks of age. The rats were followed up to 16 weeks of
age. (Data from Marcussen et al. 1991)

4.3 Electron-Microscopic Features and Morphometry at the EM Level

Ultrastructurally, the atubular glomeruli in the lithium-treated rats seemed to
have an increase in the mesangium and somewhat smaller capillary lumina, and
the nuclei of the endothelial cells were in a more peripheral position than in the
normal glomeruli, where the nuclei of the endothelial cells are positioned along
the mesangial part of the capillary wall (Fig. 5). The urinary space was dimin-
ished. In some parts of the capillary loops the basement membrane seemed to be
thickened and it appeared wrinkled in other parts. Ultrastructural morphometric
investigation confirmed that the atubular glomeruli had increased volume
fractions of mesangium, peripheral basement membrane, and epithelial cells.
The absolute quantities were decreased, however, due to the decreased volume of
these glomeruli (MARCUSSEN et al. 1990). The mean cross-sectional area of the
capillaries was 40 um? in the controls and 24 pm? in atubular glomeruli. The
mean thickness of the peripheral basement membrane was increased by 31% in
the atubular glomeruli. The foot processes had a normal mean width, but their
distribution was abnormal with loss of the normal bimodality of the curve. In
contrast, the relative volumes of mesangium and basement membrane were
normal in the hypertrophic glomeruli. The relationships between changes in

<
Fig. 3. Distribution of glomerular volume in lithium nephropathy in rats. Newborn rats were treated
with lithium for 8 weeks; thereafter they were nephrectomized or received a high-protein diet for an
additional 8 weeks (right column). Non-lithium-treated rats represented in left column. Open
histograms, show distributions of volumes of atubular glomeruli or glomeruli connected to atrophic
proximal tubules; hatched histograms, show distributions of volumes of glomeruli connected to
normal proximal tubules. Arrows, mean glomerular volume for all glomeruli. (Reproduced with
permission from Marcussen et al. 1991)
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Fig. 5. Ultrastructural appearance of atubular glomerulus. x 3000

different structures was stereologically estimated as coefficients of isomorphic
change (MARCUSSEN et al. 1990). The estimation of these coefficients revealed
that in the hypertrophic glomeruli the peripheral filtration surface and capillary
length were increased proportional to the increase in glomerular volume, where-
as the atubular glomeruli showed a disproportionately large decrease in these
structures. The disproportionate changes in the atubular glomeruli might be
explained by the atubular glomeruli having no used for their filtration surface.

4.4 Pathogenesis of the Disconnection

The formation of atubular glomeruli must be due to tubular atrophy or destruc-
tion, although in lithium-induced nephropathy a developmental defect might be
responsible, since in this model the toxic agent is administered in the immature,
developing kidney. It is also likely that in kidneys of adult rats with toxic-induced
injury the destruction of specific segments of the tubules is followed by retro-
grade tubular atrophy and breakdown, leading to the formation of atubular
glomeruli. This was clearly illustrated by enzyme histochemical staining in the
rats with cisplatin nephropathy, where the primary destruction of tubules after
administration of two doses of cisplatin (4 mg/kg body weight) took place in the
outer stripe of the outer medullary zone (MARCUSSEN and JACOBSEN 1992). After
more doses of cisplatin the staining for tubular segmental markers (enzymes)
became weak or absent in more proximal parts of the proximal tubules (Fig. 6),
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and after ten doses the tubules were severely decreased and only scattered clusters
of tubular profiles showing enzyme staining were visible. These clusters of
stained tubular profiles probably represented a few intact nephrons. The changes
were accompanied by interstitial fibrosis. The changes involved the entire cortex,
but the inner cortex was most severely affected; only 29% of the glomeruli were
connected to normal proximal tubules in the inner one third of the cortex,
compared with 48% in the outer one third of the cortex.

By light and electron microscopy and microdissection it was demonstrated
that one day after blocking of the proximal tubule with wax all the proximal cells
distal to the block were injured (EvAN et al. 1986). Atrophy of the tubules was
seen 1 month after obstruction. The atrophy might be either due to a changed
distribution of blood to the blocked tubule, causing local hypoxia, or disuse
atrophy by interruption of normal activity. The proximal part of the blocked
tubule also showed atrophic changes, but they developed more slowly than the
distal changes (TANNER et al. 1989).

The mechanism by which glomerular cysts arise in kidneys in patients on
chronic dialysis have been explained as tubular occlusion with fibrous thickening
of Bowman’s capsule (OGATA 1990). The tuft was described to disappear with
increasing size of the cyst. However, it is important to realize that with increasing
cyst size a small tuft will be seen in only a few sections, and in most sections
through the cysts it will not be present. Serial sections are therefore required to
prove the disappearance of the tuft.

Another possibility is that the primary injury is followed by interstitial
changes, which could lead to focal ischemia and tubular atrophy. In human and
experimental chronic pyelonephritis, Heptinstall suggested that the tubular
destruction was the consequence of direct action of the causative micro-organism
and associated inflammatory response (HEPTINSTALL et al. 1960; HEPTINSTALL
1983). Ischemia may also play a significant role, since renal artery stenosis is
associated with severe tubular atrophy. In stenosis of the renal artery the tubular
loss with “formation” of atubular glomeruli is due to ischemia affecting predomi-
nantly the proximal tubules (MARCUSSEN 1991). It is interesting, however, that in
renal artery stenosis and in other diseases including primary glomerulonephritis
a significant element of tubulitis is often found (IVANY et al. 1994). By tubulitis is
understood the presence of inflammatory cells in the tubular wall. Tubulitis was
originally described in acute pyelonephritis, acute interstitial nephritis, and acute
renal allograft rejection. In renal artery stenosis, diabetic nephropathy, and IgA
nephritis tubulitis is found predominantly in atrophic tubules (IVANYI et al.
1994). The tubular atrophy and interstitial inflammation is thought to be due to
ischemia in nontubulointerstitial diseases (SiLva and HoGG 1989). Thus, tubuli-
tis may, in renal artery stenosis, IgA nephritis, and diabetic nephropathy, be
related to the ischemia, but it may also by itself lead to destruction of the tubules.
It is more obvious that affected tubules may be destroyed by tubulitis in acute
pyelonephritis and in acute allograft rejection. The importance of tubulitis for
the glomerulo-tubular disconnection needs to be investigated further. Research
mto the relationship between the intertubular capillaries and the tubules may add
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further to the knowledge of pathogenetic factors in the development of tubular
atrophy (and the formation of atubular glomeruli).

5 Other Lesions in Chronic Nephropathy
and Their Relation to Decreased Renal Function

5.1 Glomerular Lesions

Glomerulonephritis and diabetic nephropathy are common causes of glomerular
injury. In several different types of glomerulonephritis no correlation has been
described between the glomerular lesion and the glomerular filtration, and often
renal failure is not present even in cases with quite marked changes in the
glomeruli (BoHLE et al. 1977, 1989b; FiscHBACH et al. 1977; MUEHRKE et al. 1957;
RisDON et al. 1968; ROSENBAUM et al. 1967; SCHAINUCK et al. 1970; WEHRMANN
etal. 1990). Only in the final stage of glomerulonephritis with widespread
glomerulosclerosis is the renal function decreased due to the lower number of
functioning glomeruli.

Progressive glomerular injury has been studied in models of partial nephrec-
tomy, in which one kidney and a part of the remaining kidney were removed.
After 3/4 or 5/6 ablation in rats most of the animals developed hypertension,
arteriolar lesions, and uremia accompanied by focal and later diffuse glomerular
sclerosis (KoLETSKY and GoobsIT 1960; Woob and ETHRIDGE 1933). Ultrastruc-
turally, mesangial matrix increase was seen, eventually obliterating the capillary
lumens (SHIMAMURA and MORRISON 1975). The extent of proteinuria and
glomerulosclerosis was correlated with the amount of kidney mass removed
(HosTETTER et al. 1986). In a normotensive rat kidney model no glomerulosclero-
sis was present although significant proteinuria occurred, which is in accordance
with the findings that proteinuria may take place from structurally intact
glomeruli (BINDANI et al. 1990; YosHIOKA et al. 1988). In studies on lithium-
induced or cisplatin-induced chronic nephropathy, no glomerulosclerosis has
been demonstrated up to 20 weeks after the beginning of treatment (MARCUSSEN
1990; MARCUSSEN et al. 1989, 1991; MARCUSSEN and JACOBSEN 1992). When one
is evaluating glomerulosclerosis in experimental models, it should also be taken
into consideration that most rat strains do develop glomerulosclerosis with
ageing (Couser and STILMANT 1975), and that the severity of glomerulosclerosis
may be different in male and female rats and from one rat strain to another
(GroND et al. 1986; HOEDEMAEKER and WEENING 1989). In human beings the

>

Fig. 6. Kidneysfrom normal rat (right), from rat treated with cisplatin for 6 weeks (middle), and from
rat treated with cisplatin for 10 weeks (lef?). Sections are stained for succinate dehydrogenase (SDH),
an enzyme that stains the entire nephron with some segmental differences in the normal kidney. In the
6-week group destruction of the S,-segment of the proximal tubules is noted, whereas in the 10-week
group only scattered clusters of tubules stain. SDH, x 15
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percentage of sclerotic glomeruli is small up to the age of 50-60 years (KAPLAN
et al. 1975; KaPPEL and OLSEN 1980; SmitH et al. 1989). The glomerular volumes
have a larger variation in many experimental and human tubulointerstitial
diseases and in kidneys with adriamycin-induced glomerular changes than in
the normal kidney (MARCUSSEN et al. 1989, 1991; MARrRcCUsSEN 1990, 1991;
MARCUSSEN and JACOBSEN 1992; REMuUZzI et al. 1990).

Compensatory hypertrophy of the remaining renal tissue after renal ablation
has been described, including overall hypertrophy of the glomeruli (LOMBET et al.
1989; MARCUSSEN et al. 1991; OLIVETTI et al. 1977; SEYER-HANSEN et al. 1980,
1985). A circulating “renotropin’ has been proposed to mediate the renal hyper-
trophy (MALT 1983; YosHIDA et al. 1989). Factors other than the “renotropin’
could be of importance in the chronically diseased kidney.

5.2 Tubular, Interstitial, and Vascular Lesions

Glomerular sclerosis has not often been considered an important component of
the decreased renal function. SMITH (1951) noted that in chronic pyelonephritis
““the histological preservation of the glomeruli is not a reliable sign of function;
patients may die in uraemia with completely normal-appearing glomeruli.”
Oliver used microdissection and showed that the tubular population in chronic
renal disease is very heterogeneous (OLIVER 1939; OLIVER et al. 1941). Some
tubules were greatly enlarged in diameter, while others were atrophic. The same
changes did not necessarily extend throughout the entire length of the nephron.
Both large and small glomeruli were found connected to atrophic tubules.
Aglomerular tubules of all sizes, from long hypertrophic and hyperplastic units
to short small ones, were also described by OLIVER (1939). Kramp et al. (1974)
investigated rat kidneys 3-4 weeks after injection of potassium dichromate and
mercuric chloride. Using microdissection they demonstrated that atrophy was
found in some proximal tubules and hypertrophy and hyperplasia in others.
A combination of these alterations was found in many of the proximal con-
volutions of individual nephrons. The single nephron glomerular filtration rate
showed very heterogeneous values.

In 70 patients with various, mainly glomerular diseases a good correlation
was found between the decreased glomerular filtration rate and changes in the
tubules and interstitium, regardless of the basic disease in the kidneys, but there
was a poor correlation between a score for glomerular disease and insulin
clearance (ScHAINUCK etal. 1970). This close relationship between tubulo-
interstitial changes and renal function has been demonstrated in many different
renal diseases, such as minimal change disease, membranoproliferative
glomerulonephritis, membranous glomerulonephritis, proliferative glomeru-
lonephritis, IgA nephritis, and diabetic glomerulopathy (BADER et al. 1980;
FiscuBacH et al. 1977; JEPSEN and MORTENSEN 1979; MACKENSEN-HAEN et al.
1988).
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Also in experimental chronic nephropathy, interstitial fibrosis and tubular
atrophy have been considered a major factor in the decreased renal function. In
partially obstructed kidneys in pigs, electron microscopy revealed that the
proximal tubules had a reduced volume of mitochondria per millimeter of
tubular length and a reduction in the surface density of basolateral interdigita-
tions (M@LLER 1986; M@LLER et al. 1986). At an early stage, no changes were seen
in the relationship between tubules and peritubular capillaries and no interstitial
fibrosis. When the hydronephrosis became more severe the proximal tubules
became more simplified ultrastructurally, and an increasing separation of tubu-
les and peritubular capillaries due to interposition of interstitial tissue was seen.
In experimental pyelonephritis in the rat and the rabbit the tubular atrophy was
pronounced, with loss of most proximal tubules, but in most areas normal-
appearing glomeruli were present (HEPTINSTALL et al. 1960, 1963; HEPTINSTALL
and STRYKER 1962; SHIMAMURA and HEPTINSTALL 1963). The interstitium con-
tained chronic inflammatory cells and in the later stages was fibrotic.

The description of tubulitis in other chapters of this book as a significant
factor in many renal diseases is relatively new. Tubulitis may lead to tubular
destruction and to the formation of atubular glomeruli, but in acute interstitial
nephritis lymphocytes are often present between normal-appearing tubular
epithelial cells, and only later does destruction of the basement membrane take
place (OLSEN et al. 1986). The grade of tubulitis seems mainly to depend mainly
upon the interstitial infiltration, whereas the degree of fibrosis does not seem to
contribute significantly to the severity of tubulitis (IVANYI et al. 1994).

In rabbits who were fed lithium for 12 months the glomerulosclerosis
occurred later than the tubulointerstitial changes. In rats a significant reduction
in renal function was found after lithium treatment for 8 or 16 weeks after birth.
In these rats the volume and the length of proximal tubules were reduced by
about 60% and the volume of interstitial tissue increased by up to ten times
normal values (CHRISTENSEN et al. 1982; OTTOSEN et al. 1984).

Progressive renal changes were found after repeated doses of cisplatin,
accompanied by reduction in volume and length of proximal tubules and an
increase in fibrosis compared with controls (MARCUSSEN 1990; MARCUSSEN and
JacosseN 1992) (Fig. 7). After termination of injections of cisplatin, the volume
of interstitial fibrosis remained unchanged, whereas the volume of proximal
tubules decreased, further indicating that the tubular changes may progress
without a further increase in fibrosis.

The S, segment of the proximal tubule is particularly susceptible to ischemic
injury (VENKATACHALAM et al. 1978). In renal artery stenosis the atrophy and
disappearance of tubules seems to affect mostly the proximal tubules
(MarcusseN 1991). This has been demonstrated by immunostaining for epi-
thelial membrane antigen (EMA); the majority of the atrophic tubules were
positive for EMA, indicating origin from distal convoluted or straight tubules or
collecting ducts (Fig. 8).

Between atrophic tubules, clusters of hypertrophic nephrons with increased
concentration of tubular and glomerular marker proteins can be seen in end-
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Fig.7. Cisplatin nephropathy after 10 weeks of cisplatin treatment. Cysts, tubular dilation, atrophy
of tubules, and increased interstitium are noted. PAS, x 60

Fig. 8. Epithelial membrane antigen (EMA) staining of human kidney with stenosis of the renal
artery. The tubules are atrophic and the majority stain wih EMA. This indicates that the atrophic
tubules are of distal origin. PAS counterstain, x 300
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stage renal disease. This indicates that the susceptibility of tubules and glomeruli

to injury is variable, and some nephrons may escape destruction (SCHERBERICH
et al. 1989).

6 The Importance of Atubular Glomeruli for Chronic Renal Failure

Atubular glomeruli cannot contribute to the formation of urine. A minute
ultrafiltration could, however, be suggested as an explanation for the obvious
dilation of Bowman’s capsule in some atubular glomeruli in chronic neph-
ropathies, such as renal artery stenosis and cisplatin-induced nephropathy in
rats. The atubular glomerulus has open capillaries and may function as a vascu-
lar shunt, delivering blood td the intertubular capillary network. In this way the
atubular glomeruli could contribute to the continuous function of the remaining
intact nephrons.

Atubular glomeruli may provide an important explanation for the continu-
ous decline in renal function in many chronic renal diseases. The presence of
atubular glomeruli shows that factors other than glomerular sclerosis may
explain the decline in kidney function. Atubular glomeruli also provide a good
explanation for the correlation between the reduced volume and length of
proximal tubules and the increased interstitial volume, on the one hand, and the
reduced renal function on the other. The destruction and atrophy of proximal
tubules lead to formation of atubular glomeruli. A relationship may then exist
between atubular glomeruli and tubular atrophy if the glomerular alterations are
only limited. Plasma urea correlated with the reduction in proximal tubules and
with the increase in interstitial tissue (OTTOSEN et al. 1984). The percentage of
glomeruli connected to normal proximal tubules was negatively correlated with
the decrease in renal function measured by plasma urea or plasma creatinine
(MARCUSSEN et al. 1989, 1991). However, the volume of interstitial fibrous tissue
was also significantly related to the decrease in plasma creatinine when inves-
tigated using multiple regression analysis. The most significant correlations have
been found between the percentage of glomeruli with normal proximal tubules
and serum creatinine, and not between the proportion of atubular glomeruli and
serum creatinine. This finding may be interpreted in the following way: Although
a significant proportion of glomeruli are connected to atrophic tubules (Fig. 9),
and thus theoretically may deliver some ultrafiltration, their contribution to the
renal function is negligible and comparable to the function in atubular glomeruli
(MARCUSSEN et al. 1991).

The atubular glomeruli may also explain the irreversibility of many chronic
renal diseases. In renal artery stenosis their presence may have a special implica-
tion. In kidneys with stenosis of the renal artery, restoration of normal blood
supply to the stenotic kidney is not always followed by improved renal function
(Barasaset al. 1967; TExToR 1984).The irreversible cases are often seen when the
renal changes are severe and may be explained by the presence of atubular
glomeruli (MARCUSSEN 1991).
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Fig. 9. Glomerulus connected to severely atrophic tubule in kidney from a rat treated with cisplatin
for 10 weeks. Toluidine blue, x 750

It has not yet been proven that more atubular glomeruli are formed after
termination of the initial disease process. If additional atubular glomeruli are
formed, this may provide a direct explanation for the progression of chronic
renal failure. It might, however, be difficult to demonstrate formation of extra
atubular glomeruli, because many disease processes have an element of inflam-
matory reaction that does not stop when the initiating mechanism is removed.
The present data show that when the disease is severe many atubular glomeruli
are present. These findings have lead to the proposal of the following mechan-
isms to explain the progression of chronic renal failure (MARCUSSEN 1992): In
primary glomerular diseases (glomerulonephritis, diabetic glomerulopathy), and
perhaps also renal ablation and hypertension, the primary disease process or
glomerular hyperfunction and hypertrophy are responsible for the progressive
glomerulosclerosis, leading to continuous deterioration of renal function. An
additional contribution to the progression of renal failure in these diseases may
be tubulointerstitial changes. In nonglomerular diseases (pyelonephritis, toxic
tubulointerstitial nephritis, and ischemic diseases) the primary disease process
affects the tubules and interstitium with the formation of atubular glomeruli.

Some lines of evidence suggest that the atubular glomeruli continue to
function as a shunt in the chronic diseased kidney and therefore are not
eliminated. This conclusion is supported by the findings of atubular glomeruli in
human renal diseases such as chronic pyelonephritis and renal artery stenosis.
Rats treated with cisplatin for up to 12 weeks had nearly normal numbers of
glomeruli and over one third of these were atubular; no sclerotic lesions were



Atubular Glomeruli in Chronic Renal Disease 167

observed in the atubular glomeruli (MARCUSSEN 1990). In lithium-treated rats
only minor ultrastructural changes were found; a fact that might indicate
a continuous increase in the mesangium of the atubular glomeruli. Whether this
mesangial increase leads to glomerulosclerosis is not known (MARCUSSEN et al.
1990). Elimination of atubular glomeruli could take place by continuous shrink-
age of their volume with decreases in capillary size and number, ending in the
collapse of capillaries.

7 The Significance of Atubular Glomeruli for Other Hypotheses
of Chronic Renal Failure

Many hypotheses have been proposed to explain the progression and pathogen-
esis of chronic renal failure. They will be mentioned briefly here, because they
may be of importance for the understanding of the disease process in chronic
nephropathy and may play an additional role along with the atubular glomeruli
and hyperfiltration theories.

7.1 The Intact Nephron Hypothesis

The intact nephron hypothesis was originally proposed by Bricker, who sug-
gested that in chronic renal diseases the majority of nephrons that contribute to
renal function behave as if they were normal, i.e., with preserved glomerulo-
tubular balance (BRICKER 1969; BRICKER and FINE 1981). If structural damage
impairs some glomerular or tubular functions in individual nephrons, there will
be proportional changes in other functions of the same nephrons. MACKENSEN-
HaEeN et al. (1992) found that compensatory hypertrophy in man occurs only
when more than 90% of the glomeruli are hyalinized. This is in contrast to the
intact nephron hypothesis. However, in our own studies of atubular glomeruli in
chronic pyelonephritis and renal artery stenosis, the glomeruli with normal
proximal tubules were larger than atubular glomeruli and often had a larger
volume than the normal glomeruli (MARCUSSEN 1992). The presence of atubular
glomeruli and the distribution of the glomerular volumes in these chronic
nephropathies gives some support to the hypothesis proposed by Bricker.

7.2 Tubulo-glomerular Feedback Mechanism

THURAU and SCHNERMANN (1965) demonstrated that an increased sodium
chloride concentration at the macula densa results in a decrease in the filtration
rate. The progressive interstitial fibrosis in chronic renal failure may lead to
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atrophy of the tubules, with disturbed function and impaired reabsorptive
capacity for sodium chloride (MACKENSEN-HAEN et al. 1981). Due to the tubulo-
glomerular feedback, this would lead to a decrease in filtration. In a later study it
was suggested that the mechanism most likely is active only when slight inter-
stitial fibrosis and tubular atrophy are present (BOHLE et al. 1987). It is possible
that this mechanism is active along with the impairment of renal function due to
the presence of atubular glomeruli.

7.3 Obliteration of Postglomerular Capillaries

Narrowing of the postglomerular capillaries in chronically diseased kidneys due
to increased cortical interstitium may lead to a reduced blood flow in glomeruli
and reduced glomerular filtration rate (BoHLE et al. 1977, 1987). BOHLE et al.
(1987) have suggested that this mechanism is working when the interstitial
fibrosis is severe and that it is an important factor in the decreased renal function
of most glomerulopathies and tubulointerstitial diseases (BOHLE et al. 1989b,
1990). However, morphometrical investigation of chronic obstructive neph-
ropathy has shown that the relative volume of interstitial fibrosis was increased
about three fold before any reduction in the length or surface area of the
capillaries in the cortex was to be found (M@LLER 1986). The obliteration of
postglomerular capillaries may or may not have an impact on the glomerular
filtration. However, it could affect the tubules and their function by increasing
the distance from the tubular cells to the blood supply.

7.4 Glomerular Hyperfiltration

The hypothesis that glomerular hyperfiltration is responsible for the progression
of chronic renal failure is the one most discussed at the moment. It is based on
altered function of the remaining glomeruli, and it suggests that the initial
pathogenetic insults result in a reduced number of functioning glomeruli. The
altered function, including hyperfiltration, and structural compensatory changes
in the remnant glomeruli lead to glomerular damage and to segmental, and later
global glomerulosclerosis (BRENNER et al. 1982; HOSTETTER et al. 1981, 1982;
KrAHR et al. 1988; OLsON et al. 1982).

The development of glomerulosclerosis after renal ablation has been pro-
posed to be due to an increase in glomerular capillary pressure and flow, which
results in an increased accumulation of macromolecules in the mesangium
(OLsonet al. 1982). Epithelial cell defects in the hypertrophic glomeruli may also
play a role (FRIES et al. 1989). SHEA et al. (1978) suggested that glomerulosclero-
sis is a consequence of the glomerular hypertrophy. Others have shown, in rats,
that glomerular damage became apparent only when elevated intracapillary
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pressure and increased glomerular volume were superimposed on hyperfiltration
(TAP1A et al. 1990).

When many atubular glomeruli are present the remaining intact nephrons
may hypertrophy, including the glomeruli. This may theoretically lead to
secondary glomerulosclerosis of the glomeruli connected to normal tubules. This
combination of lesions has not been described in lithium- or cisplatin-induced
nephropathy in short-term studies in rats, but studies of longer duration may
yield different results.

The hyperfiltration mechanism has been proposed to account for the
pathogenesis of glomerulosclerosis in ageing, in renal ablation, and in intrinsic
renal diseases (BRENNER et al. 1982). It should be noted that evidence for the role
of glomerular hyperfiltration comes almost exclusively from studies in rats
(WaALSER 1988). The risk of developing significant deterioration of renal function
after unilateral nephrectomy has been shown to be nil by some authors
(ANDERSON et al. 1991), whereas others have found increased serum creatinine
and mild proteinuria (OLsSON and HEPTINSTALL 1988).

7.5 Tamm-Horsfall Protein

Tamm-Horsfall protein is normally present in the distal straight tubule and the
first part of the distal convoluted tubule (KUMAR and MUCHMORE 1990). The
protein may penetrate into the interstitium in different tubulointerstitial diseases,
for example, infection caused by obstruction and vesicourcthral reflux
(HosTeTTER et al. 1988) and rejecting renal allografts (COHEN et al. 1984). It has
been speculated that Tamm-Horsfall protein is liberated into the systemic
circulation, thereby provoking antibody formation which could promote the
progression of renal disease (HOSTETTER et al. 1988). Whether this mechanism is
related to the presence of atubular glomeruli is unknown.

8 Morphometry in the Investigation
of Atubular Glomeruli and Chronic Nephropathy

Morphometrical or stereological methods have gained importance in the investi-
gation of chronic renal failure and of atubular glomeruli. These methods allow
quantitation of the changes that take place in the chronically diseased kidney.
These changes may then be compared with functional parameters, and important
relationships may be detected. The use of morphometrical methods also provides
us with some information that may not be detected in any other way (GUNDERSEN
etal. 1988a,b). The atubular glomerulus can be identified only using serial
sections, microdissection, or scanning electron microscopy. Determination of
the exact volume of these glomeruli and, especially, of the distribution of the
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glomerular volumes requires unbiased stereological methods. Biased methods
based on measurements of diameter or area of glomeruli may give results that are
erroneous and may lead to wrong conclusions. Investigations of relationships
between different renal structures may also require unbiased methods; an
example might be the investigation of interactions between intertubular capilla-
ries and the tubules. If stereological methods are not used it is impossible to
estimate the number of glomeruli or nephrons in the kidney. In cases with
glomerulosclerosis the counting of the number of glomeruli may prove to be very
important.

9 Summary

The pathological changes in chronic renal failure are heterogeneous and may
depend on the primary disease process. Renal function is better correlated with
tubular and interstitial changes than with glomerular changes detectable in
simple two-dimensional sections.

Atubular glomeruli have been demonstrated in many tubulointerstitial
disorders. They constitute a significant portion of the glomerular population in
some chronic renal diseases. The atubular glomeruli are generally small, but they
have open capillaries and minor ultrastructural changes. The number of capilla-
ries is decreased. Glomeruli connected to normal proximal tubules have volumes
at the normal level or above. They have not been shown to be eliminated.

The presence of atubular glomeruli may explain the correlation between the
volume of proximal tubules and the volume of interstitium, on the one hand, and
altered renal function on the other. The presence of atubular glomeruli could
explain the irreversibility of chronic renal diseases.

It is likely that interstitial fibrosis and tubular atrophy in themselves
contribute to the decrease in renal function of both glomerular and nonglomeru-
lar renal diseases. In glomerular diseases, the glomerular lesion and hyperfiltra-
tion may play the major part in the pathogenesis of the deterioration of renal
function. The available evidence points toward glomerulo-tubular disconnection
as an important and common cause of progression and irreversibility of chronic
renal diseases. It provides a simple explanation for the common observation of
severely reduced kidney function and mostly normal-looking glomeruli—at
least in two dimensions.
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1 Overview

Renal injury in diabetes mellitus is a major cause of morbidity and mortality.
Approximately 30% of patients with type-I (insulin-dependent) diabetes mellitus
(MOGENSEN 1982, 1990; BREYER 1992) and at least 10% of patients with type-1I
(non-insulin-dependent) diabetes mellitus (FABRE et al. 1982) will develop chro-
nic renal failure requiring treatment in an end-stage renal disease program.
Recent large-scale clinical trials have established that the best approach to the
management of these patientsis to detect the condition at an early stage and offer
tight glycemic control (DCCT RESEARCH GROUP 1993) and to treat hypertension
preferably with angiotension-converting enzyme inhibitors (LEwis et al. 1993) in
order to delay the progression of this life-threatening and costly complication of
diabetes.

The stages of progression of diabetic nephropathy are best understood in the
setting of type-I diabetes mellitus, although recent studies in the Pima Indian
community, where type-I1 diabetes mellitus affects a relatively large fraction of
the population, have shown stages of progression of nephropathy similar to
those seen in type-I patients (MYERS et al. 1991). Diabetic nephropathy en-
compasses a host of structural alterations which are characterized by early
hypertrophy of both glomerular and tubuloepithelial elements, thickening of the
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glomerular and tubular basement membranes (GBM and TBM, respectively),
and progressive accumulation of extracellular matrix components, principally in
the glomerular mesangium (HOSTETTER 1986; ZivADEH et al. 1989; FioRETTO €t al.
1992; Z1ivaDEH 1993a). There is no question that the glomerular lesions are of
fundamental importance for the expression of the functional derangements
which characterize the stage of overt diabetic nephropathy, namely frank
proteinuria, hypertension, and the progressive decline in glomerular filtration
rate (GFR) (HOSTETTER 1986; ZivaDEH et al. 1989; Fiorerto et al. 1992).
However, progressive tubulointerstitial fibrosis and renal arteriosclerosis, less
widely recognized lesions, are also important components of diabetic nephro-
pathy because they give rise to important alterations in tubular as well as
glomerular function, and they often contribute singnificantly to the development
of ischemic or obliterative, global glomerulosclerosis and thus to the marked
reduction in GFR (GELLMAN et al. 1959; DECKERT et al. 1986; Z1vADEH and
GOLDFARB 1991; LaNE et al. 1993). In fact, the degree of tubulointerstitial fibrosis
in diabetic nephropathy closely correlates with the magnitude of mesangial
matrix expansion (MAUER et al. 1984) and with the decline in GFR (BADER et al.
1980). Thus, as with many different renal glomerular diseases, the severity of the
accompanying tubular atrophy and interstitial fibrosis is an excellent predictor of
impaired kidney function, measured principally as a reduction in GFR (BOHLE et
al. 1977a,b,c). Therefore, a full understanding of the mechanisms that culminate
in irreversible kidney failure in diabetes mellitus requires a closer look at the
status of the tubulointerstitium in this disease.

Another characteristic abnormality of the tubuloepithelial and interstitial
compartments in the diabetic state in nephromegaly (SEYER-HANSEN 1983;
RascH 1984; KLEINMAN and FINE 1988; FLYVBJERG et al. 1992; Z1ryADEH 1993).
Nephromegaly is an early feature of the involvement of the kidney in this disease
and is predominantly reflective of increased renal tubule mass, mostly as
a consequence of cellular hypertrophy of the tubuloepithelium (SEYER-HANSEN
et al. 1980; RascH 1984). Much of the controversy in the literature on the
pathogenesis of renal hypertrophy in type-1 diabetes relates to whether an
increase in GFR is a casual factor in the genesis of hypertrophy, or whether it is
secondary to a primary increase in glomerular and kidney size (SCHWIEGER and
FINE 1990). The importance of renal hypertrophy in the development of abnor-
malities in kidney function remains unsettled, but it can be speculated that
tubular hypertrophy may contribute to the features of the disease, in a manner
somewhat analogous to the more established relationship between glomerular
hypertrophy and the eventual development of glomerulosclerosis (FoGo and
IcHIKAWA 1989). i

This review will first briefly summarize the functional disturbances that are
thought to occur as a consequence of the tubular lesions in diabetic renal
involvement (Table 1). We will propose the hypothesis that altered tubular
transport and metabolic activity may contribute to the proteinuria in diabetes.
We will explore in detail the structural disturbances of the tubulointerstitial
compartment that characterize diabetic nephropathy, and provide evidence to
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Table 1. Clinical manifestations of the diabetic kidney of nonglomerular origin

Tubular proteinuria
Fluid and electrolyte disorders

Glycosuric osmotic diuresis

Hypoaldosteronism

Type-4 distal renal tubular acidosis

Hypercaiciuria
Obstructive nephropathy associated with neurogenic biadder dysfunction
Radiocontrast-induced nephrotoxic acute renal failure
Papillary necrosis
Pyelonephritis

Bacterial

Fungal

Emphysematous

Xanthogranulomatous

support the contention that interstitial fibrosis plays in important role in the
ultimate expression of renal insufficiency in this disease.

2 Renal Tubular Functional Changes in Diabetes

2.1 Tubular Determinants of Microalbuminuria

Diabetic proteinuria is predominantly the result of increased glomerular filtra-
tion of protein. However, impairment of tubular reabsorption of filtered protein,
as well as the excretion of proteins which originate from the tubular epithelium,
may also variably contribute to the proteinuria (ABRAsS 1984). Impaired tubular
reabsorption not only leads to increased clearance of low-molecular-weight
proteins, but may also be a contributory cause of the early abnormal urinary
excretion of albumin (microalbuminuria) (ABRASs 1984; et al. 1993). This is
because while the renal tubule can reabsorb significant amounts of filtered
albumin via vesicular endocytosis, this capacity may eventually be exceeded.
Thus, although microalbuminuria in early diabetes is generally taken to reflect
the increased leakiness of the glomerular capillary to macromolecular traffic,
recent experimental evidence (TUCKER et al. 1993) suggests that the increased
glomerular filtration of albumin may not become detectable as increased urinary
albumin excretion until the absolute proximal tubular reabsorption of albumin is
decreased with progression of the diabetic state.

Evidence of subtle damage to the renal tubule has been provided by the
finding that the urinary excretion of N-acetyl-f-D-glucosaminidase is markedly
increased in diabetes (MILTENYI et al. 1985; Rowe et al. 1987; GiBB et al. 1989).
This lysosomal enzyme originating from the proximal tubule cell is not filtered by
the glomerulus, but is liberated in the tubular fluid following proximal tubule
injury. Moreover, careful morphological studies have recently demonstrated
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that proximal tubule brush-border height is significantly reduced after 2 months
of diabetes in the streptozotocin-rat model, presumably indicative of decreased
endocytic capacity that requires availability of apical membrane to form lyso-
somes, and this correlates with decreased absolute albumin reabsorption
(Tucker et al. 1993). Thus, while the microalbuminuria of early diabetes may
represent an abnormality in glomerular barrier function and may herald or
signify the presence of glomerular injury, which will inevitably lead to more
substantial degrees of proteinuria and renal functional impairment, altered
tubular handling of protein may also contribute to the development of pro-
teinuria. The role of this abnormality in producing microalbuminuria has not
been fully elucidated; however, such tubular changes could help to explain the
finding that microalbuminuria may be dissociated from specific changes in
glomerular structure in early clinical diabetes mellitus (CHAVERS et al. 1989). The
clinical importance of alterations in the tubular component of protein handling

for the prognostic and diagnostic value of microalbuminuria remains to be
defined.

2.2 Sodium Transport

The induction of diabetes in the experimental animal brings about an adaptive
change in the rates of transport of solutes and water, which maintains the volume
and composition of the extracellular space at a new steady state. Glomerulotubu-
lar balance for sodium and glucose is maintained at a normal setting in the
hypertrophied diabetic kidneys; i.e., a constant fraction of the filtered load of
solute is reabsorbed by the renal tubules (VAAMONDE and PEREZ 1990).

During the first few days of experimental diabetes, excess natriuresis leads to
a negative Na balance (CHRISTLIEB et al. 1979). Renal Na wasting results from
hyperfiltration and the osmotic diuresis of glucose as well as from insulin
deficiency, given the stimulatory effects of insulin treatment on Na reabsorption
in the thick ascending limb (DEFrRONZO et al. 1976; KIRCHNER 1988) and the
proximal tubule (BAuM 1987). When significant ketoacidosis and ketonuria are
present, cations (mainly Na™, K™, NH, ") are needed to accompany the large
amounts of negatively charged ketone bodies excreted in the urine to maintain
electrical neutrality. During this early stage, the contraction of the extracellular
fluid volume stimulates mineralocorticoid secretion which in turn increases Na
reabsorption in the collecting duct thereby serving to minimize Na wasting
(CHRrISTLIEB et al. 1979; WALD et al. 1986; KHADOURI et al. 1987). Additional
renal and extrarenal effector mechanisms are also activated which maintain Na
balance. In fact, as early as 3 weeks after the onset of experimental diabetes, the
Na balance becomes positive and blood volume increases significantly
(CurisTLIEB et al. 1979; WALD et al. 1986; Kuapouri et al. 1987). Increased food
intake, including Na, may also contribute to Na retention in the experimental
animal. Furthermore, hyperglycemia induces an osmotic expansion of the
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extracellular fluid compartment, which partly explains the increase in circulating
blood volume, renal blood flow, and GFR and could contribute to the deleteri-
ous increase in systemic blood pressure that is seen later in the disorder.
Additionally, pathophysiologic responses in tubular transport function in dia-
betes that are linked to, or at least associated with, recognizable structural
changes, including the induction of cellular hypertrophy, represent powerful
renal adaptive mechanisms that contribute to the maintenance of a positive Na
balance. In the proximal tubule, Na reabsorption increases proportionately to
the increase in GFR, thus maintaining glomerular-tubular balance (MOGENSEN
1971; DitzEL and BROCHNER-MORTENSEN 1983; BROCHNER-MORTENSEN et al.
1984). The operation of peritubular Starling forces presumably favors a decrease
in the back-leak of fluid via the paracellular route. Additionally, net transcellular
Na reabsorption is also stimulated, as evidenced by a parallel increase in the
activities of Na/H exchange in the luminal brush-border membrane (HARRIS
et al. 1986) and the Na-K-ATPase in the basolateral membrane (WALD et al.
1986; KHADOURI et al. 1987). Intracellular Na concentration is also significantly
increased, implying that the rate of luminal Na entry exceeds that of basolateral
Na exit (KuMaRr et al. 1988). Microvillus vesicle studies demonstrate that the
activity of Na/H exchange is increased in both streptozotocin and autoimmune
diabetic rats (HARRIS et al. 1986). Additionally, as NaHCO, treatment prevents
this stimulation, it is concluded that the increase in net acid production and
excretion in diabetes likely stimulates the activity of Na/H exchange (HARRIS et
al. 1986). The stimulation of Na-K-ATPase in the proximal tubule occurs as
early as the first 1-2 days following the induction of diabetes and precedes any
detectable hyperfiltration (WALD et al. 1986; KHADOURI et al. 1987). It has been
hypothesized that tubular hypertrophy may result from an activation in cellular
Na transport, such as that due to an increase in Na/H exchange which is
associated with cellular alkalinization (FINE et al. 1985), and/or from an increase
inintracellular Na concentration (KUuMAR et al. 1988). The increased filtered load
of glucose stimulates the entry of glucose and Na into the renal cells, resulting in
an increase in Na concentration. Although the mechanism is entirely conjectural
at this time, it is suggested that the increase in intracellular Na may release stored
Cainto the cytosol, increasing intracellular Ca and thus activating protein kinase
C, which (in certain cell types) alkalinizes the cell via activation of the Na/H
exchanger. These cellular events may result in the rapid expression of a set of
protonocogenes that code for DNA-binding proteins, preparing the cell for
DNA replication and hypertrophy (Kumar et al. 1988; SCHWIEGER and FINE
1990). While this contention remains an attractive hypothesis, linking solute
transport with the subsequent cellular events that lead to cell growth, experimen-
tal evidence is lacking at this time. In fact, in the models of NH;-stimulated
(GorcHNI et al. 1989) or insulin-like growth factor 1-induced (MAcCKovIC-BasiC
et al. 1992) tubular hypertrophy in vitro, the increase in cell mass may persist
even in the absence of stimulated Na/H exchange. In addition, treatment of mice
with amiloride (an inhibitor of Na/H exchange) failed to prevent compensatory
renal growth that follows uninephrectomy (GRANTHAM et al. 1989).
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Stimulation of Na reabsorption in distal parts of the nephron also con-
tributes to the maintenance of the Na balance in diabetes. The activity of Na-
K-ATPase in the medullary (WALD et al. 1986; KHADOURI et al. 1987) and the
cortical (WALD et al. 1986) thick ascending limb is stimulated, despite insulin
deficiency, presumably due to the increase in the delivery of solute from the
proximal nephron. The Na-K-ATPase activity is also stimulated in the collecting
duct (WALD et al. 1986; KBHADOURI et al. 1987). Here, the effect is most likely due
to increased mineralocorticoid secretion, as evidenced by abrogation of stimula-
tion in adrenalectomized diabetic rats (KHADOURI et al. 1987). It should be noted
that the stimulation of Na-K-ATPase in the renal tubule of diabetic animals is
segment specific. For instance, the activity of the enzyme in the distal convoluted
tubule is not stimulated (WALD et al. 1986; KuADOURI et al. 1987). Moreover, in
other tissues that may also become targets of diabetic complications the activity
of Na-K-ATPase may actually be diminished, e.g., in glomeruli and in neural and
vascular tissues (MACGREGOR and MATSCHINSKY 1986; GREENE et al. 1987;
CoseN and KLEPSER 1988).

2.3 Potassium and Acid Transport

Defects in renal tubular potassium and hydrogen ion secretion related to the
development of hypoaldosteronism (and/or tubular unresponsiveness to the
action of aldosterone) are the main tubular abnormalities associated with mild to
moderate diabetic nephropathy (DEFrRONZO 1980). Because the transport of Na,
K, and H in the distal tubule is under the influence of aldosterone, hypoaldos-
teronism is often associated with defects in K and H secretion. It is of interest that
defectsin Na conservation are rarely seen, and then only in cases in which tubular
damage results in unresponsiveness to aldosterone. A form of distal renal tubular
acidosis (also termed type 4) often develops in patients with pre-existing diabetic
renal insufficiency. This entity may be recognized by the finding of hyperkalemia
and/or hyperchloremic metabolic acidosis, which may be related to an underly-
ing deficiency of renin and aldosterone production (VAAMONDE and PEREZ 1990).
The two major factors responsible for the development of metabolic acidosis
appear to be a reduction in renal hydrogen ion secretory capacity and ammonia
production and/or diffusion into urine. The latter factor appears related both to
mineralocorticoid deficiency and hyperkalemia. Patients with this form of distal
renal tubular acidosis are at risk of developing severe hyperkalemia when they
are hypovolemic or when medications affecting aldosterone production are
introduced (e.g., angiotensin-converting enzyme inhibitors, heparin, non-
steroidal anti-inflammatory agents) (VAAMONDE and PEREZ 1990).

2.4 Glucose Transport

During uncontrolled hyperglycemia, the filtered load of glucose exceeds the renal
threshold for its reabsorption. Under these conditions glucose, like any other
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nonreabsorbable solute (osmotic diuretic), prevents the reabsorption of water
and sodium salts, leading to a progressive increase in urine flow. The osmotic
diuresis of uncontrolled glycosuria is the major cause of salt and water losses in
diabetic ketoacidosis.

Net renal glucose reabsorption is determined predominantly by the activity
of Na™-glucose co-transport in the luminal brush-border membrane and by the
magnitude of paracellular back-leak of fluid from the peritubular region into the
tubule lumen (VAAMONDE and PEREZ 1990). Net glucose reabsorption has been
shown to increase proportionately with GFR and delivery rate (VAAMONDE and
PerEz 1990; Zivzpex and GOLDFARB 1991). Thus, with the development of
hyperglycemia, combined with the hyperfiltration, the delivery of increased
amounts of glucose in the filtrate is associated with a marked increase in the
absolute rate of reabsorption of glucose in the proximal tubule, reflecting the
maintenance of glomerular-tubular balance for glucose (MOGENSEN 1971;
DitzEL and BROCHNER-MORTENSEN 1983). Presumably, the development of
renal tubular hypertrophy implies an increased capacity for net glucose reab-
sorption mediated by an increase in the number of Na®-glucose carriers
(VaaMoONDE and PErez 1990; ZivaDeH and GOLDFARB 1991). However, the
intrinsic activity of the Na™-glucose co-transporter measured in microvillus
membrane vesicles is actually decreased in experimental models of diabetes
(HARRIs et al. 1986). Thus, it is likely that the observed increase in net glucose
transport in vivo may result from the marked increase in filtered glucose load,
despite a decrease in intrinsic carrier-mediated transport (HARRIS et al. 1986).

It has been proposed that the increased tubular reabsorption of glucose may
be the primary stimulus to renal hypertrophy; i.e., the kidney grows in response
to the requirement for increased “work” necessary for glucose reabsorption
(DitzEL and BROCHNER-MORTENSEN 1983). This hypothesis implies that GFR
would rise secondarily and thus maintain glomerular-tubular balance.

In this context, it is important to indicate that high glucose concentrations in
culture media exert direct effects in vitro on the structure and function of
proximal tubule cells. For instance, HAZEN-MARTIN et al. (1989), employing
a cell culture model of human proximal tubule cells, demonstrated that high
glucose alters the ultrastructure of the cells, modifies the intercellular junctions,
and reduces dome formation of confluent cell monolayers. These studies, along
with our findings of the effects of glucose on proximal tubule growth and
extracellular matrix biosynthesis (see below), emphasize the direct and poten-
tially detrimental effects of ambient glucose on cellular structure and function.

2.5 Divalent Ions

A high prevalence of osteopenia has been demonstrated in diabetic patients, in
part due to hypercalciuria (ZryApeH and GOLDFARB 1991). The pathogenesis of
hypercalciuria appears to be multifactorial. Hyperfiltration and osmotic diuresis,
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coupled with hyperphagia, increase urinary calcium excretion (GURUPRAKASH
et al. 1988). Insulin treatment only partially corrects hypercalciuria (ZryADEH
and GOLDFARB 1991). In vivo microinjection studies (GURUPRAKASH et al. 1988)
disclosed intrinsic defective tubular reabsorption of calcium in the loop of Henle
(presumably in the thick ascending limb) and in the terminal regions of the
nephron that were not attributable to a defect in parathyroid hormone secretion
or action, or to an increased intake of calcium.

Patients with type-I (insulin-dependent) diabetes mellitus have a reversible
dysfunction in the tubular handling of phosphate characterized by increased
fasting urinary excretion of phosphate, related to a decrease in the maximal
capacity of the renal tubular reabsorption of phsophate per unit filtrate (lowered
TmPi/GFR) (DrrzEL et al. 1982; VaAaMONDE and PEREZ 1990). A modest decrease
in fasting serum phosphate ensues.

These tubular abnormalities are also reversible and probably relate to subopti-
mal blood glucose control (D1TzEL et al. 1982; VAAMONDE and PEREZ 1990). The
phosphaturia in diabetes is not due to defects in parathyroid or growth hormone
actions, as the levels of these hormones are reported to be not different from those
in nondiabetic subjects (D1TzEL et al. 1982; VAAMONDE and Pergz 1990).

Despite hyperfiltration, proximal tubular reabsorption of phosphate is not
concomitantly increased. This implies that for phosphate, in contrast to Na and
glucose, glomerular-tubular balance is disrupted (DITzEL et al. 1982; DitzeL
and BROCHNER-MORTENSEN 1983; VAAMONDE and PEREZ 1990). As both glucose
and phosphate transport in the proximal tubules are coupled to active Na
transport, it is likely that glucose reabsorption interferes with phosphate trans-
port by inhibiting phosphate affinity at the tubular brush-border membrane.
Glucose infusions sufficient to cause glycosuria resulit in a reduction in phosphate
reabsorption. This response is not due to a nonspecific osmotic intraluminal
effect, since mannitol infusion does not alter phosphate reabsorption (ZryADEH
and GOLDFARB 1991).

In the following discussion, we will detail the disturbances of the renal
tubulointerstitial structure in diabetes and review several potential mechanisms
for these abnormalities.

3 Early TBM Changes in Diabetes and the Relation
to Tubular Cell Hypertrophy

The abnormalities of the TBM in diabetes may be conveniently divided into two
stages: In the early phase of the disease there appears to be an acute increase in
TBM mass, which accompanies the development of renal hypertrophy without
discernible abnormalities in morphology; this is followed by the conspicuous
thickening of the TBM which does not become apparent until a few years have
elapsed. The early changes in TBM mass are best appreciated by considering the
induction phase of experimental diabetes. SEYER-HANSEN et al. (1980) examined rat
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kidney growth in streptozotocin-induced diabetes by morphometric analysis of
various anatomical structures at different intervals after the onset of the disease.
After only 4 days, proximal tubule cell volume and epithelial cell height were
significantly increased (by at least 20%). This was later accompanied by significant
increases in tubule length and luminal diameter. Similar studies performed after
7-10 days of diabetes showed that proximal tubule length was increased by more
than 30% while proximal tubule area was increased by approximately 50%
(TUCkER et al. 1993). It would be reasonable to assume that TBM dimensions,
particularly the surface area, were also increased as a necessary accompaniment to
acute renal tubular hypertrophy. Moreover, it could be argued that, triggered by
some of the anabolic events that are peculiarly restricted to the kidney, a substan-
tial acceleration in TBM synthesis might have taken place, so as to augment TBM
area (or volume). This argument is analogous to that previously made by OSTERBY
and GUNDERSEN (1980) in their study on the fast accumulation of GBM material in
experimental diabetes: An acute increase in the synthetic rate of GBM components
accompanies acute glomerular hypertrophy, thus explaining the increase in GBM
mass. At this early stage, alterations in the rate of degradation of membrane
components play only a minor role, because even if total inhibition of degradation
were to occur, this would not account for the acute changes, given the very slow
rate of matrix degradation (CoHEN and SURMA 1980; COHEN et al. 1982). However,
considering the subsequent phases of diabetic nephropathy, it is likely that in
addition to increased systhesis, decreased breakdown of BM components, partic-
ularly the collagens, may participate in the accumulation of extracellular matrix
(STERNBERG et al. 1985).

Among the metabolic derangements that accompany the diabetic state,
hyperglycemia is a necessary factor for the development of some of the renal
manifestations of diabetes mellitus (MOGENSEN et al. 1978; CHRISTIANSEN et al.
1981; FELDT-RASMUSSEN et al. 1986; O’DoNNEL et al. 1988; ZrvADEH et al. 1989;
STACKHOUSE et al. 1990; PUGLIESE et al. 1991). LEviN et al. (1975) hypothesized that
elevated blood glucose levels (and high intrarenal concentrations) could be
responsible for increased renal growth and basement membrane accumulation.
Enzymes of the pentose-phosphate pathway show increased activity in the renal
cortex of mature diabetic animals (BECKER 1976). Increases in the renal cortical
pool of uridine triphosphate (UTP, essential for synthesis of RNA, glycogen, and
glycoprotein through uridine diphosphoglucuronic enzymes) could be linked to
increased pentose-phosphate activity and RNA content of hypertrophied kidneys.
Unilateral nephrectomy further increases UTP pools and RNA content. These
abnormalities are not corrected unless normoglycemia is achieved. There is also an
early increase in de novo renal pyrimidine synthesis. Phosphoribosyl pyrophos-
phate (PRPP) serves as the substrate for the rate-limiting steps in the de novo
synthesis of purines and pyrimidines in mammalian cells (SCHWIEGER and FINE
1990). There is a reciprocal relationship between kidney hypertrophy and whole
kidney PRPP content in mature rats 2—3 days after creation of the diabetic state
with either alloxan or streptozotocin. The increased synthesis of pyrimidines by
the diabetic kidney facilitates the formation of uridine-diphospho-surgars and
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intermediates that are required for the synthesis of basement membrane collagen
needed for growth (SCHWIEGER and FINE 1990).

To examine the isolated influence of elevated ambient glucose on renal cell
metabolism, and to avoid the complicating roles of an altered metabolic milieu or
the effects of renal hemodynamics on the process of diabetic renal hypertrophy, we
previously developed a cell culture system in mouse proximal tubule epithelial cells
where we were able to test the effects of elevated glucose concentration on cell
growth and extracellular matrix biosynthesis (ZIyADEH et al. 1990; ZrvyADEH and
GOLDFARB 1991). Exposing the cells for 72h to serum-free medium containing
25mM (compared with 5.5mM) D-glucose resulted in significant cellular hyper-
trophy, as defined by an increase in cell size (by cytofluorometry), increased total
protein content, and stimulation of protein synthesis (Z1YADEH et al. 1990). This
response was independent of changes in medium osmolality. Parallel studies also
demonstrated that the high-glucose medium stimulated the secretion of collagen
type IV by approximately twofold (ZivADEH et al. 1990). There was also a con-
cordant increase in steady-state levels of al(IV) mRNA and transcriptional
activation of the gene encoding the a1 chain, providing evidence for increased
collagen type-1V synthesis (ZIYADEH 1993b). Rates of collagen degradation were
not measured in these short-term studies (Z1YADEH et al. 1990; Z1yADEH and
GOLDFARB 1991; Z1yADEH 1993b).

Our in vitro studies on the effects of high levels of glucose concentration on
collagen biosynthesis in proximal tubule appear to be relevant to the in vivo
situation. In situ nucleic acid hybridization studies in rat kidney have demon-
strated an early increase in collagen type-IV mRNA in hypertrophied proximal
tubule cells in the streptozotocin-induced diabetic model (Iam et al. 1992).
Moreover, increased synthesis of collagen type IV is also a feature of other models
of renal hypertrophy, such as compensatory hypertrophy following partial kidney
ablation (LEE et al. 1990) and angiotensin-II-induced proximal tubule cell hyper-
trophy (WoLF et al. 1991, 1993). In the latter in vitro model, we have demonstrated
that the hypertrophogenic effect of angiotensin II required the presence of elevated
ambient glucose concentration for its full expression (WOLF et al. 1991).

In summary, the developmental phase of renal tubular hypertrophy in
diabetes mellitus is accompanied by an early increase in the mass of the normal
constituents of the TBM. In vitro studies provide evidence that high glucose
levels, independent of any hormonal factors, appear to be a major stimulus for
the increased synthesis of collagen type IV by proximal tubule cells and for the
induction of hypertrophy of these cells.

4 TBM Thickening in Diabetes

The renal TBM in diabetes mellitus, like the GBM and some other basement-
membranes in other tissues, undergoes progressive thickening which develops
slowly over several years (STEFFES et al. 1985). The increase in width of the TBM is
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almost uniform, although splitting and layered thickening may occur as in the
GBM (FioreTTO et al. 1992; WALKER et al. 1992). There are virtually no detailed
morphometric or ultrastructural studies devoted to the TBM in diabetes, in sharp
contrast to the extensive studies on the GBM. Still lacking are large population
surveys to derive data on mean and range of TBM width in normal adults similar
to those generated for the GBM (STEFFES et al. 1983). Limited quantitative data
have been obtained in a study of renal biopsies from seven pairs of identical twins
who were discordant for insulin-dependent (type-I) diabetes (STEFFES et al. 1985).
In each pair, the diabetic twin had a thicker TBM than the respective nondiabetic
sibling; on average, the TBM of patients was 1100 nm, representing an almost 50%
increase in thickness. When it was possible to differentiate between proximal and
distal tubules, there were no consistent regional differences between the widths of
their basement membranes. Similarly, GBM width in the diabetic twins (average
width approximately 500 nm) exceeded that in the nondiabetic twins in each
instance (approximately 330 nm). In this study (STEFFES et al. 1985), values for
muscle capillary basement membrane width in the diabetic twins did not differ
from those in their siblings. These results have demonstrated that the thickening
of the TBM (and GBM) occurs relatively early, i.e., during the clinically silent
course of the disease; moreover, this abnormality is predominantly a conse-
quence of the metabolic perturbations of the diabetic state, rather than a general-
ized, hereditary disturbance affecting all basement membranes.

Several studies utilizing immunohistochemical techniques have revealed con-
spicuous linear binding of albumin and IgG along the length of the thickened TBM
in kidneys from diabetic subjects (MICHAEL and BRowN 1981; MURRAH et al.
1984). The proteins were thought to have gained access to the TBM because of
increased permeability of the peritubular capillaries. Thus, this phenomenon
represents passive entrapment of circulating proteins rather than an active immune
process, and it remains speculative whether this abnormality plays any role in the
development of TBM thickening.

5 Glomerulosclerosis and the Relation to Nonglomerular Injury
in Diabetic Nephropathy

It is widely held that the characteristic glomerular lesion of diabetic nephropathy,
in particular the expansion of the mesangial matrix, is a primary abnormality
arising in the glomerulus and largely responsible for the expression of the
functional derangements which characterize the stage of overt dysfunction,
namely frank proteinuria, hypertension, and renal failure (OsTERBY 1972, 1975;
MOGENSEN and CHRISTENSEN 1984; BREYER 1992; FIORETTO et al. 1992). Histomor-
phometric analysis of kidney specimens from patients with a wide range of disease
severity has established the close correlation between the expansion of the
glomerular mesangial matrix and the declining surface area available for filtration
(ELLs et al. 1986; OsTERBY et al. 1988). Accordingly, the appearance of either



186 F.N. ZiyapeH and S. GOLDFARB

diffuse or nodular glomerulosclerosis in moderately advanced stages of diabetic
glomerulopathy has been thought to account, at least to a large extent, for the
progressive decline in GFR (FiorReTTO et al. 1992; WALKER et al. 1992). We will not
dwell in this review on the established role of the glomerular lesions in the
pathogenesis of the disease; rather, we will focus on the largely neglected role of the
nonglomerular lesions, which are at least as important as the glomerular lesions in
the expression of the functional derangements of diabetic nephropathy (Table 2).

Table 2. Nonglomerular structural lesions in diabetic
nephropathy

Tubuloepithelial hypertrophy

Increased thickness of tubular basement membrane
Arteriolosclerosis (afferent and efferent)
Tubulointerstitial fibrosis

Armanni-Ebstein tubulopathy

Papillary necrosis

Fig. 1. Low-power view of kidney from patient with advanced diabetes showing tubular loss and
thickening of tubular basement membranes and expanded area of interstitial fibrosis (center). The

glomerulus (upper left) shows a variety of changes. PAS method, x 125. (Adapted with permission
from Heptinstall 1983)
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These nonglomerular lesions not only affect tubular function (D1TZzEL et al. 1982;
ABRASS 1984; GURUPRAKASH et al. 1988; WALTON et al. 1988; GiBB et al. 1989)
but may also exert potent secondary influences on the glomerular microcircula-
tion, which eventually can culminate in obliterative or global glomerulosclerosis

(Fig. 1).

6 Arteriosclerosis and Renal Injury in Diabetes

In a variety of tissues in patients with diabetes, a form of ischemic injury induced
by exudative hyalinosis, which progressively obliterates small and medium sized
arterioles, may be responsible for functional organ failure. In nerves, heart, and
distal portions of the extremities, ischemic injury has been hypothesized. The
potential role of such a vascular lesion in the kidney in advanced nephropathy
seems likely (BADER et al. 1980; DECKERT et al. 1986).

As renal function deteriorates, progressive and global obliteration of
glomeruli occurs, and this clearly plays an important role in reducing total
kidney GFR (HorLYcCK et al. 1986). OsTERBY and co-workers (1988) have
suggested that this pathological entity occurs in a peculiar columnar-like pattern
of distribution within all levels of the renal cortex (HORLYCK et al. 1986). This, in
turn, suggested a vascular component to the phenomenon of glomerular occlu-
sion, as these “‘columns” corresponded to the distribution of large renal inter-
lobular vessels. Vascular occlusion in medium-sized renal vessels could
predispose to glomerular occlusion and nephron destruction characterized by
afferent arteriolar exudative hyalinosis. Examining biopsies of 44 patients with
various stages of diabetic nephropathy DECKERT and colleagues (1986) also
found that an arteriopathy is an important characteristic of the kidney in
advanced diabetic nephropathy. )

The role of arteriolar lesions in inducing diabetic changes has been inferred
from several observations. First, in biopsies from patients with diabetic neph-
ropathy BADER et al. (1980) found a clear correlation between the degree of
diabetic glomerulosclerosis and a quantitative index of arteriolar hyalinization
and occlusion. It was clear from these observations that the degree of vessel
obstruction and obliteration was inversely correlated with the level of renal
function and directly correlated with the greater severity of both diabetic
glomerular sclerosis and interstitial fibrosis. Similarly, DECKERT et al. (1986)
found that arteriolar hyalinosis tended to be more severe in patients with overt
nephropathy and increased interstitial tissue volume, but this abnormality was
also found in patients with milder forms of nephropathy and therefore could not
be used to distinguish those individuals with more severe lesions. However, the
fact that 20% of glomeruli were totally occluded in patients with overt neph-
ropathy, whereas less than 10% of glomeruli were occluded in the less severely
affected group, suggests that vascular occlusion could represent an important
mechanism of the loss of glomeruli in the more severely affected individuals.
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In summary, direct arteriolar obliteration could play an important role in the
progressive renal failure of diabetic nephropathy by producing glomerular
occlusion or by producing chronic tubulointerstitial ischemia and thereby stimu-
lating interstitial fibrosis. As noted below, the latter may also be a primary event
related to the direct biochemical effects of sustained hyperglycemia.

7 Tubulointerstitial Fibrosis in Diabetic Nephropathy

Interstitial fibrosis could also originate from nonvascular injury, thus comprising
a primary abnormality in diabetic nephropathy. BoHLE and colleagues
(1977a,b,c) suggested that changes in the renal interstitium may represent the
crucial parameter that produces renal failure in a variety of renal diseases as well
as in diabetes. This hypothesis derives from a histomorphometric study of
biopsies of 105 patients with various degrees of diabetic nephropathy. In this
study, there was a striking correlation between the percent of kidney volume
occupied by the renal interstitium and the decline in GFR as measured by serum
creatinine level (BADER et al. 1980). It should be noted that this relationship exists
over a wide range of serum creatinine values.

Additionally, there is a strong direct correlation between interstitial expan-
sion and the progression of glomerular sclerosis. This could suggest a parallel
process damaging the glomeruli and tubulointerstitial structures, or the changes
in the interstitium could be initiating a secondary glomerular process, as will be
discussed below. FrokJ®eR THOMSEN et al. (1984) examined autopsy specimens
from 34 long-term type-I diabetic patients and found that interstitial and
mesangial lesions both correlated with serum creatinine and the presence of
clinical nephropathy. MAUER and colleagues (1984) also observed similar rela-
tionships. In their study of the histomorphometry of renal biopsies from 45
patients with diabetes mellitus, interstitial fibrosis was evident even at the earliest
stages of diabetic nephropathy, although it was subtle and required careful
examination for its detection (Fig. 2). As glomerular filtration fell, the interstitial
fibrosis became much more prominent (MAUER et al. 1984).

BaDER and colleagues (1980) proposed that the interstitial fibrosis of dia-
betes might be directly responsible for producing the decline in glomerular
filtration as well as contribute to the structural glomerulopathy through a num-
ber of possible mechanisms. First, progressive expansion of the renal interstitium
could lead to a progressive obliteration of vascular elements and thus induce an
ischemic nephropathy. This could also contribute to the process of the glomeru-
lar occlusion that characterizes the later phases of diabetic nephropathy. In
addition, the increased interstitial fibrosis could not only lead to increased
resistance or at least reduced compliance in the pre- and postglomerular vessels,
but also potentiate the transmission of systemic hypertension of glomerular
structures by imparing vascular autoregulation. Such changes could contribute
to glomerular hypertension obsersed in experimental animals with diabetes.
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Fig. 2. Left panel: representative cortical area from a kidney biopsy obtained from an insulin-
dependent diabetic patient with subtle interstitial fibrosis (arrow); the mean index of interstitial
fibrosis was only 0.25. The index of interstitial fibrosis was determined as a semiquantitative estimate
of the space occupied by fibrous tissue separating cortical tubules; 0 was used as normal, 1.0 as twice
normal thickness, 2.0 as three times normal thickness, etc., in each 500 x field. Right panel:
representative cortical area from a kidney biopsy in another insulin-dependent diabetic patient with
more extensive interstitial fibrosis (arrow) in cortical area; the mean index of interstitial fibrosis was
2.75 PAS, x350. (Adapted with permission from Mauer et al. 1984)

Also, to the extent that tubular obstruction could result from interstitial fibrosis,
increased intratubular pressure could lead to progressive glomerular injury.
Finally, if tubular dropout occurs, GFR would be eliminated in an affected
nephron, thereby contributing to a decline in total number of functioning
nephrons.

While all of these studies have shown relationships between interstitial lesion
and various measures of renal function, none have simultancously quantitated
glomerular lesions, interstitial expansion, and renal function (BADER et al. 1980;
FROKIAER THOMSEN et al. 1984; Mauer et al. 1984). Furthermore, each study
demonstrated or suggested a correlation between mesangial and interstitial
expansion. However, in a recent study LANE and co-workers (1993) attempted to
explore further the relationship between interstitial and glomerular lesions in
type-I diabetic patients, especially mesangial expansion, arteriolar hyalinosis,
and global glomeruloscelrosis, as well as the relationship of these structural
parameters to renal function and urinary albumin excretion. In this study, 84
patients with type-I diabetes mellitus of varying severity underwent studies of
renal function and quantitative renal morphometry, including mesangial volume
fraction, index of arteriolar hyalinosis, percentage of globally sclerosed
glomeruli, and interstitial volume fraction per total renal cortex (Fig. 3). There
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Fig. 3. Tubulointerstitial lesions in six groups of insulin-dependent diabetic patients with a wide
range of disease severity. Abbreviations: Vi interstitial volume fraction for total renal cortex (i.e.,
the proportion of the renal cortex made up of the expanded interstitial tissue, containing areas of
atrophic tubules and thickening or wrinkling of tubular basement membranes as assessed by
semiquantitative histomorphometry on specimens obtained by percutaneous kidney biopsy); NUAE,
normal urinary albumin excretion; Microalbumin, microalbuminuria (45-200 mg/24 h); Overt, overt
proteinuria (>200mg/24h); NC ,» normal (90-120 ml/min/1.73 m?) or elevated (> 120 ml/min/
1.73m?) creatinine clearance; L «,» low creatinine clearance (<90 ml/min/1.73m?). The range of
values (mean +2 SD) seen in age- and sex-matched nondiabetic kidney donors is shaded. A correla-
tion can be seen between the grade of tubulointerstitial lesion and the severity of clinical disease, as
assessed by urinary albumin excretion and glomerular filtration rate (creatinine clearance). p < 0.001
by ANOVA for the six insulin-dependent diabetic groups compared with the nondiabetic group. The
interstitial volume fraction for total renal cortex in all the diabetic groups was greater than in the
nondiabetic group (by Dunnett’s z-test, p <0.05 for NUAE/LC . Vs. Overt/LC o VS nondiabetic
group; p < 0.01 for other comparisons). ANOVA remained signiﬁccant when the nondiabetic group
was excluded (p <0.001). Among the diabetic groups, the following comparisons had p < 0.005
by Scheffé F-test: NUAE/NC « and micro/N C. Vs Overt/LCCr. (From Lane et al. 1993, with
permission)

was significant correlation among the four structural parameters. Moreover, all
four parameters correlated with GFR and the log of urinary albumin excretion.

Abnormalities in renal tubulointerstitial structures have also been observed
in experimental diabetes in animals. WEIL et al. (1976) showed that after
4 months of experimental diabetes induced by streptozotocin infusion in rats,
there was a progressive tubulopathy characterized by the accumulation of
myeloid-like bodies in the proximal tubular cells with progressive tubular
disruption. RascH (1984) also studied the pathology of short-term strep-
tozotocin diabetic rats in order to investigate the site and mechanism of the
Armanni-Ebstein lesion, the most specific tubular morphological abnormality of
diabetes mellitus. With hematoxylin-eosin staining, cells appear clear and com-
pletely empty (vacuolization); glycogen can be demonstrated with periodic
acid-Schiff (PAS) staining, predominantly in distal nephron and ascending limb
cells. However, the pathophysiological importance of myeloid bodies or glyco-
gen accumulation in both the cytoplasm and the nuclei of these epithelial cells
remains to be determined. Proximal tubular morphological alterations which are
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associated with heavy proteinuria are also recognized and include enhanced lipid
deposition (fatty vacuolization) and increased number of protein-containing
lysosomes. The functional significance of these alterations is not known.

We have investigated the long-term changes in the renal interstitium in
diabetes and have discovered tubulointerstitial changes which occur after 6-9
months of sustained hyperglycemia in streptozotocin-treated rats (ZIYADEH and
GoLDFARB 1991). Assaying for the presence of interstitial fibrosis, tubular cell
atrophy, interstitial inflammatory infiltrates, or tubular dilation, we found that
11 of 14 long-term diabetic rats demonstrated mild interstitial lesions whereas
only three of 16 age-matched control animals on a normal diet manifested similar
changes. Thus, it appears that tubular interstitial changes seen in the diabetic
patients have their experimental conterpart in rats rendered diabetic with
streptozotocin.

In summary, while it is unquestioned that changes in the glomerular
mesangium and glomerular capillary basement membrane in diabetes contribute
to the structural changes of progressive, diffuse diabetic glomerulosclerosis, the
contribution of tubulointerstitial changes to the progressive decline in GFR
seems equally likely. This hypothesis may be particularly relevant in explaining
how the kidneys ultimately fail in diabetic nephropathy, rather than how the
glomerular morphological changes develop. The progression from a normal or
a modestly reduced GFR to a level requiring renal replacement therapy may be
critically determined by these changes described in the tubulointerstitium and
vascular compartments.

8 Tubulointerstitial Infection and Papillary Necrosis

Pyelonephritis and papillary necrosis are occasionally observed in patients with
diabetes mellitus. While these lesions may be important in any given patient,
they are not a common agent of progressive renal decline. Papillary necrosis
is occasionally seen in patients with diabetes, and in fact diabetes mellitus is
probably the most common co-morbid condition with papillary necrosis re-
ported in the literature. For example, in an autopsy series from Johns Hopkins
Hospital (HEPTINSTALL 1983), diabetes was found in 44% of 25 cases of papillary
necrosis. The mechanism leading to this lesion is not clear, but several possibili-
ties have been forwarded. First, vascular obstruction could lead to a reduction of
blood flow to the oxygen-deficient renal papilla. This could accelerate an
ischemic injury and induce areas of necrosis in the inner medulla. In addition,
infection may occur more frequently in patients with diabetes because of
glycosuria and diabetic cystopathy. In this circumstance, the combination of
ischemia induced by vasculopathy and infection could act in concert to induce
papillary necrosis. Other possibilities include an exaggerated degree of interstitial
fibrosis in the inner medulla, which could further compromise blood flow to the
inner portions of the medullary and papillary regions.
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The speculation that “pyelonephritis” in diabetic patients is attributable to
infection is not supported by clinicopathological analyses (VEILSGAARD 1966).
Several studies have indicated a rather modest degree of urinary tract infection or
chronic bacteriuria in patients with diabetes. It has been suggested that bac-
teriuria is relatively uncommon and occurs in less than 10% of patients with
diabetes (RENGARTS 1959). In addition, studies of patients with bacteriuria
suggest that renal function does not necessarily deteriorate in these individuals
(BATALLA et al. 1971). Thus, it is unlikely that the tendency to demonstrate
interstitial fibrosis and inflammation in patients with diabetes is a secondary
manifestation of chronic infection.

9 Mediators of Diabetic Renal Injury

Although capillary hypertension (MOGENSEN et al. 1978; HOSTETTER 1986; ZATZ
et al. 1986; BREYER 1992), an abnormal metabolic environment (Z1vADEH et al.
1989; MOGENSEN 1990), and/or genetic predisposition (BORCH-JOHNSEN et al.
1992; KROLEWSKI et al. 1992) may all participate in the pathogenesis of diabetic
nephropathy, the details of the cell-signaling mechanisms and the putative
molecular mediators remain to be firmly established. A detailed account of these
mediators is beyond the scope of this review, and only a brief exposition will be
attempted of the mechanisms which are linked to the deleterious consequences of
the hyperglycemic milieu (Table 3).

Nonenzymatic glycation reactions resulting in both the early ketoamine
linkages (Amadori products) (COHEN 1989; ZIyADEH et al. 1989) and the later-

Table 3. Cellular mediators of diabetic renal involvement

Altered intrarenal hemodynamics
‘Direct’ effects of hyperglycemia on renal growth and extracellular matrix production
Nonenzymatic glycation of circulating or structural proteins
Amadori glucose adducts
Advanced glycosylation end-products (‘AGE’)
Humoral imbalance
Insulin deficiency
Activation of intrarenal hormones or cytokines
Angiotensin II
Transforming growth factor-8
Thromboxane
Insulin-like growth factor I
Platelet-derived growth factor
Activation of pathyways of glucose metabolism
Polyol pathway (increased sorbitol)
Pentose-phosphate shunt (increased UDP glucose)
De novo synthesis of diacylglycerol and stimulation of protein kinase C
Disordered myo-inositol metabolism
Altered cellular redox state (increased NADPH/NADP*, NADH/NAD *)
Altered glycosphingolipid metabolism (increased glucosylceramide and ganglioside GM3)
Genetic predisposition
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developing advanced glycosylation end-products (AGE) (BROWNLEE 1984, 1988;
BrOWNLEE 1991) often affect long-lived matrix constituents and may contribute
in a significant way to the aberrations in the structure or function of basement
membranes, the impaired susceptibility of the GBM to degradation (CoHEN et al.
1980; STERNBERG et al. 1985; CoHEN 1989; Z1YADEH et al. 1989; BROWNLEE 1991),
and the increased production of mesangial matrix (SouLIs-LiPAROTA et al. 1991;
Do et al. 1992). Additionally, our recent studies on mesangial cells indicate that
Amadori glucose adducts in glycated serum proteins (e.g., albumin), when added
to the culture media, inhibit mesangial cell proleferation, stimulate collagen
type-1V gene expression, and increase collagen production (ZryapeH and COHEN
1993; CoHEN and ZIYADEH 1994).

Increased flux through insulin-independent pathways for intracellular glu-
cose utilization, particularly the polyol pathway, has been advanced as a factor
mediating the early functional changes in certain diabetic target organs (MAUER
et al. 1989; PEDERSON et al. 1991; TiLToN et al. 1992). Increased oxidation of
sorbitol to fructose is coupled to reduction of NAD* to NADH (TILTON et al.
1992), and a higher cytosolicratio of NADH/NAD * may result in abnormalities
in hormone responsiveness and signal-transduction pathways which eventually
lead to cellular dysfunction. These disorders may also relate to alterations in
cellular myo-inositol metabolism; myo-inositol supplementation may correct
some of the disturbances that are attributed to increased activity of the polyol
pathway (GREENE et al. 1987; WINEGRAD 1987; GOLDFARB et al. 1991). Evidence
in favor of an involvement of the polyol pathway in some of the renal manifesta-
tions of diabetes has been provided by our recent demonstration that the early
glomerular hyperfiltration in streptozotocin-induced diabetic rats can be ameli-
orated by a diet supplemented with myo-inositol (1%), or by the administration
of sorbinil, an aldose reductase inhibitor (ARI) which blocks the rate-limiting
step in the polyol pathway (the conversion of glucose to sorbitol) (GOLFARB et al.
1991). These effects were not associated with changes in blood glucose levels or
blood pressure, and they were specific, in that the hyperfiltration induced by
increased protein feeding was not modulated by these maneuvers. In a recent
study on a small number of diabetic patients, the hyperfiltration was also
favorably decreased by ARI therapy (PEDERSON et al. 1991).

It is less clear whether increased activity of the polyol pathway is crucial in
the genesis of the altered metabolism of renal extracellular matrix. COHEN et al.
(1988) were not able to reverse the undersulfation of GBM proteoglycan by ARI
administration to diabetic rats. Moreover, treatment with statil, another ARI,
did not reduce the increased levels of laminin Bl mRNA in rat kidneys (PouLsom
et al. 1988). However, a significant reduction in GBM thickness was demon-
strated in diabetic rats after several months of sorbinil therapy (MAUER et al.
1989). Furthermore, a favorable reduction of the microalbuminuria in diabetic
rats has been reported with sorbinil treatment (BEYER-MEARS et al. 1984).

In our in vitro studies on the effects of elevated ambient glucose on proximal
tubule cell growth and matrix production we found that the stimulation by high
glucose of collagen type-IV secretion and «1(IV) mRNA level was abolished
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when the cells were treated with 0.1 mM sorbinil (BLEYER et al. 1994) or when the
high-glucose medium was supplemented with 800 uM myo-inositol (ZIYADEH
et al. 1991b). In contrast, the induction of cellular hypertrophy by high glucose
was not modified by ARI treatment or myo-inositol treatment, suggesting that
only particular actions of high-glucose media are directly linked to the polyol
pathway or to disturbances in myo-inositol metabolism.

An intriguing pathogenetic link between the products of the polyol pathway
(and other pathways of glucose metabolism) and the reactions of nonenzymatic
glycation has been proposed (Suarez et al. 1988; PETERSEN et al. 1990;
SZWERGOLD et al. 1990). This is based on the observation that these glycation
reactions can also involve metabolites of glucose which are the products of the
polyol pathway (e.g., fructose) (SUAREZ et al. 1988) and which can be further
phosphorylated via novel pathways of glucose metabolism that are activated in
diabetes mellitus (PETERSEN et al. 1990; SzwERGOLD et al. 1990). Sorbitol-
3-phosphate, fructose-3-phosphate (PETERSEN et al. 1990), 3-deoxyglucosone
(B.S. Szwergold, personal communication), and other metabolites are increased
in erythrocytes of diabetic subjects and could participate in protein glycation
and cross-linking.

The intracellular signaling pathways which mediate some of the effects of
elevated ambient glucose levels may involve activation of protein kinase C (PKC)
as a consequence of stimulation of de novo synthesis of the endogenous PKC
activator diacylglycerol (CRAVEN et al. 1990; Avo et al. 1991; STUDER et al. 1993).
Stimulation of de novo synthesis of diacylglycerol may also result from the
glucose-induced increase in the ratio of NADH/NAD " (TILTON et al. 1992).
Increased activity of PKC in glomerular mesangial cells may lead to an increase
in extracellular matrix expression, such as fibronectin, laminin, and type-1V
collagen (SUAREZ et al. 1988; Avo et al. 1991). It has also been suggested that an
increased NADPH/NADP™ ratio resulting from activation of the pentose-
phosphate shunt pathway (STEER et al. 1982) and the increased accumulation of
glycosphingolipids (e.g., glucosylceramide and ganglioside GM3) in the kidney
may mediate the renal hypertrophy in streptozotocin- induced diabetes in the rat
(ZADOR et al. 1993).

Several of the manifestations of diabetic nephropathy may also be a conse-
quence of altered production of local or circulating growth factors and/or
modulation in the response to these factors, for example, TGF-f, IGF-1,
prostanoids (e.g., thromboxane), angiotensin II, and platelet-derived growth
factor (Leg et al. 1989; LEDBETTER ¢t al. 1990; Avoetal. 1991; BLAZER-YOST et al.
1991; Rocco and ZiyADeH 1991; WoLF et al. 1991; BLAZER-Y0sT et al. 1992; Do1
et al. 1992; Rocco et al. 1992; SHARMA and ZIYADEH 1993; STUDER et al. 1993).
A discussion of the role of each of these mediators will not be given here.
However, TGF- deserves special consideration because it is produced by several
cell types including renal cells, and it has a central role in promoting the synthesis
and accumulation of different extracellular matrix moieties (ROBERTS et al. 1991;
Rocco and Z1yADEH 1991; SHARMA and ZivaDeH 1993). In recent studies, we
gathered evidence that the effects of elevated ambient glucose in cultured
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mesangial or renal tubular cells are mediated by autocrine activation of TGF-f
(Z1yaDEH et al. 1991a; Rocco et al. 1992). Neutralizing anti-TGF-f antibodies
reverse the stimulation by high glucose of collagen biosynthesis in cultured
mesangial cells (Z1YADEH et al. 1994). Moreover, the hypertrophy of the tubu-
loepithelium induced by elevated ambient glucose appears to be mediated largely
by autocrine activation of endogenous TGF-f, since the neutralizing anti-TGF-f
antibodies also prevent the high-glucose-induced hypertrophy. Whether a simi-
lar phenomenonis operative in vivo remains to be established, but it is interesting
to note that in two rodent models of spontaneous insulin-dependent diabetes
(NOD mouse and BB rat) we have recently demonstrated an increase in the
expression of TFG-f1 in the kidney within a few days of the appearance of
hyperglycemia (SHARMA and ZryADEH 1994).

10 Concluding Remarks

Tubulointerstitial fibrosis in diabetes is an important pathological feature of
diabetic nephropathy, particular in patients with associated renal insufficiency.
There is a clear correlation between the degree of interstitial fibrosis and the
development of a reduced GFR. The mechanism of this relationship could
be an alteration in blood flow through the fibrosed interstitium, or altered
hemodynamics induced by affected vascular structures passing through the
fibrotic tissue. In addition, the direct effects on tubular function and on tubulo-
glomerular feedback could be important contributing features. One likely medi-
ator of these effects could be the non-enzymatic glycation of various matrix
proteins which alters their structure and function and prevents normal degrada-
tion of collagen. In addition, recent evidence suggests that high levels of glucose
directly promote collagen biosynthesis by stimulating collagen gene expression,
thus raising the possibility that the actions of diabetes in producing renal
insufficiency could be due in part to direct effects of glucose on tubular epithelial
cell matrix synthesis. A role for various growth factors, especially transforming
growth factor-$, in producing renal tubular growth and hypertrophy also seems
likely. New therapeutic strategies aimed at reducing collagen synthesis in the
kidney, or at preventing the formation of early Amadori glucose adducts as well
as of long-standing cross-links of advanced glycation end-products in various
extracellular matrix proteins, provide the possibility of altering the natural
history of diabetic nephropathy through strategies that complement the well-
described benefits of antihypertensive therapy (PARVING et al. 1983; MOGENSEN
1985), especilly cinvertin enzyme inhibitors (LEwis et al. 1993), strict glycemic
control (DCCT REesearRcH GROUP 1993; REICHARD et al. 1993), and perhaps
reduced dietary protein intake (WALKER et al. 1989; ZELLER et al. 1991).
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1 Introduction
1.1 Clinical-Pathologic Relevance of Renal Tubular Lesions

The nephron constitutes the smallest functional unit of the kidney. It consists of
glomerulus, proximal tubule, Henle’s loop, and distal tubule. The relative
volume of the tubuli exceeds that of any other renal structure. About 85% of the
total volume of the renal cortex is taken up by tubules (PEDERSON et al. 1980). The
different tubular segments have been characterized structurally and functionally
in detail (BoYLAN et al. 1970; CHRISTENSEN and MAUNSBACH 1980; MAACK et al.
1985; MAUNSBACH 1966; vON MOLLENDORF 1930; TRUMP et al. 1985). Tubular
lesions exert a major influence on the extent and course of renal and glomerular
diseases. Patients with severe proliferative extracapillary glomerulonephritis
may have normal excretory renal function if lesions of tubuli do not occur. On
the other hand, a glomerulonephritis with slight glomerular alterations but with
severe tubulointerstitial reactive lesions may be accompanied by a significant
reduction in renal function (BOHLE et al. 1986).

Two modes of renal tubular alterations can be observed in chronic renal
disease:

1. Atrophic epithelia without segmental differentiation, which can be found in
ectatic and collapsed tubuli.

2. Hypertrophic and hyperplastic epithelia. A proliferation of epithelia in
differentiated and in regressively altered tubular segments is a frequent
phenomenon in cystic kidney disease (GARDNER and Evan 1984).

1.2 General Aim of the Study

In order to study pathogenetic factors that are relevant to renal tubular atrophy
and renal tubular hyperplasia, new experimental models of atrophy and hyper-
plasia of renal tubular epithelia were developed. These animal models enabled us
to compare the functional and morphological characteristics of these tubular
alterations and to demonstrate common and contrasting features. A major
criterion for the establishment of a given model was its clinical relevance.

1.3 Clinical and Pathophysiologic Basis and Hypothesis
of the Model of Tubular Atrophy

1.3.1 Clinical Basis

Arterial hypertension is a frequent disease in industralized nations. Epidemio-
logic studies prove the efficiency of antihypertensive therapy, which reduces the
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deleterious consequences of arterial hypertension, such as cerebral ischemia and
chronic renal insufficiency (GRONE and DUNN 1985; SCHELER and GRONE 1982).

Unwanted effects of a reduction of arterial pressure on renal function have
been published in case reports but not examined systematically (SCHELER and
GRrONE 1982). The development and clinical application of antihypertensives that
inhibit the renin-angiotensin system (RAS) have instigated studies on the renal
effects of these substances, since a decrease in renal function was sometimes
observed during RAS inhibition and since the RAS seems to have and blood
pressure reduction, an important physiologic role in the regulation of renal
hemodynamics (Gross et al. 1991; Navar and RosivaLL 1984; SWEET et al.
1981).

1.3.2 Pathophysiologic Basis

Renin is synthesized in the epithelioid cells of the juxtaglomerular apparatus; it
catalyzes the conversion of angiotensionogen into angiotensin I (AI). The
decapeptide Al is converted to the octapeptide angiotensin I (AIl) by angioten-
sin-converting enzyme (ACE). AIl in plasma is rapidly degraded by angioten-
sinases (CUSHMAN et al. 1980). AII binds specifically to receptors with different
affinities in structures such as the adrenal gland, arterial vessels, and renal tubules
(DouaGLAs 1987, GRONE et al. 1992). It increases the synthesis of aldosterone in
the adrenal cortex; vessels are constricted by nanogram concentrations of Al
All effects on renal tubular epithelia are concentration dependent: low concen-
trations increase the reabsorption of sodium; high AII concentrations lead to
natriuresis (HARRIS and NAvar 1985). All also has hyperplastic and hyper-
trophic effects on the renal tubular epithelium (NORMAN et al. 1987).

Animal experiments and investigations of patients with arterial hyperten-
sion have demonstrated the pathogenetic role of the RAS in different forms of
arterial hypertension, especially hypertension due to renal artery stenosis
(HeLMcHEN and KNEISSLER 1976; SCHWIETZER 1980). After construction of the
renal artery, baroreceptors of afferent arterioles activate the secretion of renin
and the RAS. The increased AlIl synthesis leads to systemic arterial hypertension
and to arterial normotension in the kidney distal to the renal artery stenosis.

Inhibition of the AIl receptors by AIl antagonists, inhibition of ACE or of
the enzymatic activity of renin can lower the increased systemic arterial pressure
(HeLmcHEN and KNEISSLER 1976; LEVENSON and Dzau 1987; SPERTINI et al.
1981). Antihypertensive therapy with ACE inhibitors thus seems reasonable in
renovascular hypertension. This therapeutic approach is advantageous for the
systemic circulation, but not necessarily for the stenosed kidney. During arterial
hypotension AIl differentially affects the resistance of renal arterial and arterio-
lar vessels to ascertain a relative constancy of the effective glomerular filtration
pressure and glomerular filtration rate (GFR) (STEINHAUSEN 1987).

ANDERSON et al. (1979) demonstrated that in acute constriction of the renal
artery of the dog the blockade of AII dramatically increased the effective
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resistance of the renal artery clip. AII thus reduced the fall in arterial pressure on
the renal artery clip and increased the intrarenal perfusion pressure to maintain
glomerular filtration.

1.3.3 Hypotheses

Our studies were designed to test the hypotheses that

1. Blockade of the RAS leads to a decrease in renal excretory function in
a kidney distal to a stenosis.

2. Chronic RAS inhibition leads to renal tubular damage and a decrease in
tubular function due to the inhibition of the hemodynamic and direct tubular
effects of AIlL

Since a “clipped”’ kidney does not constitute an immunologic glomerular disease
or an inflammatory lesion of the tubulointerstitial compartment, and does not
have hypertensive lesions, (a) the effect of a disturbed hemodynamic situation on
renal tubular function and (b) the chronic effect of a suspected tubular lesion on
renal function without interference by other factors seemed to be testable.

Clinical observations by our group and case reports of other clinical groups
on a significant reduction of renal function during ACE inhibition in patients
with bilateral renal artery stenosis supported the clinical relevance of the
experimental studies (GRONE et al. 1982; KINDLER et al. 1981; LEVENSON and
Dzau 1987).

A further aim of our experiments was to test whether the expected tubular
atrophy was reversible after discontinuing RAS inhibition.

1.4 Clinical and Pathophysiologic Basis and Hypothesis
of the Model of Cystic Hyperplasia of Renal Tubules

1.4.1 Clinical Basis

Cystic renal diseases are genetic or acquired alterations of the kidney (GARNER
1976). The incidence of autosomal dominant polycystic kidney disease is 1-5%,
according to autopsy series (TORRES et al. 1985). The prevalence of the gene of
polycystic kidneys has been estimated to be 2.5% (DALGAARD 1957; IGLESIAS
et al. 1983; TorrEsS et al. 1985). Almost 500 000 persons in the U.S.A. and about
150000 patients in West Germany carry the polycystic kidney disease gene.
Autosomal dominant polycystic kidney disease is therefore not a rare genetic
disease (SCHIMKE 1985).

Prior to peritoneal and hemodialysis, 50-60 of patients with autosomal
dominant polycystic kidney disease died of uremia. Today, about 8% of all
dialysis patients have polycystic kidneys (KRAMER et al. 1982).
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Twenty-seven to 47% of chronic dialysis patients have cysts in their kidneys.
These cystic kidneys are known as acquired polycystic kidneys and may be either
shrunken or enlarged (DUNNILL et al. 1977; DuNNILL 1985; ELLIOTT et al. 1977,
FEINER et al. 1981; HUGHSON et al. 1986; THOMPSON et al. 1986). In patients with
chronic renal disease but without dialysis therapy, acquired polycystic kidneys
have also been described (Favemi and ALl 1980; GRANTHAM 1985; KREMPIEN and
RieTZ 1980). Restrospective analysis has confirmed that acquired polycystic
kidneys increase the risk of developing a renal tubular cell tumor. Papillary
epithelial proliferations in cysts as well as renal cell carcinomas were described
(CHUNG-PARK etal. 1983; FARROW and WILKINSON 1979; GARDNER 1984;
Istikawa et al. 1980). The incidence of renal cell carcinomas in acquired
polycystic kidney disease is 5-6% almost eightfold higher than in the normal
population (HUGHSON et al. 1980, 1986; HuGHSON 1985; MATas et al. 1975).
Although a tubular cell proliferation can also be documented in autosomal
dominant polycystic kidneys, the risk of developing renal cell carcinoma does not
seem to be increased in this patient group as compared with the normal
population (ZEIER et al. 1987).

In addition, the clinical relevance of genetic or acquired polycystic kidney
disease is based on the fact that hemorrhages and bacterial infections can occur in
renal cysts (BENNETT 1985; NARASIMHA et al. 1986; SWEET and KEANE 1979).

1.4.2 Pathophysiologic Basis

Cystic kidneys show numerous light-microscopically, ultrastructurally and func-
tionally divergent aspects. Atrophic tubules and, in relation to the total number
of nephrons, relatively few cystic tubular segments can be observed beside
normal tubules. Tubular cysts can show pores to neighboring tubules or have no
communication to nephron (GRANTHAM et al. 1987). Cystic epithelia either show
normal segmental differentiation by light microscopy and electron microscopy or
consist only of dedifferentiated, flat epithelia. Tubular basement membranes and
the interstitial extracellular matrix may not be increased or significantly
thickened (CoHEN and Hover 1986; WINSTON and SAFIRSTEIN 1985). The in-
traluminal cystic pressure may be elevated, comparable to the normal tubular
pressure, or diminished (GRANTHAM 1983). The absorptive and secretory activity
of cystic epithelia varies enormously. In contrast to solitary renal cysts, those in
cystic kidneys may still constitute parts of a functionally active nephron and,
depending on their topography as proximal or distal tubular segments, may
reabsorb sodium or secrete potassium and hydrogen ions (BRICKER and PATTON
1955; CuPPAGE et al. 1980; GARDNER 1969; GARDNER et al. 1976; MILUTINOVIC
et al. 1980). The total excretory renal function can be normal or significantly
decreased in renal cystic disease (MARTINEZ-MALDONADO 1985; PREUSS et al.
1979; REeuBI 1985).

Within the context of our experiments on tubular cystogenesis, it did not
seem sensible to take the aforementioned heterogeneous characteristics of cystic
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kidneys as the basis of this study. Rather, we tried to characterize a constant
feature of cystic kidneys. In experimental and human cystic kidneys, a prolifer-
ation of epithelia that cover a dilated tubule or the tubular cyst can always be
found (BERNSTEIN et al. 1987; McKINLEY 1920; STRUM 1875). Independent of
biochemical and cell biological investigations, this epithelial hyperplasia can be
deduced from the geometry of renal cysts (GRANTHAM 1983). A normal human
kidney tubule has a diameter of 40 pm; the epithelium has a height of almost
7.5 um. If after tubular dilatation the tubular diameter is 5 or 10 mm, epithelial
height without epithelial proliferation will be 48.8 or 24.4 nm. These epithelial
heights are no longer visible with the light microscope. However, cystic epi-
thelium in human cystic kidneys can be seen by light microscopy quite easily. In
human and experimentally induced cystic kidneys, morphometric investiga-
tions have frequently shown epithelial heights comparable to that of normal
tubular epithelium. By scanning electron microscopy, polypoid epithelial
proliferations were often found (BERNSTEIN et al. 1987; EvaN and GARDNER
1976, 1979).

The exogeneous and endogenous features that can initiate a proliferation of
tubular epithelia are shown in Fig. 1 (BERNSTEIN et al. 1987; CROCKER et al. 1987,
Hay 1983; WiILsoN and SHERwoOD 1991). Epithelial hyperplasia would be
a secondary phenomenon if increased mitotic activity occurred after dilatation of
the tubules due to an enhanced compliance of the basement membrane. Cells in
culture can be induced to synthesize new DNA by simple stretching (BRUNETTE
1984). The remaining factors for epithelial proliferative activity shown in Fig. 1
can primarily change the proliferative kinetics of tubular epithelia. “Primary”
epithelial hyperplasia could contribute to cystogenesis in different modes.

The proliferated epithelium partially or totally obstructs the tubular lumen
with consecutive dilatation of the proximal tubular segments during conserved

Increased Transport Activity Increased Sensitivity Decreased Sensitivity

(ATPase!) To Growth Factors To Growth Inhibitors
Factors Of Primary Urine

Endocrine Interstiial Cells

. Factors .
Paracrine Hyperplasia Of intratubular Cells
(Corticoids, Prostaglandins, Tubular Epithelia (Fibroblast, Granulocyte,
Leukotrienes) Monocyte)
Extracellular Matrix ) . Endotoxins, Dietary

Tubular Dilatation

Basement Membrane Toxins

Fig. 1. Possible hyperplastic factors of renal tubular epithelia. —unidirectional action; < interaction
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glomerular filtration. Changed structure and compliance of the tubular base-
ment membrane and hyperplasia of the tubular epithelium may contribute to
cystogenesis. A proliferating epithelium could produce abnormal basement
membrane components and thus change the compliance of the tubular mem-
brane. The multitude of factors that can potentially stimulate tubular epithelium
suggests that hyperplasia of the tubular epithelium does not constitute an
epiphenomenon, but rather the primary feature of cystogenesis.

A controlled investigation of the role of epithelial hyperplasia in the genesis
of cystic kidneys does not seen feasible in humans. Functional, biochemical, and
morphological investigations cannot be performed continuously, but only at the
time of an operation or at the end stage of a disease. The dynamics of the disease
process thus have not been elucidated. Experiments on the characteristics of
proliferation of tubular epithelium and its role in cystogenesis therefore demand
an experimental approach.

Several experimental models of cystic kidneys have been described
(CROCKER ¢t al. 1972; DoByaN et al. 1981; RESNICK et al. 1976; SAFOUH et al.
1970). (GRANTHAM et al. 1987; AVNER et al. 1988; COWLEY et al. 1993; RAHILLY
et al. 1992; TAkaHASHI et al. 1991). Besides genetically determined cystic kidney
disease models, antioxidants, antimycotics, and antihelmintics have been applied
as so-called cystogenic substances (BAXTER 1960; EVAN et al. 1978; GARDNER
and Evan 1983; GoobpMaN et al. 1970; McGeocH and DARMADY 1973). Some
of these substances have been found in foods and could also be effective in
human renal cystogenesis (GARDNER and EvaN 1984). Nevertheless, one has to
consider that only a small percentage of people who consume these dietary
cystogenic substances indeed develop renal cysts or cystic kidneys. Endogenous
influences thus seem to be of importance in the pathogenesis of acquired cystic
kidneys.

1.4.3 Hypothesis

In our own experiments on the development of renovascular hypertension in
rats, glomerular lesions and the consecutive proteinuria were followed by
hyperplasia of the tubular epithelium and dilated tubules. In rats with nephrotic
syndrome, cystic tubular alterations were described (ANDREWS 1977; BERTANI
et al. 1986; GIROUX et al. 1984).

Reports on renal biopsy results in related infants with so-called infantile
Finnish-type nephrosis suggested that the typical tubular cysts of this renal
disease occurred after loss of the glomerular permselectivity and with glomerular
proteinuria (AuTio-HARMAINEN etal. 1981; HuUTTUNEN 1976; RispoN and
TuUrNER 1980).

Kidneys with excretory impairment due to chronic vascular, glomerular, or
interstitial disease and end-stage kidneys of dialysis patients with some residual
renal function are prone to develop renal cysts and quite often have glomerular
proteinuria of the functioning nephrons.
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The following experiments therefore tested the hypothesis that proteinuria
may induce tubular epithelial hyperplasia and lead to tubular cysts. It was the
aim of this study to investigate etiologically different models of proteinuria in the
rat to determine the general importance of proteinuria for tubular dilatation and
cytogenesis. Besides induction of glomerular proteinuria by administration of
heterologous bovine serume albumin (BSA), nephrotic syndromes were induced
by the chemotherapeutic substances daunomycin (D) and puromycinaminonuc-
leoside (PAN). Experiments in the rat indicated that the growth of the kidney
may be fostered by so-called synthetic protein diets and a high fat content of the
diet. We therefore additionally tested whether diets with varying protein and fat
contents could perhaps enhance the suspected tubular effect of glomerular
proteinuria.

2 Experimental Design
2.1 Model of Tubular Atrophy

The experiment was done using rats with renovascular hypertension with
two-kidney, one-clip hypertension. A silver clip with an internal diameter of
0.2 mm was placed on the left renal artery of anesthetized male Wistar rats with
a body weight of 160-180 g (WiLsON et al. 1986). Four weeks later, those rats
with a systolic arterial pressure exceeding 150 mmHg received a sodium-deficient
diet (13mAM Na/kg diet; diet no. 1036, Altromin GmbH, D-4910 Lage, FRG.)
and distilled water ad libitum. After a week of sodium-deficient diet, the animals
were treated with the ACE inhibitor MK 421 or with the vasodilator dihyd-
ralazine (KoCH-WESER 1976; SPERTINI et al. 1981; SWEET et al. 1981). Control
animals were fed a sodium-deficient diet only. The reversibility of the tubular
alterations was tested under four different conditions:

Group I: After 14 days of antihypertensive therapy, the left renal artery was
unclipped and the right contralateral kidney was excised. The animals were then
observed for a period of 2-7 days, equivalent to a total experiment time of 1621
days.

Group 2: Only the silver clip on the left renal artery was removed after 14 days of
MK 421 therapy. Observation time after therapy and surgery was 7-21 days,
corresponding to a total experiment time of 21-35 days.

Group 3. After discontinuing ACE inhibition after 14 days of treatment and
without surgery, the rats were observed for 10, 28, and 49 days, corresponding to
a total experiment time of 24, 42, and 63 days.

Group 4. Rats with renovascular hypertension were treated with MK 421 for 14,
31, and 51 days.
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2.2 Models of Cystic Hyperplasia of Renal Tubules

Male Wistar rats with a body weight of 180-220 g were nephrectomized on the
left side. After 3 weeks the animals received heterologous BSA or D or PAN.

Group 1 (heterologous albuminuria): The rats were injected intraperitoneally
(i.p.) with 1.5g BSA/4ml H,0/24h for 4, 7, 28, and 56 days. Controls received
a solution containing the same electrolyte content as the albumin solution in
equal volumes.

Group 2 (uninephrectomized rats with daunomycin nephrosis): D leads to
a nephrosis with pronounced glomerular proteinuria in rats (SHIRAIWA et al.
1986; STERNBERG 1970). D was injected once in a dose of 5 mg/kg body wt. into
the tail vein. The experiment time varied from 9 to 56 days.

Group 3 (puromycinaminonucleoside nephrosis): PAN, like D, increases the
permeability of the glomerular basement membrane (HAASE et al. 1965; Hoca-
LiGeti 1960). PAN was injected three times in a dosage of 35 mg/kg body wt. i.p.
at 7-day intervals. Experiment time after the last PAN injection was 49 days. Rats
of the three groups received different diets. They contained similar amounts of
total protein but varied in the quality of the protein. P was conventional rat chow
with a mixture of different proteins; C contained only casein; CF was a casein-
and fat-rich diet with a total fat content of 39% and a cholesterol content of 5%.
The respective diet was started in the first group 1 week before and in groups
2 and 3 1 day after administration of the drug to adapt the animals to the diet at
the start of the glomerular proteinuria.

3 Results

3.1 Model of Tubular Atrophy

Animals with renal vascular hypertension (two-kidney, one clip model) received
long-term treatment with two antihypertensives: (a) the nonspecific vasodilator
dihydralazine and (b) the specific angiotensin-converting-enzyme (ACE) blocker
MK 421 (Fig. 2).

MK 421 inhibited plasma ACE activity until the end of therapy (MK 421
n=13:72 + 13 versus hypertensive controls n = 19: 293 + 12 nmol/l/min). Renal
cortical renin activity was significantly increased in the clipped left kidney as
compared with the right normal kidney (MK 421 n = 13, left kidney 1.77 + 0.39,
right kidney 0.65 + 0.05 ng/mg/h).

Plasma creatinine and urea concentrations were in the normal range after
2 weeks of dihydralazine or MK 421 therapy (POPPER et al. 1937). In contrast,
significant differences in glomerular filtration rate (GFR) were measured within
and between groups when split renal function measurements were done (Fig. 2b).
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Fig. 2. a Systolic arterial pressure in sodium-depleted rats with two-kidney, one-clip hypertension
(PrEFFER et al. 1971). Two-week treatment period was followed by contralateral nephrectomy and
unclipping of the left renal artery. b, ¢ Split renal function, glomerular filtration rate (GFR), and
renal blood flow (RBF) in sodium-depleted rats with two-kidney, one-clip hypertension after 14 days
of antihypertensive therapy with dihydralazine (D) or with the angiotensin-converting enzyme
inhibitor MK 421 (M). b Mean GFR of the clipped kidneys of hypertensive control rats (C) was only
about 66% of mean GFR of the contralateral right kidneys but 3.7-fold higher than the GFR of
clipped kidneys of dihydralazine-treated rats, and 34-fold higher than GFR of clipped kidneys of MK
421-treated rats. c Mean RBF of the left clipped kidneys of control rats was significantly higher than
that of clipped kidneys of both treatment groups. Mean RBF of the clipped kidney of dihydralazine-
treated rats did not differ significantly from that of clipped kidneys of MK 421-treated animals

In hypertensive controls, the left GFR was 33% less than the GFR of the right
kidney (1.03 4+ 0.03 versus 1.5540.08 ml/min). In dihydralazine-treated ani-
mals, the mean GFR of the left clipped kidney was only 22% of the GFR of the
right kidney and only 27% of the left GFR of control hypertensive animals.



Selected Experimental Models of Renal Tubular Atrophy 213

In ACE inhibitor MK 421-treated rats, glomerular filtration was drastically
reduced in the clipped left kidney. The GFR was only 0.03 + 0.01 ml/min and
thus only 2-3% of the GFR of the contralateral kidney, and only 10% of the
GFR of the clipped kidneys of animals treated with the nonspecific vasodilator
dihydralazine. In animals with RAS blockade, urine flow stopped when systemic
mean arterial pressure was less than 90-59mmHg. In contrast, urine flow
stopped with systemic mean arterial pressures of 75-70 mmHg or lower in
dihydralazine-treated rats. The GFR of the right kidney was comparable in both
treatment groups and control hypertensive animals.

Renal plasma flow (RPF) of clipped kidneys was not significantly different in
the two treatment groups (Fig. 2¢). The left renal blood flow (RBF) of treated
animals was nevertheless significantly lower than in left kidneys of control
hypertensive rats. Animals that were treated with ACE inhibitor showed a sig-
nificantly higher RBF in unmanipulated right kidneys as compared with control
hypertensive and dihydralazine-treated rats. Filtration fraction (FF) of right
kidneysin MK 421-treated rats had decreased to 23% and was significantly lower
than in the control and dihydralazine groups. The left clipped kidneys of animals
treated with RAS blockade had significantly lower weights after 14 days of
therapy than kidneys distal to renal artery stenosis in the control hypertensive
and dihydralazine groups. Kidney weights decreased further with continued
therapy (80% loss of kidney weight as compared with clipped kidneys of control
hypertensive rats after 51 treatment days) (Figs. 3 and 4f).

The main light-microscopic alterations in the shrunken, clipped kidneys
could be seen within the tubules. Glomeruli showed only slight changes.
Glomerular diameters were smaller in animals with RAS blockade than in those
with untreated clipped kidneys. The visceral epithelial cells appeared to have lost
the fine interdigitated foot processes, as seen by scanning electron microscopy
(Fig. 6d). Essentially, two tubular alterations were seen in the shrunken clipped
kidneys of animals treated by ACE inhibition (MK 421):

1. Atrophic proximal tubules with small or no lumina

2. Proximal tubules with flattened segment-dedifferentiated epithelia and seem-
ingly widened lumina. In either case, segments of the atrophic, collapsed,
proximal tubules were lined by epithelia with clear cytoplasm. Ultrastruc-
turally, the number of mitochondria had decreased significantly; the brush
border had flattened (Figs. 5, 6a—c).

Accordingto this ultrastructural finding, villin as a specific structural protein
of the brush border was only focally observed in MK 421-treated animals after 14
days of therapy and was not documented in animals with severe tubular epithelial
atrophy (51 treatment days with MK 421). The atrophic epithelia did not show
a basal labyrinth; tubular basement membranes appeared convoluted and
slightly thickened due to the collapse of the tubular lumina. The interstitium was
not enlarged. In atrophic kidneys with dilated tubules, a slight interstitial fibrosis
and thickening of the tubular basement membrane was observed with continued
therapy (more than 14 treatment days). The epithelia of the dilated tubules were
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Fig. 3a—c. Development of mean weights of left clipped kidneys of MK 421-treated rats with
two-kidney, one-clip hypertension after a 14-day treatment phase. a After unclipping and contralat-
eral nephrectomy, the mean weight of clipped kidneys increased by about 170% within 7 days. b After
unclipping and cessation of MK 421 therapy, mean weight of clipped kidneys increased by about
150% within 21 days. ¢ After cessation of therapy but without contralateral nephrectomy and without
unclipping, the mean weight of clipped kidneys did not change significantly within the 7-week
post-therapeutic observation period

Days

flattened and did not possess a brush border. Necrosis or mitosis of epithelia were
only seldom observed.

The atrophic epithelia of collapsed tubules often showed a structureless
cytoplasm without a prominent expression of filaments. Nevertheless, in a few
epithelia and groups of tubules that were dilated, the co-expression of the
intermediate filaments keratin and vimentin was observed (Fig. 13e, ). Normal
tubular epithelia of adult rat kidneys were negative for the intermediate filament
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vimentin and exclusively expressed the intermediate filament-type keratin, as did
other epithelial cells. The co-expression of vimentin and keratin in atrophic,
clear, and didifferentiated flat epithelia was observed in MK 421-treated animals
independent of the extent of tubular atrophy. As will be shown for the model of
cystic kidney disease, tubular epithelia in hyperplastic and hypertrophic tubules
can show a co-expression of the intermediate filaments keratin and vimentin.
Distal tubules did not demonstrate major alterations. The epithelium appeared
only slightly lower in height than normal. The arrangement of cytoplasmic
organelles, especially of mitochondria, was only slightly disturbed in comparison
to distal tubules of clipped kidneys of hypertensive control animals.

The atrophy of the proximal tubules in clipped kidneys of animals with RAS
blockade was shown morphometrically. The cross-sectional areas of tubules in
MK 421 rats were only 45% of those of control animals (Fig. 4).

The activity of two key enzymes of cellular metabolism of proximal tubular
epithelia was determined to characterize the function of the described atrophic
proximal tubules. Na-K-ATPase is a major enzyme for energy-dependent,
transepithelial transport processes (ROSSIER et al. 1987). Cathepsins are ly-
sosomal enzymes that degrade proteins reabsorbed from primary urine in
proximal tubular epithelia; they also catalyze the degradation of cell proteins.

In dissected proximal tubular segments S1 Na-K-ATPase activity was
significantly lowered in MK 421-treated animals. This difference was seen in
comparison to the contralateral kidney of the same animal and also in compari-
son to the clipped kidneys of hypertensive control rats (GARG et al. 1981).
Cathepsin B and L activities were decreased in dissected proximal tubular
segments S1 of kidneys behind the renal artery stenosis in rats with ACE
inhibition in comparison to contralateral kidneys of the same rats and in
comparison to clipped kidneys of hypertensive control rats.

If ACE inhibition continued for 5 and 7 weeks, tubular atrophy progressed.
Brush borders disappeared; the tubular lumina were filled with autofluorescent
material. Proximal and distal tubules in cortex and medulla were eventually
completely destroyed. The interstitium was infiltrated with a few mononuclear
cells and was only slightly expanded considering the extensive atrophy of the
clipped kidney.

Clipped kidneys of animals treated with the vasodilator dihydralazine
demonstrated a barely discernible atrophy of proximal tubules that was convinc-
ingly shown only by morphometry (Fig. 4a vs. b). Especially in animals with
temporary drastic reduction of arterial pressure, the stenosed kidneys showed
small foci of ectatic tubules with flattened dedifferentiated epithelia. Clear
tubular atrophy was only rarely observed. The mean cross-sectional area of
proximal tubules was nevertheless 25% less than in clipped kidneys of hyperten-
sive control rats. The left clipped kidneys of untreated hypertensive rats generally
showed a regular morphology. The kidneys were protected from the systemically
increased arterial pressure by the renal artery clip. Only very small foci of
atrophic tubules with seemingly thickened basement membranes and a very
slight fibrosis of the surrounding interstitium were visible.
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3.2 Reversibility of Tubular Atrophy

The reversibility of tubular atrophy was investigated under three different
conditions:

1. Antihypertensive therapy was stopped after 14 days and the left-sided renal
artery stenosis was corrected; after unclipping, a contralateral nephrectomy
was performed.

2. Following cessation of the ACE inhibition by MK 421 after 14 days, only the
renal artery stenosis of the left kidney was corrected.

3. ACE inhibition was stopped after 14 days but the renal artery clip was left in
place.

3.2.1 In hypertensive, nontreated control rats, the arterial pressure decreased
to normal values. In both treatment groups arterial pressure sank even lower
than during antihypertensive therapy. In formerly MK 421-treated rats, 2 days
after cessation of therapy a mean-systolic pressure of 80 mmHg was measured.

Plasma creatinine concentration of the control group increased slightly from
0.7 + 0.07mg% to 1.0 + 0.09 mg% after contralateral nephrectomy; in the dihy-
dralazine group, plasma creatinine concentration increased from 0.69 + 0.03 mg%
to 1.12 + 0.18 mg%. In animals with 14-day RAS blockade and atrophic single
kidneys, excretory renal insufficiency developed. Two days after therapy was
stopped, the plasma creatinine concentration was fourfold higher than during
therapy.

GFR, RPF, RBF, and RVR were determined in both treatment groups
1 week after cessation of antihypertensive treatment. The hemodynamic param-
eters, especially GFR, were again similar in both groups and in the normal range
(GFR: MK 421 1.2540.008, D: 1.38 +0.13ml/min; FF: MK 421 27 4+ 2,
D: 27 +2; RPF: MK 421 4.7540.37, D: 5.26 + 0.30 ml/min, MK 421 n=7,
D n = 6). Accordingly, formerly atrophic kidneys of MK 421-treated rats showed
almost regular tubular structures by light microscopy 7 days after the end of
therapy; focally, small groups of dilated tubules with flattened epithelium were
seen. Ultrastructurally, mitochondria were again arranged in a normal pattern at

4

Fig. 4a—f. Cumulative frequency curves of cross-sectional areas of proximal tubules in the outer
cortex of clipped kidneys in: a Hypertensive control animals (C) after 14 (C14) and 16 (C16) days;
b dihydralazine-treated rats (D) after 14 therapy days (D14) and 2 and 7 days after therapy end,
unclipping of the left renal artery, and right nephrectomy (D16, D21); ¢ MK 421-treated rats (MK)
after 14 treatment days (Mk14) and 2 and 7 days after end of therapy, unclipping of the left renal, and
right nephrectomy (MK 16, MK21); d MK 421-treated rats (MK) after 14 treatment days (MK 14)
and 7 and 21 days after cessation of therapy and unclipping of the left renal artery (MK21, MK35);
e MK 421-treated rats (MK) after 14 treatment days (Mk14) and 10, 28, and 49 days (MK24, MK42,
MK63) after end of therapy without unclipping and without nephrectomy. In rats with MK 421
therapy (c), cross-sectional surface areas of proximal tubules only reached those observed in
dihydralazine-treated rats in b. In d and e an decrease in cross-sectional surface areas was noted with
increased post-therapeutic observation time (MK2! vs MK35 and MK24 vs MK63); f MK
421-treated rats after 14 (MK 14), 31 MKTH31) and 51 (MKTHS1) treatment days. A significant
decrease of cross-sectional surface areas was observed during therapy
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Fig. 5. Transmission electron microscopy. Ultrastructure of atrophic proximal tubular epithelia of
a clipped kidney after 14 days of RAS blockade with MK 421. A tubule without lumen is seen;
atrophic epithelia had only a few mitochondria and no basolateral plasma membrane invaginations.
The brush border was lower then normal. x 3570

right angles to the tubular basement membrane in proximal tubules; the basal
labyrinth was normally differentiated. The cross-sectional areas of proximal
tubules had increased compared with those values during therapy. For the partes
rectae of proximal tubules, the values even reached those of the control group. In
dissected segments of proximal tubules, the activities of Na-K-ATPase and
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cathepsins B and L did not differ significantly from those of nontreated clipped
kidneys.

3.2.2 Normalization of blood pressure also occurred when ACE inhibition was
stopped after 14 days and the stenosis of the left renal artery was eliminated. The
GFR of the formerly clipped kidney rose in comparison to the value during
treatment but even after 15 days did not attain those values measured in animals
that were also contralaterally nephrectomized. The mean weight of the atrophic
kidneys increased by about 50% until 3 weeks after discontinuing therapy.

In almost 40% of the animals, variably large foci of atrophic and ectatic
tubules were still seen 21 days after the end of therapy, although tubular atrophy
and generally regressed qualitatively and also morphometrically. Despite the
further increase in kidney weight from day 21 to day 35 after therapy was
stopped, the extent of atrophic tubules also increased (Fig. 4). These atrophic
tubules were surrounded by a fibrosed interstitium with a slight mononuclear cell
infiltrate.

3.2.3 Renal atrophy after RAS blockade was only partially reversible if anti-
hypertensive treatment was discontinued but the renal artery stenosis left in
place. Within a 7-week observation period after discontinuation of the anti-
hypertensive drug, the fresh weight of the atrophic kidneys did not increase
significantly (Fig. 3c). The mean cross-sectional areas of proximal tubules re-
mained significantly decreased in comparison to the values of hypertensive
controls (Fig. 4e). The majority of tubules were smaller than normal but were
lined by normally differentiated epithelium with a regular brush border. In some
cortical areas, atrophic tubules with only slight surrounding interstitial fibrosis
were seen. As in animals in whom only the artery clip had been removed after
MK 421 therapy, the number of atrophic tubules and interstitial fibrosis in-
creased with continued post-therapy observation time.

3.3 Models of Cystic Tubular Cell Hyperplasia

3.3.1 Acute and Chronic Heterologous Albuminuria

The hemodynamic and morphological renal effects of daily intrapertioneal
administration of heterologous bovine serum albumin (BSA) with consecutive
proteinuria were studied over a period of up to 8 weeks. Other experiments
related to the effects of heterologous albuminuria covered relatively short
periods of up to 7 days and included functional and morphological alterations of
glomeruli only (LAWRENCE and BREWER 1981, 1982, 1984).

The intraperitoneal administration of bovine albumin led to a massive
increase of urinary protein excretion within 24 h; proteinuria persisted with
chronic injection of heterologous albumin. Microdisc electrophoresis showed
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that besides albumin, rat plasma proteins with a molecular weight higher than
60000 and proteins with a molecular weight lower than that of rat albumin were
excreted in the urine. Animals fed a casein and fat-enriched diet had significantly
higher proteinuria than animals fed normal rat chow. The bovine albumin did
not influence GFR even though it was administered in high doses (1.5g/24h).
Exclusively in animals on regular rat chow, renal plasma flow rose slightly but
significantly. Arterial pressures did not differ between albumin- and placebo-
injected rats.

Fresh renal weight of albuminuric rats was significantly higher than that of
control animals starting after 7 days of BSA injection (Fig. 7). The increase in
weight was preceded by a higher than normal mitotic activity and *H-thymidine
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Fig. 7a,b. Urinary protein excretaion (a) and kidney weight (b) of uninephrectomized rats before
and during chronic administration of heterologous bovine serum albumin (BSA4). P, regular pelleted
rat chow; CF, fat- and cholesterol-rich diet; *, significant difference to value on day 0 within one diet
group. (From WEBER et al. 1986)
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DNA incorporation of tubular epithelium. In animals with casein-, fat- and
cholesterol-rich diets, the mitotic index remained high in comparison to control
animals with regular rat chow (Fig. 8). The number of dilated and cystic tubules
rose in parallel to the elevated proliferation of tubular epithelia in animals with
heterologous proteinuria and was most pronounced in animals with the casein-
and fat-rich diets.

Animals with fat-rich diets already had a threefold higher *H-thymidine
DNA incorporation than animals with regular rat chow before injection of
bovine albumin. Cystic or dilated tubules were not observed, however, in these
control rats, with fat-rich diets.

After 4 weeks of BSA administration the increase in kidney weight leveled
off and the number of tubular dilations no longer increased. The injection of
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Fig. 8a,b. Extent of tubular epithelial proliferation. a and number of dilated tubules. b during
chronic administration of bovine serum albumin (BS4). An increase of the number of dilated and
cystic tubules was observed concurrent with an increase in DNA synthesis of tubular epithelia. The
CF diet had a permissive effect on cystogenesis, independent of the proliferative activity of the
epithelia. *, Significant difference to value on day 0 within one diet group
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heterologous albumin led to a segmental and focal glomerular sclerosis. After
4 weeks, 16% of the glomeruli of animals with regular rat chow and 31% of
glomerular areas in animals with fat-rich diet showed partial sclerosis (Fig. 9).
The glomerular sclerosis occurred after the start of tubular epithelial prolifer-
ation and after dilation of tubules. This was especially evident in animals with
a fat-rich diet. The incidence of atrophic tubules with small lumina, dedifferen-
tiated epithelia, and thickened basement membranes increased with the number
of partially sclerosed glomeruli (Fig. 9).

Sclerosed ]
Glomeruh

100 Glomerulh 30 - 7

x
RN

CF Diet
0 7 28 Days With BSA

Atrophic Tubules ]
100 Tubules
) 1
10 - %
7 )
7 7
4
b 9 g SA3A '{/,7 131
P CF Diet
0 & 7 28 0 728 Days With BSA

Fig. 9a,b. Number of partially or totally sclerosed glomeruli. a and number of atrophic tubules.
b during chronic heterologous proteinuria induced by intraperitoneal injection of bovine serum
albumin (BSA4). A relevant increase in glomerular sclerosis occurred only after a significant increase
of tubular dilatation (Fig. 8b). *, Significant difference to the value on day 0 within the respective diet
group



224 H.-J. GRONE

3.3.2 Homologous Proteinuria

Intravenous injection of D and repeated administration of PAN induced a neph-
rotic syndrome. The studies can be divided into two groups:

1. D nephrosis in unilaterally nephrectomized animals
2. PAN nephrosis in unilaterally nephrectomized animals

3.3.2.1 D Nephrosis in Unilaterally Nephrectomized Rats

Almost a week after intravenous injection of D (5mg/kg body wt.) a significant
glomerular proteinuria was noted that increased slightly up to the fourth week
after injection. By microdisc electrophoresis of urine, an increased excretion of
proteins was observed. Scanning electron microscopy showed the typical loss of
foot processes of the podocytes of glomeruli in nephrotic rats. On the other hand,
the podocytes had multiple microvilli-like structures protruding into Bowman’s
space. Kidney size increased 18 days after daunomycin injection. Kidneys were
larger in rats with a casein-rich diet than in rats with regular rat chow.

A fat- and cholesterol-rich diet in addition to the casein diet (CF) led to
a further increase in kidney weight. Eight weeks after daunomycin injection, the
kidneys of groups CF were 2.6-fold heavier than those of control rats. Numerous
cysts with light yellow fluid were seen on the surface of decapsulated large
kidneys. The increase in kidney size leveled off 37 days after D injection.

During the development of acquired cystic kidney disease, GFR decreased
significantly to values 10-15% of controls on day 55, independent of the
respective diet. RBF decreased by 33% (diet P) and 43% casein diet (C and CF) of
control values. Arterial pressure remained constant and in the normal range
during the whole study period.

The number of dilated tubules in D-treated rats increased steadily after the
nephrotic syndrome was manifest with hypoproteinuria, hypercholesterolemia,
and hypertriglyceridemia. About one third of all tubules in the cortex were
dilated 37 days after D injection in rats with the casein diet (C); in rats with
regular rat chow (P) the number of dilated tubules was only one third of that in
groups C and CF.

Dilated proximal tubules outnumbered dilated and cystic distal tubules.
Tubules in the inner stripe of the outer medulla and the inner medulla were rarely
dilated. The dilated tubules often had constrictions and the appearance of
a colon-like structure (Fig. 11a—d). The tubular epithelium was flattened without
segment differentiation on light and electron microscopy; partly a residual or
clearly visible brush border of proximal tubular epithelia was observed. In many
sections a multilayered epithelium was seen that grew in a polypoid arrangement
(Fig. 10a, b). Complete observation of the tubular lumen by proliferated epi-
thelium was not observed.

The proliferative activity of tubular epithelium was noted with the occur-
rence of glomerular proteinuria. The mitotic rate was 6- to 16-fold higher in
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D-rats than in control rats 3 weeks after D injection. The mitotic rate remained
elevated until the end of the study. An increase in tubular atrophy was also
observed in parallel to the dilation of tubules and cystogenesis. Five weeks after
D injection, almost 13% of all tubular cross-sectional areas showed atrophy in
the cortex and outer stripe of the outer medulla in the three daunomycin groups
with diets P, C, and CF. The interstitium was fibrosed to a moderate extent and
infiltrated by mononuclear cells. Some mononuclear cells infiltrated atrophic and
hyperplastic tubular segments that had thickened basement membranes.

The co-expression of keratin and vimentin was observed by immunohistology
in numerous tubular epithelia (Fig. 12a—d). Epithelia that were regularly differ-
entiated, as judged by light microscopy, solely synthesized the intermediate
filament keratin that is typical for epithelial cells. The intermediate filament
vimentin was only expressed in altered, either hyperplastic or atrophic, epithelia.
There was a positive correlation between the extent of tubular dilatation and the
extent and intensity of intermediate coexpression.

3.3.2.2 PAN Nephrosis of Uninephrectomized Rats

To eliminate a possible specific cystogenic influence of D, homologous pro-
teinuria was induced in unilaterally nephrectomized rats by a substance that
shows no structural similarity to D (PAN). PAN was injected three times
intraperitoneally in a dose of 35mg/kg body wt. PAN-injected animals had
significantly higher proteinuria until the end of the experiments, 49 days after
PAN injection, than control rats. The nephrotic syndrome, however, was less
severe than that observed in D nephrosis, as glomerular proteinuria was only two
thirds of that in D nephrosis. Hypercholesterolemia and hypertriglyceridemia
were moderately severe.

After 7 weeks, dilated proximal tubules and numerous tubular cysts were
observed in the cortex and outer strip of the outer medulla in rats with
PAN-induced homologous proteinuria. Renal weight had increased in rats with
casein diet and in rats with casein- and fat-rich diets. Rats with the fat-rich diet
CF had a slightly but not significantly higher kidney weight than animals with
casein diet without cholesterol enrichment.

4 Discussion
4.1 Model of Tubular Atrophy

4.1.1 Pathogenesis of Tubular Atrophy

In rats with chronic renovascular hypertension, arterial pressure distal to a fixed
renal artery stenosis had been found to be in the normal range (ANDERSON et al.
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1981; HeLMcHEN and KNEISSLER 1976). From a teleological viewpoint, the
purpose of the systemic arterial hypertension in renal artery stenosis is to achieve
normal arterial pressure distal to the stenosis and thereby a sufficient filtration of
the clipped kidney (HELMCHEN and KNEISSLER 1976).

Prolonged antihypertensive therapy led to a persistent decrease of systemic
arterial pressure and to a decrease in excretory function of the kidney distal to
a renal artery stenosis. The extent of renal insufficiency and tubular alterations
was dependent on the antihypertensive mechanism of the respective drug.
Dihydralazine dilates arterial and arteriolar vessels and stimulates neural and
hormonal mechanisms which antagonize the reduction of arterial pressure
(KocH-WESER 1976). During the 2-week treatment it was necessary to increase
the dose of dihydralazine five to six fold to keep systolic arterial pressure in the
normotensive range. The GFR of the clipped kidney decreased by about 75%
with regard to the clipped kidney of the hypertensive control rats; renal blood
flow sank by about 50%. The low perfusion pressure distal to the fixed renal
artery stenosis seemed to be the main factor for this pronounced derangement of
renal hemodynamics and excretory renal function.

Blood flow and glomerular filiration were nevertheless sufficient during
dihydralazine treatment to maintain a cortical and medullary renal structure that
by light and electron microscopy did not show major differences from the
structures in control animals. Glomerular filtration stopped exclusively in ani-
mals with subnormal systemic mean arterial pressures of less than 75 mmHg. In
kidneys of these animals, tubules with flattened dedifferentiated epithelia and
wide lumina were observed. Intrarenal compensatory mechanisms were appar-
ently ineffective with these low arterial pressures during dihydralazine therapy.
In animals in whom the arterial pressure reduction was achieved by blockade of
the renin angiotensin system (MK 421), a decrease of systemic arterial pressure to
95-90 mmHg stopped urine flow. Total GFR was nominally zero (Fig. 2b).

This functional finding was supported by the light-microscopic and electron-
microscopic appearance of glomeruli and proximal tubules. Glomerular diam-
eters were smaller than normal (Fig. 6b). The proximal tubules showed only
focally small lumina. In contrast to the acute collapse of tubules after a sudden
stop of renal blood flow, the proximal tubular changes in these experiments with
ACE blockade were evidence for atrophy of the tubules after a stop of urine flow.
The clear epithelia showed relatively small brush borders that often touched each
other (Fig. 5a). Only in animals in whom the RAS was chronically inhibited was
this drastic reduction of renal function and atrophy of the clipped kidney
observed. It could be excluded that the effects of the MK 421 therapy were caused
by a substance-specific effect that was independent of ACE inhibition.

|

Fig. 10a,b. Transmission electron microscopy: Hyperplastic tubular epithelia in solitary kidney of
arat with daunomycin nephrosis and casein- and cholesterol-rich diet (CF) 37 days after daunomycin
injection. Only rudimentary brush borders are seen. Several epithelia have formed blebs into the
tubular lumina. The cytoplasm showed disarranged mitochondria, numerous liposomes, and auto-
phagosomes. Tubular basement membranes were broadened. a x 2808; b x 5535
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Captopril, an ACE inhibitor with a structure chemically different from MK
421, had similar effects on the clipped kidney after systemic blood pressure
reduction in rats with two-kidney, one-clip hypertension and in rats with
one-kidney, one-clip hypertension (unpublished data). Sarisoleucine, a peptide
antagonist of All, led to a normalization of systemic blood pressure in rats with
bilateral renal artery stenosis and to acute renal insufficiency (GRONE and
HermMcHEN 1982; HELMCHEN et al. 1982).

The functional and structural alterations of the clipped kidney after chronic
reduction of systemic blood pressure by MK 421 can thus be regarded as
a specific effect of the blockade of AIl. The pathogenesis of this renal insuffi-
ciency can be understood in more detail if one considers our functional data and
findings on the AII effects on renal vessels.

The autoregulation of the kidney, e.g., the perfusion pressure-dependent
regulation of renovascular resistance, assures optimal conditions for glomerular
filtration. STEINHAUSEN (1987) found that in rats preglomerular vessels, with the
exception of the glomerular pole of the vas afferens, dilated increasingly when
renal perfusion pressure sank; the vas efferens did not exhibit this dilatory
capacity with a decrease in renal perfusion pressure (STEINHAUSEN 1987).
OsswaLD et al. (1979) reported that in dogs a fall of renal arterial pressure from
121 mmHg to 65mmHg was coupled with a significant increase in vascular
resistance of postglomerular vessels.

In micropuncture experiments in the rat kidney, the resistance of the efferent
arteriole increased during low renal perfusion pressure. The result was an almost
constant effective transcapillary hydrostatic pressure gradient of the glomeruli.
In these experiments of DEgN et al. (1972), no definitive statement could be made
with regard to the mechanism of this preferential constriction of the efferent
arteriole.

The renin angiotensin system has the essential function of preserving
glomerular hemodynamics and filtration during hypotonic conditions. The data
from our own experiments and the results of other groups support this assump-
tion.

STEINHAUSEN et al. (1983, 1986; STEINHAUSEN 1987) determined the reactivity
of preglomerular arteries and arterioles of the glomerulus and of the vas efferens
to AlI using the model of the hydronephrotic kidney. AII constricted pre- and
postglomerular vascular segments in a dose-dependent manner. A decrease of
renal perfusion pressure caused by an aortic clip during systemic AII infusion
was followed by a significant decrease in vasoconstriction in all preglomerular
vessels, with the exception of the immediate preglomerular part of the vas
afferens. The constriction of the vas efferens even increased under these experi-
mental conditions. ANDERSON et al. (1979, 1981) investigated the renal
hemodynamic effects of the RAS after acute stenosis of the renal artery. During
inhibition of ACE by teprotide, the effective resistance of the renal artery stenosis
increased dramatically. The renal blood flow remained constant, but the pre-
glomerular arterial pressure decreased.
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In several experimental series, Hall et al. documented convincingly that AIl
is important for the preservation of filtration during low renal perfusion pres-
sures. In dogs with chronic renin depletion by deoxycorticosteronacetate admin-
istration and salt-enriched diet, a decoupling of autoregulation of RBF and GFR
was achieved by low renal perfusion pressures (70—100 mmHg). Though RBF
decreased moderately (maximally 15%), GFR and FF were reduced markedly,
up to 60%. In dogs with sodium depletion and significantly, stimulated RAS,
autoregulation of GFR was eliminated by the AII antagonist SAR?, Tle8-AlIl
during low renal perfusion pressure. As RBF sank by only 10% with a renal
perfusion pressure of 70mmHg, GFR and FF decreased by about 60%. In
animals with a regular sodium diet, normal sodium balance, and regular activity
of the RAS, GFR decreased only slightly when renal perfusion pressure was
lowered and the RAS inhibited; renal blood flow even increased by about 20%.
Calculations of vascular resistances of the afferent and efferent arterioles always
showed a decrease in the resistance of the afferent arteriole and an increase or
a discrete decrease (sodium depletion) of resistance of the efferent arteriole in the
condition of low renal perfusion pressure. In all the cited experiments of Hall,
the lack of RAS activity did not lead to a significant change of the decrease of
resistance of the vas afferens but to a significant decrease of the resistance of the
vas efferens. These characteristics of vascular resistance were independent of
the assumption of a filtration pressure equilibrium or disequilibrium (HaLL 1986;
HarL etal. 1977a,b, 1980). Additional experiments with the AIl antagonist
des-Asp! Ile®-All demonstrated that the intrarenal hemodynamic effects were
essentially due to AII but not to AIIl (HaLL et al. 1979).

Data and calculations by Hall et al. support the hypothesis that AII prefer-
entially constricts the efferent arteriole in low renal perfusion pressure states.
This assumption is congruent with the data of MYERS et al. (OMAE and MASSON
1960). When AII was infused and the resultant systemic blood pressure increase
eliminated by aortic constriction. AIl preferentially constricted the vas efferens.
In vivo observations of the glomerular microcirculation in the model of the
hydronephrotic rat kidney showed that an AII infusion in a low-dose range
(0.2-0.4 pg/min/kg body wt. i.v.) decreased the diameter of the efferent arteriole
by about 22% but did not cause a consistent reaction in the vas afferens
(STEINHAUSEN et al. 1986).

A further indication of the preferential interaction between the efferent
arteriole and AIl was obtained by studies on isolated pre- and postglomerular
arterioles of the rat kidney. Edwards et al. (1983) measured a high reactivity of
the efferent arteriole, but not of the isolated afferent arteriole, to AIL. The

4

Fig. 12a—f. Co-expression of the intermediate filaments keratin and vimentin in tubular epithelia of
atrophic and cystic kidneys as shown by double immunofluorescence. a,b Expression of keratin in
tubular epithelia (a) and of vimentin in the interstitium but not in the tubular epithelia in control rats.
c—f Co-expression of keratin (c,e) and vimentin (d,f) in cystic tubules of a solitary kidney in
daunomycin nephrosis (37 days after daunomycin injection, diet C; ¢, d) and in tubular epithelia of an
atrophic clipped kidney after 14 days of angiotensin concerting enzyme inhibition (MK 421 therapy).
a-d — 100 pm, e, f — 50 um
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preferential effect of AII on the efferent arteriole in comparison to the effect of
All on the afferent arteriole may be explained, at least to some degree, by the fact
that prostacyclin synthesis of the afferent arteriole may antagonize the constric-
tive action of AIl (EDWARDS 1985).

Other investigations in vitro and in vivo indicated that the preferential effect
of AII on the vas efferens could be explained at least partially by a stimulated
synthesis of the vasconstrictor thromboxane A, (TXA,) in the glomerulus or the
vas efferens (GoTo et al. 1987; SHIBOUTA et al. 1979).

Our investigations can best be explained when one assumes a significant
constrictive effect of AIl on the efferent arteriole in states of low intrarenal
perfusion pressure (GRONE and HELMCHEN 1986; HELLER and HORACEK 1986;
Tcrik Awa and BRENNER 1980, 1987). The inhibition of ACE led to a decrease in
All synthesis and a systemic decrease of arterial pressure in rats with two-kidney,
one-clip, RAS-dependent hypertension. During systemic normotension and
simultaneous low renal perfusion pressure, RPF decreased by about 30%, GFR
by about 95%, and FF by more than 95%. Antihypertensive therapy with
dihydralazine without blockade of AII effects resulted in a fall of RBF by only
about 40%, of GFR by about 70%, and of FF by about 50% in comparison to the
clipped kidney of hypertensive control animals.

Navar et al. have repeatedly stressed that the resistances of pre- and post-
glomerular vessels show mostly unidirectional alterations (CARMINES et al. 1987,
Navar and RosivaLL 1984). With the help of a computer model based on
representative experimental micropuncture data of glomerular hemodynamics, it
was shown that changes of FF do not necessarily prove a selective change in the
resistance of a specific vascular segment. Combined changes of resistances of
afferent and efferent vessels, as well as sole changes in the resistance of one
arteriole, can alter the FF. In addition, it has to be considered that the glomerular
filtration coefficient can also influence FF. Despite these objections, it must be
kept in mind that the resistance of the vas efferens can influence FF to a signifi-
cantly greater degree than the resistance of the vas afferens. A fall of FF to such
a drastic extent as in our own experiments in the clipped kidney of rats with RAS
inhibition can probably be explained only by a preferential decrease of resistance
in the vas efferens, even in consideration of the normogram to the effects of
vascular resistances of vas afferens and efferens to CARMINES et al. (1987).

The contribution of direct glomerular changes to the decrease in filtration
did not seem to be of importance in our experiments. The ultrafiltration
coefficient, the product of glomerular capillary filtration, surface area, and
hydraulic conductivity, can be decreased by AII (DEEN et al. 1974). Independent
of the mechanism by which AII influences the ultrafiltration coefficient, inhibi-
tion of RAS should have increased the coefficient and filtration.

Our data on the hemodynamics of the clipped kidney during chronic RAS
blockade are supported by investigations into the acute effect of RAS inhibition
in rats with two-kidney, one-clip hypertension. Huang et al. described a signifi-
cant fall of GFR in clipped kidneys of two-kidney, one-clip rats after intravenous
administration of the ACE inhibitor SQ 20881 and the AIl antagonist saralasin,
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and after oral administration of the ACE inhibitor captopril; in the contralateral
kidney GFR increased during RAS blockade (HUANG 1986; HUANG and NAVAR
1983; HUANG et al. 1981, 1982a). The systemic mean arterial pressure fell to
values between 125 and 135mmHg and was significantly higher than in our
experiments. The reduction of GFR was therefore probably less than in our
experiments. Huang et al. stated that the reduction of the GFR was due
essentially to the decrease in intrarenal perfusion pressure and was not caused by
an inhibition of intrarenal AIl effects (HUANG et al. 1991).

This interpretation is in contrast to our own experiments, to the experiments
of SCHWIETZER et al. (1988) on patients with acute ACE inhibition, and to those
of TExTOR et al. (1984) on dogs with unilateral renal artery stenosis. During acute
reduction of systemic arterial pressure to values below 100mmHg by the
vasodilator sodium nitroprusside, GFR of the clipped kidney was reduced only
minimally in the experiments of Textor et al.; with the AIl antagonist Sar'-
Ala8-All, GFR fell markedly, while RBF increased slightly and blood pressure
reduction was comparable to that in the vasodilator experiments.

Frei et al. reported a decrease in filtration fraction and a higher reduction of
resistance of the efferent than of the afferent arteriole during acute MK 421
administration, while systemic arterial pressures were even significantly higher
than in our experiments; the ultrafiltration coefficient increased significantly
(Frer et al. 1987).

Our investigations broaden these data from acute experiments. The func-
tional and morphological results after chronic inhibition of AII synthesis
support the pathogenetic concept that a constriction of the efferent arteriole is
essential for the maintenance of glomerular filtration in states of low renal
perfusion pressure; All is the main vasoconstrictor for this process.

Effective antihypertensive therapy with dihydralazine and MK 421 was
given under simultaneous sodium depletion (sodium-deficient diet). A sufficient
and continuous normalization of arterial pressure was not achieved without
sodium depletion. Sodium depletion causes significant alterations of vascular
reactivity and renal hemodynamics (TUCKER and BLANTZ 1983).

In the experiments of SCHIFFRIN et al. (1983) receptor density of vascular
smooth muscle for angiotensin II was diminished by sodium deficiency; these
results were obtained in sodium-depleted normotensive and in sodium-depleted
rats with two-kidney, one-clip hypertension. Although these results apply to
mesenteric arteries, they are probably also valid for intrarenal preglomerular
vessels. Also, the AIT receptor number in glomeruli decreased during sodium
depletion.

Captopril, an ACE inhibitor, inhibited the decrease of glomerular AII
receptors in animals with sodium chloride depletion. These experiments were
performed by DouaLas (1987). The characteristics of angiotensin receptors in
preglomerular vessels and glomeruli during chronic ACE inhibition and simulta-
neous sodium depletion were also investigated in our experiments. It is apparent
that sodium depletion and ACE inhibition increased glomerular AIl receptor
number and did not alter the affinity of AII receptors (SIMON et al. 1993).
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Clinical case reports confirm the assumption that sodium chloride depletion
contributes to the loss of excretory function of the clipped kidney during ACE
inhibition. The glomerular filtration of a transplanted kidney with a 90% stenosis
of the renal artery decreased by about 50% during ACE inhibition, sodium
depeletion, and blood pressure normalization. GFR increased, however, to 70%
of control values after correction of sodium depletion but continued ACE
inhibition and blood pressure reduction (Hricik 1985).

Ploth et al. observed that during low perfusion pressure GFR can easily be
disturbed by intravascular volume depletion (PLOTH and WOOLVERTON 1987).
The hematocrit values of kidneys treated by MK 421 did not differ significantly
from those of dihydralazine-treated animals or those of hypertensive control
rats. Volume depletion therefore did not seem to be essential for the drastic
reduction of GFR in MK 421 animals in our own experiments.

The inhibition of bradykinin degradation by ACE inhibition can be assessed
in its significance for our results; bradykinin, however, does not seem to be
important for the systemic hemodynamic effects of ACE inhibition (GRONE and
Dunn 1985).

4.1.2 Differential Diagnosis, Cellular Mechanisms
and Relevance of Inactivity Atrophy

The drastic reduction of glomerular filtration during chronic ACE inhibition was
accompanied by an atrophy of proximal tubular epithelia. As the arrangement of
the clear atrophic cells in a trabescular and rosette-like pattern imitates the
appearance of the adrenal cortex, Selye and Stone described such kidneys as
endocrine kidneys. SELYE and STONE (1946) first reported this form of tubular
atrophy in rats with kidneys with high-grade stenosis and chronic severe,
two-kidney, one-clip hypertension.

BoHLE (1954) described small tubules and clear epithelia in rat kidneys distal
to a renal artery stenosis and coined the term “collapsed kidney”. In agreement
with SELYE and STONE (1946) and our results, Bohle did not find necrosis of
tubular epithelia. ZOLLINGER (1966) interpreted the appearance of the endocrine
kidney in human kidneys distal to a severe renal artery stenosis as a subinfarct,
and therefore as an ischemic epithelial alteration. This pathogenetic explanation
of the “collapsed kidney” does not apply to our experiments. The tubular
atrophy was not caused by a critically reduced renal blood flow.

In our experiments, the majority of atrophic kidneys of animals with RAS
blockade were characterized by this special form of tubular atrophy as described
by SELYE and STONE (1946). The interstitium was not widened, and an inflamma-
tory interstitial infiltrate was not found. These morphological results parallel
those of Michel et al. after 9 weeks of ACE inhibition therapy. In this study, clear
atrophy of tubular epithelia and no or only a focally slight fibrosis was observed
in the clipped kidneys of animals that were not salt depleted. Functional data on
the extent of renal insufficiency were not supplied (MICHEL et al. 1986, 1987).
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This type of tubular atrophy should be clearly separated from tubular atrophy
that is often observed in chronic renal disease. Tubules in chronic renal disease
are usually dilated or collapsed; the epithelia are without tubular segment
differentiation and are surrounded by a broad, convoluted basement membrane.
The interstitium is expanded and fibrosed. In contrast to this tubular atrophy, the
tubules of the clipped kidney in rats with chronic RAS blockade were surrounded
by a normal tubular basement membrane and a normal interstitium; the epithelia
had only partly lost their characteristics. Clear-cut separation of these two forms
of atrophy seems to be necessary with regard to pathogenetic and prognostic
aspects. As will be discussed in detail, clear atrophy of tubular epithelia in clipped
kidneys is potentially reversible. In contrast to the usual atrophy of tubular
epithelia in chronic renal disease, the clear atrophy of proximal tubules during
RAS blockade can be pathogenetically explained with the help of functional
data.

During a state of low or nonexistent glomerular filtration, the resorptive and
energetic capacities of the proximal tubules were drastically lowered. Sodium
potassium ATPase activity and the number of mitochondria and lysosomes, as
well as the activity of catabolic lysosomal enzymes (cathepsin B and L) de-
creased. Tubular atrophy in the clipped kidneys of hypertensive rats after chronic
RAS inhibition can therefore be described as inactivity atrophy. Former experi-
ments of EVAN et al. and SCHLEIFER and ZOLLINGER did not clearly differentiate
between ischemic tubular lesions and atrophy that was due to a lack of ultrafil-
trate (EVAN and TANNER 1986; SCHLEIFER 1962; ZOLLINGER et al. 1973).

The atrophy of tubules was concentrated in proximal parts in our models;
this was probably due to the fact that the proximal tubules have quantitatively
the largest resorptive workload of all tubular epithelia of the nephron. More than
70% of the primary filtrate is reabsorbed in the proximal tubule (WACHSMUTH
1985).

The atrophy of tubular epithelia could have occurred only by an imbalance
between anabolic and catabolic intracellular processes. Principally, three cellular
mechanisms can lead to atrophy:

1. An increased cellular autophagy
2. A loss of cellular parts by extralysosomal mechanisms
3. A decrease in synthesis of cytoplasmic structures (PFEIFER 1982)

Ultrastructurally, there were no indications for degradation of cell organelies by
an increased cellular autophagy; also, the functional data of the decreased
cathepsin activity in proximal tubular segments do not support an increased
cellular autophagy. An extracellular loss of cytoplasm and intracytoplasmic
structures was not observed after 14 days of RAS blockade. Only after prolonged
RAS blockade for several weeks and severe tubular atrophy in the clipped
kidneys was cellular debris noted within the tiny lumina of numerous tubules.
A decreased synthesis of intracytoplasmic substances and physiologic autophagy
were probably the main factors for the inactivity atrophy of the tubular epithelia.
Experiments are currently being conducted to test whether apoptotic events
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change. Also, the cellular biology of this form of atrophy will be analyzed in
future studies.

Risdon et al. and Bohle et al. pointed to the tight correlation between
excretory renal function and tubular interstitial changes (BOHLE et al. 1986;
MACKENSEN-HAEN et al. 1981; RIEMENSCHNEIDER et al. 1980; RISDEN et al. 1968).
Lesions of the tubulointerstitial compartment were correlated with a decrease in
GFR or an increase in plasma creatinine concentration, while there was only
a loose correlation between glomerular lesions and excretory renal function. In
numerous detailed morphometric investigations, especially by MACKENSEN-
HAEN et al. (1981), the correlations between interstitial fibrosis, lesions of the
tubular epithelium, and excretory renal function were documented. The main
focus of these studies was the analysis of the interstitium and its relation to an
effect on excretory renal function. The pathogenetic interpretation of these data
was that interstitial edema and interstitial fibrosis are important modulators of
excretory renal function. Tubular atrophy was seen as a consequence of the
interstitial changes.

It is conceivable that interstitial lesions can significantly influence excretory
renal function in states of advanced chronic inflammatory and metabolic
glomerular diseases. BOHLE et al. (1986) were able to show a good correlation
between interstitial fibrosis and decreased GFR in many different renal diseases;
nevertheless, this correlation does not hold true for the inactivity atrophy
described here. On the basis of the data obtained, other factors are the primary
determinants for excretory renal function in our tubular atrophy model. Primar-
ily, intrarenal and glomerular hemodynamics were the determining parameter
for a decrease in excretory renal function. The interstitium was not altered. The
intrarenal and postglomerular blood flow seemed to be sufficient during the
hypotensive period of antihypertensive therapy; ischemic lesions did not occur.
Cell necrosis was seen very seldom. The alterations of the tubular epithelia were
caused by factors from the luminal side of the tubule, that is, by a lack of primary
urine, and were not a consequence of interstitial alterations like edema or
interstitial fibrosis. The atrophic epithelia were a major factor in the decrease of
excretory function 2 days after the end of ACE inhibition and unclipping of the
renal artery stenosis (Table 2).

The question remains whether the inhibition of AIl had a direct effect on the
tubular epithelia. The tubular epithelia of the nephron possess luminal- and
basolateral-specific AIl receptors (BRowN and Doucras 1987; Musars et al.
1986). The proximal tubules have the highest receptor density of all tubular
segments.

During chronic RAS blockade the stimulating effect of AIl on the proximal
epithelia was lacking. Even the reabsorption of a very low primary urinary
filtrate could thus be hindered, and inactivity atrophy of the tubular epithelium
could have been fostered. Angiotensin II probably has hypertrophic effects on
tubular epithelia (WINTERBOURNE and MoRa 1978; WOLF and NEILSON 1990a, b;
WoLr and NEILSON, this volume). In in vitro experiments on proximal tubular
cells a hypertrophic effect of AIl was noted (WINTERBOURNE and MoORra 1978).



Selected Experimental Models of Renal Tubular Atrophy 237

The atrophy of the proximal tubular epithelia could thus have been increased by
a lack of trophic influence of AIl on tubules.

4.1.3 Reversibility of Inactivity Atrophy

Reversibility of inactivity atrophy was tested after antihypertensive therapy
under three different conditions:

1. Unclipping of the renal artery stenosis and contralateral nephrectomy
2. Unclipping of the renal artery stenosis

3. Stopping of antihypertensive therapy without surgical manipulation

The atrophy of the tubular epithelia disappeared within a week after unclipping
of the renal artery stenosis and contralateral nephrectomy.

Omae and Masson reported that during the course of renal vascular
hypertension with a high-grade stenosis of the renal artery, poststenotic tubular
atrophy was reversible only after contralateral nephrectomy (OMAE and MassonN
1960). Uninephrectomy increases renal blood flow and raises the effective
transcapillary pressure gradient within the glomerulus and the filtration rate—
conditions which apparently promote the reversibility of tubular atrophy (FINE
1987; FINE et al. 1985a). Wright’s view that increased “stress” exerts positive
effects on the kidney (“the kidney thrives on work”) seems to be valid for this
experimental condition (WRIGHT 1982). The experimental situation discussed, of
simultaneous nephrectomy and unclipping of the renal artery, does not imitate
practical clinical situations, because under normal conditions the contralateral,
untouched kidney is not removed in the case of unilateral renal artery stenosis.
When only the renal artery stenosis was unclipped, GFR increased to a third of
that of the contralateral kidney after 15 days. The tubular epithelia regenerated
in only about 60% of all animals within 3 weeks. In the remaining animals,
relatively large foci of atrophic or incompletely regenerated tubules with sur-
rounding slight interstitial fibrosis were observed. Apparently, contralateral
nephrectomyis an additional important stimulus to cell hypertrophy. When after
ACE inhibition no surgical manipulation was performed, renal atrophy did not
fully reverse. Renal weights did not increase. The relatively small tubular
epithelia, however, were regularly differentiated 10 days after ACE inhibition
with regard to brush borders and the existence of segmentally differentiated
enzyme patterns. Only small foci of fully atrophic tubules remained. An inter-
stitial fibrosis was seen only focally.

During the course of the observation period atrophic foci increased in the
group in whom only the renal artery clip was removed after discontinuation of
antihypertensive therapy. Atrophy and fibrosis developed a “dynamic” that
could not be pathogenetically explained; this may have an important influence on
renal function in the long term also in human beings.

These data on only partially reversible atrophy of clipped kidneys after
unclipping support Hinman’s concept of renal counterbalance and renal “atro-
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phy of disuse.” In Hinman’s investigations on the atrophy of hydronephrosis,
tubular atrophy reversed only if a working stimulus to tubular regeneration was
set via contralateral nephrectomy (HINMAN 1943).

4.1.4 Clinical Relevance of the Model of Tubular Inactivity Atrophy

ACE inhibitors were developed because the blockade of the RAS—shown to be
of major pathogenetic importance in several experimental and clinical forms of
hypertension—seems to be a causal and effective antihypertensive therapy
strategy (CUSHMAN et al. 1980). Synthesis of orally effective ACE inhibitors
enabled the routine use of ACE inhibitors in clinical practice.

Renovascular hypertension was assumed to be the most appropriate form of
hypertension for ACE inhibition treatment. The fact was, however, largely
neglected that the RAS may have intrarenal effects that are essential for the
maintenance of renal function under certain conditions. These conditions have
been discussed in detail in the foregoing sections. In several case reports, acute
decline in renal function was reported during ACE inhibition in patients with
bilateral renal artery stenosis or in patients with stenosed single functional
kidneys (renal transplant patients) (CHRYSANT et al. 1983; COLISTE et al. 1979;
CouLIE et al. 1983; CurTIS et al. 1983; FARROW and WILKINSON 1979; GRONE
etal. 1982; GrossMAN et al. 1980; HoLLENBERG 1983; HRrICIK et al. 1983;
JACKSON et al. 1984; KAwAMURA et al. 1982; KINDLER et al. 1981; KREMER-
HOVINGA et al. 1984; LUDERER et al. 1981; PLANZ and BUNDscHU 1980; SiLAS
ctal. 1983; VETTER et al. 1984; WAEBER et al. 1984).

Although Textor et al. pointed out the significant and critical influence of
renal perfusion pressure on RBF and GFR in stenosed kidneys in patients with
bilateral renal artery stenosis, other studies indicated that RAS inhibitionin itself
has an important role in causing the decrease of excretory function in these
patients (HOLLIFIELD et al. 1982; HRICIK et al. 1983; TEXTOR et al. 1985; VAN DER
WoUDE et al. 1985). Equivalent reductions of systemic arterial pressure by
nitroprusside, minoxidil, or diuretics and vasodilators did not cause a similarly
significant reduction of GFR as occurred during RAS blockade.

Our data show convincingly that in unilateral renal artery stenosis the
clipped kidney can suffer severely during ACE inhibition. Qur own clinical case
observations and functional investigations of other clinical groups confirm the
clinical relevance of our experimental data (BENDER ct al. 1984; GRONE et al.
1982; MiryamoRI et al. 1986; SCHELER and GRONE 1982; WENTING et al. 1984). In
contrast to the systemic effect of ACE therapy in bilateral renal artery stenosis,
there is no increase in plasma creatinine concentration. The lesions of the clipped
kidney in unilateral renal artery stenosis cannot be recognized by routine clinical
functional parameters (LEVENSON and DzAU 1987). The untouched contralateral
kidney compensates for the loss of function of the clipped kidney. Plasma
creatinine and urea concentrations remain in the normal range. Hollenberg
(1984) observed an increase in plasma creatinine concentration of more than
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0.3 mg% in only about 25% of patients with unilateral renal artery stenosis during
ACE inhibition. Similarly moderate decreases in GFR were reported by other
clinical groups (LEVENsSON and Dzau 1987). Only Textor observed a more
significant decrease of total GFR, from 78 to 58 ml/min (25%) (TEXTOR et al.
1983, 1984). Wenting et al. performed split renal functional measurements in
patients with unilateral renal artery stenosis and prolonged ACE inhibition.
During ACE inhibition with captopril, GFR in the clipped kidney fell in seven of
14 patients to nonmeasurable values. In other patients, no alteration in GFR of
the clipped kidney occurred during RAS blockade. The arterial pressure or the
GFR of the clipped kidney before treatment did not differ significantly between
these two patient groups (WENTING et al. 1984).

Five determinants seem to be of importance for occurrence of lesions of the
clipped kidney during RAS blockade:

1. Extent of reduction of systemic arterial pressure

2. Extent of renal artery stenosis

3. Phase of arterial hypertension and functional reserve of the contralateral
kidney that may be damaged by nephrosclerosis

4. Activity of the RAS before therapy

5. Extent of volume and sodium depletion

In patients with unilateral renal artery stenosis, a prolonged RAS blockade
may damage the clipped kidney permanently, as is shown in our experiments on
the reversibility of tubular atrophy of the clipped kidney. Even in patients in
whom the renal artery stenosis has been eliminated after RAS inhibition therapy,
partially irreversible functional loss of the clipped kidney could occur. In patients
with heart failure, ACE inhibitor therapy may have a beneficial effect, causing
vasodilatation and reduction of cardiac postload (CLELAND and DARGIE 1987).
According to clinical case reports, some of these patients with a stimulated RAS
and sodium depletion induced by diuretics are predisposed to develop a decrease
in excretory renal functional during RAS blockade (CLELAND and DARGIE 1987,
PACKER et al. 1987). Pathogenetic aspects to those similar discussed for the
clipped kidney can be assumed to play a part if a nephrosclerofic kidney has
peripheral stenoses. In summary, a chronic blockade of the RAS in states of pre-
or intrarenal fixed artery stenosis must be regarded as an antihypertensive
therapy that can potentially lead to irreversible renal lesions.

4.2 Models of Cystic Tubular Cell Hyperplasia

4.2.1 General Association Between Proteinuria and Cystogenesis

The hyperplasia of tubular epithelia is a constant and readily apparent character-
istic of polycystic diseases, especially if micropapillary epithelial hyperplasia is
present (BERNSTEIN 1985; BERNSTEIN et al. 1987; EvaN et al. 1979). Detailed
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scanning electron-microscopic investigations of human polycystic kidneys have
confirmed that tubular cysts are always associated with epithelial proliferation,
that is, an increased number of epithelial cells per original tubule length
(GranTHAM €t al. 1987). As shown in Fig. 1, numerous influences on the tubular
epithelia can stimulate epithelial proliferation. A disturbed permselectivity of the
glomerular filter with consecutive glomerular proteinuria can be observed in
multiple renal diseases and in those that are accompanied by dilatations and cysts
of tubular segments. Our observations in animals with renovascular hyperten-
sion, glomerular proteinuria, and tubular dilatation indicated that proteinuria
may play a role in the dilatation of nephron segments. In addition, it is known
that in congenital nephrotic syndrome of the Finnish type, tubular dilation and
cysts can be decumented only after glomerular lesions and glomerular pro-
teinuria have occurred (RispEN and TURNER 1980). Pinocytotic and metabolic
activity of proximal tubular epithelia increase with glomerular proteinuria.
Experiments on cells in culture point to the possibility that a higher pinocytotic
activity may be accompanied by cell proliferation (BAR-SAGI and FERAMISCO
1986). Glomerular proteinuria could perhaps be a stimulus for proliferation of
tubular epithelia and tubular cystogenesis.

4.2.2 Heterologous Proteinuria
4.2.2.1 Proteinuria and Cystogenesis

In the rat, proteinuria can be observed after parenteral administration of large
amounts of proteins (KARL et al. 1964; KurTz and FELDMAN 1962; MARKS and
DruMMOND 1970). In numerous studies on the rat, BSA was injected in-
traperitoneally to elucidate the mechanisms and morphology of so-called protein
overload proteinuria (ANDERSON and RECANT 1961; BLisS and BREWER 1985a, b;
Davies and BREWER 1977; DAVIES et al. 1978; LAWRENCE and BREWER 1981,
1982, 1984). Considering these reports, increased glomerular transcapillary flow of
proteins led to an augmented protein absorption in glomerular visceral epithelia;
lysosomal activity of these cells rose. The epithelial cells became edematous;
vacuoles were generated, the typical foot processes were lost, and some epithelial
cells were detached from the glomerular basement membrane. With prolonged
administration of BSA, a focal and segmental sclerosis of glomeruli occurred.

These well-known glomerular alterations after high-dose BSA administration
were confirmed and supplemented in our own experiments. After 4-8 weeks of
BSA administration, the extent of glomerular sclerosis exceeded significantly the
extent of sclerosis indices that were described after short-term BSA administra-
tion (Fig. 9). In agreement with other groups, our data showed that proteinuria
was a mixture of heterologous BSA and homologous proteins with nominal
molecular weights, larger and smaller than albumin.

The tubular effects of protein overload proteinuria were not analyzed in
detail in the aforementioned investigations of BSA effects on glomerular struc-
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ture. In rats, Baxter et al. described an increase in kidney size after prolonged
intraperitoneal administration of human albumin (BAXTER and CORTZIAS 1949).
After parenteral heterologous protein administration, kidney weights increased
significantly in our studies (Fig. 7). Tubular dilatations and casts were formed
preferentially in proximal tubular segments (Fig. 8). Significantly increased
3H-thymidine incorporation into the nuclei of tubular epithelia was observed
already on the fourth day of high daily BSA administration (Fig. 8). Althoughan
increased *H-thymidine DNA content cannot automatically be equated with cell
proliferation, we regarded a rise in nuclear *H-thymidine incorporation or an
increase in numbers of mitoses that paralleled *H-thymidine incorporation
(Hutcrison and MUNRO 1961) as indicators of epithelial proliferation. Parallel
to tubular epithelial hyperplasia, dilated and cystic tubular segments were
demonstrated. The inner medulla was free of dilated tubules. The almost
simultaneous occurrence of tubular epithelial proliferation and dilatation hin-
dered an exact analysis of whether one phenomenon was due to the other, or vice
versa; nevertheless, it is probable that the hyperplasia of tubular cells caused the
dilatation of tubular segments.

4.2.2.2 Proteinuria and Tubular Cell Hyperplasia

The glomerular proteinuria led to a significantly increased pinocytotic activity of
epithelia in proximal tubules. In the edematous epithelia, numerous protein
reabsorption droplets were observed by light microscopy. OLBRICHT et al. (1986)
reported that with heterologous proteinuria, lysosomal enzyme activity of
proximal tubular epithelia increased significantly. It is conceivable that an
increased protein reabsorption not only stimulates cell metabolism, but may also
be a stimulus for a proliferation of tubular epithelia. This idea is supported by the
previously cited study on cells in culture that found increased cell proliferation
accompanying elevated pinocytotic cell activity (BAR-SaG1and FERAMISCO 1986).
Several plasma peptides that are known as potential mitogens, like insulin, are
normally filtered in the glomerulus and degraded after reabsorption in the
proximal tubular epithelium (KAYSEN et al. 1986; SumPIO and Maack 1982). In
states of glomerular proteinuria, these peptides cannot be assumed to be
responsible for tubular epithelial hyperplasia. Potent insulin-like growth factors
such as IGF I and IGF II, which are supposed to play a role in renal growth after
uninephrectomy, are filtered in the glomerulus only if glomerular permselectivity
is disturbed (FAGIN and MELMED 1987; HAMMERNAN 1989; STILES et al. 1985).
Growthfactors IGF I and IGF II are bound to specific carrier proteins in plasma.
The IGF carrier protein complexes have molecular weights between 150 000 and
45000 and can therefore be detected only in traces in the glomerular ultrafiltrate
under normal conditions. The brush border of proximal tubular epithelia
possesses specific IGF IT and, to a smaller degree, IGF I receptors (HAMMERMAN
and ROGERS 1987). In glomerular proteinuria, the quantity of IGF I and IGF II
molecules would be augmented in the primary urine; these molecules could then
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specifically bind to the proximal tubular epithelia and could function as so-called
progression factors on growth-competent epithelia (D’ERCOLE et al. 1984;
HirscHBERG 1993). Further experiments must confirm this assumption.

The possible relevance of growth factors for tubular cell hyperplasia was also
indicated by a model of homologous protein-overload proteinuria which was
described by Mori et al. (1986). In rats with prolactin, growth hormone, and
ACTH-secreting tumors of the hypophysis, liver hyperplasia was induced with
consecutive excessive albumin production. Pronounced homologous proteinuria
occurred with an increase in kidney size and the genesis of tubular cysts. The
authors did not perform quantitative morphometric or hormonal analysis, which
would have allowed assessment of the role of the secreted growth factors and
hormones, and of the role of the homologous proteinuria on the tubular
alterations.

It also must be considered that glomerular cells and macrophages located in
partially sclerosed mesangial areas can synthesize eicosanoids and leukotrienes,
substances which can exert hypertrophic and hyperplastic effects (BAND et al.
1985).

The glomerular sclerosis started to increase in the late phase of our experi-
ments. Therefore, it does not seem to be the primary stimulus for cell hyperplasia
and tubular dilatation. Our considerations on the induction of tubular epithelial
proliferation by proteins of the glomerular ultrafiltrate are confirmed by investi-
gations of BRODKIN and NOBLE (1986). These studies were performed to test
a possible mitogenic effect of immunoglobulins on tubular epithelia. The im-
munoglobulins bound onto specific receptors of proximal tubular epithelia and
led to an increased proliferation of tubular epithelia in vivo. In this study,
a so-called nonspecific albuminuria also stimulated the proliferation of tubular
epithelium, although to a lesser extent than immunoglobulins.

4.2.2.3 Tubular Cell Hyperplasia and Cystogenesis

Postulated causal relationships between tubular cell proliferation and tubular
cystogenesis are supported by studies on transgenic mice. MACKAY et al. (1987)
investigated lines of transgenic mice with the so-called early region of the SV 40
virus. It was known that gene products of the early region of SV 40 could induce
a malignant transformation of cells in culture. The transforming gene coded the
large T-antigen. In vivo, proliferation of epithelia was observed when the large
T-antigen was produced in tubular epithelia of the mouse kidney. The tubular
cell hyperplasia was associated with tubular dilatation and cysts.

Korriaset al. (1987) described the ectopic renal expression of Thy-1 genes in
transgenic mice. The proximal tubular epithelium exhibited an increased mitotic
activity. Dilated tubules and tubular cysts were observed. Also in transgenic mice
¢-myc overexpression or bel-2 dificiency resulted in tubular cell proliferation and
polycystic kidneys (TRUDEL et al. 1991; VEIs et al. 1993).
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The association of the two phenomena, tubular cell proliferation and cysts,
does not indicate a direct causal correlation. The expression of the large
T-antigen and other oncogenes could alter the production of proteoglycans and
collagen, as well as stimulate DNA synthesis (BANKOWSKI et al. 1978; Iozzo
1985; SUNDARRAJ and CHURCH 1978; WINTER BOURNE and MoraA 1978). The
compliance of tubular basement membranes thus could have been increased in
the cited experiments and dilatation of tubules could have occurred. It can
therefore only be assumed that a causal relation between epithelial hyperplasia
and cystogenesis does exist. The expression of proto-oncogenes has not yet been
studied in the model described here, in contrast to other models with oncogene
overexpression (COWLEY et al. 1987, 1991; HARDING et al. 1992; HERRERA 1991).

4.2.2.4 Excretory Renal Function and Cystogenesis

Increased GFR, with a consequent increase in electrolyte and water transport,
activated Na*/H* antiport, and Na-K-ATPase of tubular epithelia, can be
regarded as a stimulus for the hypertrophy and hyperplasia of tubular epithelia
(Finget al. 1985a, b; GRANTHAM et al. 1989; MOOLENAAR et al. 1983; NoORrD et al.
1984). According to our functional measurements, in agreement with those of
WEENING et al. (1987), no significant differences in GFR were obtained between
BSA and control groups; thus, an increased electrolyte transport does not seem
probable as a cause of cell hyperplasia.

An obstruction of the ureter, which may cause tubular cell hyperplasia and
segmental dilatation, was excluded in our experiments (BENITZ and SHAK A 1964;
FETTERMAN et al. 1974; SHEEHAN and DAvIs 1959). There were no macroscopic
or microscopic indications for postrenal obstruction. On the other hand,
homogenous eosinophil precipitates were observed in proximal and distal tubu-
les in the course of massive proteinuria. A temporary partial or total obstruction
of urine flow in the region of entry of the tubules into the medulla could thus not
be definitely excluded and might have fostered a tubular dilatation.

4.2.3 Homologous Proteinuria, Models of Acquired Cystic Kidney Disease

4.2.3.1 Proteinuria and Cystogenesis

Daunomycin (D) and puromycinaminonucleoside (PAN) directly damage the
visceral epithelial cells of the glomeruli (ANDREWS 1977; BAKKER et al. 1987;
EricssoN and ANDRES 1961; FisumMaN and KARNOVSKY 1985; GLASSER et al.
1977; PinTO and BREWER 1975; SCHWARTZ et al. 1984; SPINELLI and BRUCHER
1975). MEssINA et al. (1987) and CAULFIELD et al. (1976) have investigated the
glomerular alterations after PAN sequentially and in detail. Before proteinuria
occurred, the podocytes showed a general loss of foot processes. The start of the
proteinuria happened at the time at which the visceral epithelial cells partly
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detached from the glomerular basement membrane. In the course of proteinuria,
the number of glomerular basement membrane segments that were denuded
from visceral epithelial cells increased. The cytoplasm of the podocytes showed
varyingly large, partly ruptured vacuoles. These light-microscopic and ultra-
structural features of the glomeruli after D and PAN were confirmed by our
studies (FisHeEr and HeLLSTROM 1962; FRENK et al. 1955; GRONE et al. 1980b;
GRroOND et al. 1984, 1985).

Daunomycin induced a severe nephrotic syndrome with a continuously high
homologous proteinuria (Table 4a,c). In a relatively short time of 7 weeks,
pronounced polycystic kidneys were generated, dependent on the diet fed to the
rats. Uninephrectomy exacerbated the cystic tubular alterations.

Cystogenesis was not due to a substance-specific effect of D. Cystic renal
alterations also occurred after PAN injection. The extent of tubular cysts,
however, was smaller than in animals with D-nephrosis. This phenomenon is
probably due to a less pronounced nephrosis after PAN injection. PAN-treated
animals showed pronounced proteinuria only at the end of the experiment;
proteinuria was always less than in D-treated rats. Metabolic alterations such as
hypercholesterolemia and hypertriglyceridemia were also less severe in PAN-
treated than in D-treated rats.

The proliferative activity of the tubular epithelia increased with glomerular
proteinuria. The significant rise in cell hyperplasia and the tubular dilatations
and tubular cysts occurred at different points of time. Therefore, it can be
assumed that the increased proliferation of tubular epithelia was not secondary
to the dilation of tubules. The scanning electron microscopy of the tubular
dilatations demonstrated the probable association between tubular dilatation
and tubular hyperplasia. The proliferative epithelia seemed to distend the tubules
with the formation of colon-like structures. Polypoid proliferations and tubular
ridges formed partial obstructions to urine flow. Thus, the intratubular pressure
could have increased with continued glomerular filtration and, in addition, could
have dilated the tubules.

4.2.3.2 Cell Toxicity of Daunomycin and Puromycinaminounucleoside
and Cystogenesis

According to the literature, D and PAN seem to have a direct tubular toxic effect
(FAJARDO et al. 1980). NAGLE et al. (1972) described at 8 days after the start of
daily intramuscular PAN injections (50 mg/kg body wt.) that proximal tubular
epithelia appeared swollen and numerous lysosomes and damaged mitochondria
could be seen. The tubular epithelia demonstrated an increased protein perme-
ability to peroxidase. Cell necrosis, and increased number of epithelial mitoses
per area, and cell debris in the lumina of tubules were observed.

In contrast to our data, the PAN dose applied in the experiments of Nagle
et al. was high.
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Cell apoptosis nevertheless may be an important factor in the development
of tubular lesions (GoBE and AXELSEN 1987). Cell necrosis and cell apoptosis,
along with glomerular proteinuria, could well have exerted a proliferative
stimulus in our experiments. Similar phenomena have been observed after
chronic application of hydrocarbons (ADEN et al. 1985; SHORT et al. 1987).

4.2.3.3 Excretory Renal Function and Cystogenesis

The excretory renal function decreased during tubular cystogenesis, independent
of the specific diet. GFR fell continuously to about 10% of control values during
the experimental period. This decrease in excretory renal function was not caused
solely by the cystic nephron parts; only about one third of all tubules were
cystically dilated. Numerous tubules with very small lumina that were covered by
atrophic and hyperplastic epithelia were observed. Tubular cysts apparently
decreased total renal function by a compression of surrounding nephron seg-
ments that finally became atrophic (CARONE et al. 1988). A morphological study
in human cystic kidneys confirmed these experimental observations (BIRENBOIM
et al. 1987). The number and the size of tubular cysts were directly correlated
with the serum creatinine concentrations in two studies on patients with geneti-
cally determined cystic kidneys (GaBow et al. 1984; REUBI 1985).

According to our sequential hemodynamic data, it does not seem probable
that a primarily increased electrolyte and water transport of tubular epithelia
with a simultaneous increase of GFR constituted a cause of the tubular epithelial
hyperplasia. On the other hand, it is possible that in the course of cystogenesis,
tubular epithelia changed not only their morphological phenotype but also their
functional characteristics. An abnormal tubular transport with accumulation of
osmotically active substances and a consequent accumulation of fluid within the
tubules could be conceived. Avner et al. induced proximal tubular cysts by
cortisone administration and trilodothyronine in metanephric tissue cultures
(AVNER 1988; AVNER et al. 1984). The induction of cysts was directly dependent
on the activity of the epithelial sodium potassium ATPase. A blockade of sodium

potassium ATPase by ouabain suppressed cystogenesis completely (AVNER et al.
1985, 1987).

4.2.3.4 Tubular Basement Membranes and Cystogenesis

The basement membranes of dilated tubules were thickened even in areas with
large tubular cysts. An abnormally increased compliance of tubular basement
membrane has been assumed as the dominant pathogenetic factor during
cystogenesis (CARONE et al. 1974; HAy 1983; WALDHERR et al. 1982; WINSTON
and SAFIRSTEIN 1985). If an increased deformability of the tubular basement
membrane were the only stimulus to cystogenesis, an increase of the tubular
segment by a factor of 1000 should lead to an extremely thin basement mem-
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brane; this has been stated in detail by WELLING and GRANTHAM (1986). Thin
tubular basement membranes have not been observed, either in cysts of human
polycystic kidneys or in experimentally induced cystic kidneys of animals (AVNER
1988; BERNSTEIN et al. 1987, GRANTHAM et al. 1989). GRANTHAM et al. (1987)
measured the viscoelastic properties of microdissected tubular segments in
tubular cysts in two experimental cystic kidney disease models (cystic kidneys
induced by diphenylthiazol and nordihydroguaretic acid) and in experimental
hereditary cystic kidney disease models. The mechanical features of tubular
basement membranes were similar in cystically altered tubules and in normal
tubules. Also in our studies, there were no direct indications for a large
deformability of tubular basement membranes as judged by light microscopy
and ultrastructure. The tubular basement membranes were always thicker than
normal. This increase in the tubular basement membrane could have been due to
an elevated synthesis or to a decreased degradation of basement membrane
components (MADRI et al. 1980; ROHDE et al. 1979). Studies of KanwaRr and
CARONE (1984) and EBIHARA et al. (1988) in the diphenylthiazole cystic kidney
disease model of the rat pointed to an increased synthesis of proteoglycans by
tubular epithelial cells. The pronounced increase in rough endoplasmic reticulum
in the hyperplastic tubular epithelia favor an elevated production of basement
membrane components in our cystic kidney disease model; also, the synthesis of
a new intermediate filament (vimentin) speaks in favor of an increased synthesis
of structural proteins. It cannot be excluded that a synthesis of altered basement
membrane components (BEAVAN et al. 1991) thus fostered a dilatation of the
tubules, as a changed tubular basement membrane could have had altered
viscoelastic properties. In addition, an altered extraceliular matrix can lead to an
increase in tubular epithelial proliferation (TAUB et al. 1990; WiLSON et al. 1992).

4.2.3.5 Interstitial Cells and Cystogenesis

The formation of cysts in D- and PAN-nephrosis was accompanied by focal
tubular atrophy, interstitial fibrosis, and interstitial mononuclear infiltration.
BERTANI et al. KELLY et al. proposed that the interstitial inflammatory infiltrate
had an important role in cystogenesis (BERTANI et al. 1982, 1986; KrLLY and
NEILSON 1987). Kelly et al. hypothesized that the tubular microcysts in Kd-Kd
mice with interstitial nephritis were initiated by an interstitial inflammation.
Macrophages can synthesize proteases such as collagenase and elastase and
secrete these enzymes, which could potentially damage the extracellular matrix
and tubular basement membrane (NATHAN 1987). Tubular dilatations thus could
occur more easily (WERB et al. 1980). T Iymphocytes synthesize f-transforming
growth factor (TFG), a peptide that may influence cell proliferation, cell
differentiation, (WANG and Hsu 1986) and matrix synthesis. The development of
renal cysts in a transgenic mouse with immunodeficiency argues against a signifi-
cant role of lymphacytes.
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Gardner et al. reported that a positive correlation could be established
between an infiltration of the interstitium and tubules by granulocytes and
cystogenesis in the mouse (GARDNER et al. 1986, 1987; WERDER et al. 1984). The
interstitium was not infiltrated by granulocytes in our experimental model. Thus,
granulocytes did not seem to be a part of the pathogenesis of tubular cysts. An
interstitial nephritis was not seen in the early stages of our studies. A cystogenic
influence of interstitial cells in later phases of our studies, however, cannot be
definitely excluded, although it does not seem to be the dominant cystogenic
factor.

4.2.4 Influence of Diet on Cystogenesis

Itis known that one can modulate glomerular function and glomerular structure
by diet. This has been extensively investigated and is uniformly accepted (FINE
1987). A high-protein diet increases renal blood flow in many mammals,
including man, and increases the effective transcapillary glomerular filtration
pressure and glomerular filtration. These hemodynamic effects contribute signifi-
cantly to glomerular sclerosis, especially in states of reduced kidney mass
(BRENNER et al. 1982). In experiments on the growth characteristics of rats it was
noted that a high-casein and -fat diet could modulate kidney growth (BLATHERWICK
and MEDLAR 1937; FERNANDES et al. 1978; FINE 1987; HALLIBURTON 1969; NEwW
BURGH and CurTis 1928; RUMSFELD 1956; SAxTON and KIMBALL 1941). As we
assumed a central role of tubular epithelial hyperplasia in cystogenesis, it seemed
reasonable to also assess the effect of casein and dietary fats in cystogenesis.
A casein- and fat-rich diet led to a significant increase of tubular cysts in
comparison to a regular diet that was a mixture of vegetable and animal proteins
and had a low amount of fat. This tubular cyst enhancement was especially
notable in states of homologous proteinuria (daunomycin nephrosis). A diet
containing only casein was accompanied by an enhancement of tubular cysts
only in D- and PAN-nephrosis; cyst size was not stimulated by casein in states of
heterologous proteinuria. The tubuloproliferative effects of the synthetic casein
and fat diet were seen, although to a slight degree, in control animals. Control
animals with a casein- and fat-enriched diet (CF) had significantly higher
proteinuria than control animals with diets P and C. The proteinuria of the
control group CF was caused by an increased glomerular membrane permeabil-
ity after a lipid-rich diet; the pathogenesis of this increased protein permeability
has been described in detail in another report (GRONE et al. 1989). The pro-
teinuria and tubular cell hyperplasia were nevertheless small in comparison to
those in animals with nephrosis and heterologous and homologous proteinuria.
Thus, tubular cysts were not observed in the course of the experiment in control
animals.

Rats treated with BSA had significantly higher proteinuria with the casein-
and fat-rich diet than with regular rat chow. At least part of the tubular effect of
the CF diet could thus be explained by an increased proteinuria. On the other
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hand, an analysis of the data in D-nephrosis showed that the C and CF diets had
a proliferative and cystogenic effect independent of the extent of proteinuria. We
can only speculate on the molecular mechanisms of the proliferative action of
adiet rich in casein or casein and fat. The alimentary status of an animal can have
a significant effect on growth factors such as insulin-like growth factors (IGF)
that probably exert a central influence on kidney growth (HALL et al. 1981; JoBIN
and BoNJOUR 1986; STILES et al. 1979, 1985). It remains unclear if the high proline
and low glycine content of the casein diet in important (JACQUES et al. 1986).
Also, our data on plasma lipids and plasma lipoproteins did not contribute to an
explanation of the dietary effects. Fasting plasma cholesterol and triglyceride
concentrations were always elevated above normal values, independent of the
diet in nephrotic animals (DE MENDOZA et al. 1976). Nevertheless, a detailed
analysis of lipoprotein profiles has to be done to recognize possible differences
between diet groups. Recent studies on cells in culture, including human
glomerular mesangial cells, point to a proliferative action of lipoproteins via
stimulation of autocrine growth factors (FROSTEGARD et al. 1990; GRONE et al.
1992); also, lipids may modulate the transport characteristics of proximal
tubular epithelia for electrolytes and thereby influence epithelial growth (LEvI
et al. 1990). Lipids may enhance the effect oxidative processes seem to have on
the genesis of tubular cysts (HOCKENBERG et al. 1993; HIELLE et al. 1990).

Our results on the dietary effects were confirmed by LLAouari et al. (1983),
who conducted experiments on rats to test the influence of a protein-enriched diet
on glomerular function. A diet with a high protein and a high casein content led
to impressive cystic tubular degeneration in addition to pronounced glomerular
sclerosis.

4.2.5 Coexpression of the Intermediate Filaments Vimentin
and Keratin in Epithelia of Atrophic and Cystic Tubules

An increased incidence of renal cell carcinoma has been noted in acquired cystic
kidney disease of human beings in retrospective studies (HUGHSON et al. 1986).
The acquired cystic kidneys in daunomycin nephrosis could perhaps contribute
to an understanding of the pathogenesis of renal carcinomas (STERUBERG et al.
1972).

The immunohistologic documentation of tissue-specific different inter-
mediate filament proteins can aid considerably in the histopathologic classifica-
tion of malignant tumors. Carcinomas synthesize keratins; sarcomas are almost
always kertain-negative but positive for vimentin or desmin (MOLL et al. 1982).
The coexpression of vimentin and keratin can be found in relatively few organs
and tumors (CASELITZ et al. 1981; CZERNOBILINSKY et al. 1985; GATTER et al.
1986; HENZEN-LOGMANS et al. 1987; LANE 1982; LANE et al. 1983; LA Rocca and
RHEINWALD 1984; McMuTtT et al. 1985; MIETTINEN et al. 1984). Renal cell
carcinomas can coexpress keratin and vimentin. A simultaneous synthesis of
vimentin and keratin in renal cell carcinomas has been found in 57-100% of
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studied cases (HERMANN et al. 1983; HOLTHOFER et al. 1983). We found that 80%
of renal cell carcinomas showed a coexpression of vimentin and keratin (GRONE
et al. 1986a). The coexpression of vimentin and keratin in renal cell carcinomas is
difficult to explain because tubular epithelia of the adult human and rat kidney
exclusively synthesize keratin-intermediate filaments (BACHMANN et al. 1983;
HorTHOFER et al. 1983). Renal cell carcinomas originate from tubular epithelia;
the majority of carcinomas have their origin from proximal tubular epithelia
(GRONE et al. 1986a).

A simultaneous synthesis of keratin and vimentin was shown in altered
epithelia by double-immunofluorescence (Fig. 12a—d). This coexpression was
observed only in damaged epithelia with partial or complete loss of the brush
border or the basolateral labyrinth or with pronounced flattening, but not in
regularly differentiated tubular epithelia. The reasons for this synthesis of
vimentin in epithelial cells could correspond to those that have been postulated
for vimentin production in many lines of cultured epithelial cells (VIRTANEN et al.
1981). The three-dimensional organization of a cell and the mode of cell-to-cell
interaction apparently influenced the differential expression of intermediate
filaments in these cell culture experiments. When certain epithelia were cultured
in suspension, only keratin was synthesized. Epithelia in culture increased their
vimentin RNA and vimentin protein synthesis with decreasing cell number, but
increased their keratin synthesis with increasing cell number (BEN-ZE’EV 1983,
1984). When desmosomal cell contacts were destroyed, the vimentin synthesis of
epithelial cells rose (BEN-ZE’EV 1986).

The vimentin synthesis of cultured cells also seemed to be growth regulated
(ConNELL and RHEINWALD 1983; FARBER and WILKINSON 1987; FERRARI et al.
1986). Vimentin expression was especially noticeable in kidneys with high
proliferative activity. This close association between epithelial proliferation and
vimentin expression also became apparent in parallel experiments conducted on
rats with acute renal failure induced by mercury chloride. Only regenerating and
proliferating epithelia expressed vimentin and keratin (GRONE et al. 1987). The
experiments also showed the dynamics of filament expression, since vimentin
synthesis decreased and vanished after regeneration of tubular epithelia was
complete. The coexpression of keratin and vimentin was also found in damaged
tubules of human kidneys.

The question arises whether tubular epithelia with a simultaneous synthesis
of keratin and vimentin constitute the precursor cells of renal cell carcinomas.
The fact that rats with daunomyocin nephrosis develop renal cell adenomas and
carcinomas in a significantly higher proportion than normal rats of the same age
could point to a relationship between damaged tubular epithelia with vimentin
and keratin coexpression and these renal tumors. The coexpression of keratin
and vimentin in damaged tubular epithelia in human renal diseases that do
not have an increased incidence of renal cell carcinoma speaks against this
assumption.
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4.2.6 Clinical Relevance of the Studies on Tubular Cell Hyperplasia
and Cystogenesis

Polycystic kidney diseases are partly genetically determined, partly acquired. In
animal experiments, cystic kidneys were generated by drugs, toxins and bacterial
infections. Morphological and functional investigations on human cystic kid-
neys and experimental cystic kidney disease models have analyzed different
aspects of the pathogenesis of tubular cysts. Numerous theories on cystogenesis
resulted which were quite often discussed in a manner claiming absolute validity
(AVNER 1988; BERNSTEIN et al. 1987; GARDNER and Evans 1984; GRANTHAM
et al. 1989; GRANTHAM 1985). It is probable that differences in environmental
factors, extracellular factors and intracellular alterations of the tubular epithelia
interact to generate tubular cysts.

Our studies therefore do not attempt to point to two.factors of tubular
cystogenesis as the only important modulators of tubular cystogenesis. In
contrast, we tried to analyze two conditions, glomerular proteinuria and dietetic
influences, which may have modulatory effects on the genesis and enlargement of
renal cysts, also under clinical conditions.

The cystic kidneys in D- and PAN-nephrosis could also serve as a cystic
kidney disease model for further studies on cystogenesis. One advantage of the
model is that it is consistently reproducible in a short time period.

We found morphological and functional similarities between acquired cystic
kidney disease in chronic renal disease and also similarities to genetically
determined cystic kidneys (FARAGGIANA et al. 1985). Immunohistologic results
in human acquired cystic kidney disease point to the fact that the majority of
cysts originate from proximal tubular segments, as in our model (FINLEY and
DaBss 1988). The drastic reduction of GFR at the end of our experiments
corresponds to the significantly reduced excretory function in human acquired
cystic kidney disease (GRANTHAM 1985).

Patients with genetically determined autosomal recessive or dominant poly-
cystic kidney disease differ extensively in the phenotypic expression of their
disease; some patients develop only a few cysts and do not suffer from a decline in
excretory renal function, while other patients develop numerous and large renal
cysts in proximal and distal tubular segments and, finally, severe renal insuffi-
ciency (FINLEY and DABB 1988; GARDNER and EvaNs 1984; GRANTHAM et al.
1989). Because of this variable clinical expression of genetically determined cysts,
one can reasonably argue that endogenous and exogenous influences modulate
the severity of cystic kidneys. Infections of the urinary tract and arterial
hypertension have already been noted as important factors in the progression of
cystic disease (CHURCHILL et al. 1989; KiME et al. 1962).

Proteinuria and dietary influences could perhaps be additional modulators
of cystogenesis. Although the direct mitogenic stimuli of the diets on tubular
epithelia are unknown, the cystogenic characteristics of diets in our animal
experiments could be a stimulus for further studies. It should especially be
investigated whether the cystogenesis of human kidneys depends on dietary
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influences; this could have relevance for the prophylaxis of cystic kidneys in
either genetically determined or acquired cystic kidney disease.
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1 Introduction

The relation between vesicoureteral reflux and pyelonephritis was first pointed
out in a study of patients with neurogenic bladder (HutcH 1952). Almost 10
years later, studies done by HopsoN and EpwarDps (1960) indicated the impor-
tance of intrarenal reflux in the pathogenesis of chronic pyelonephritis. Further
studies by Hopson et al. (1975), using the pig as an experimental animal, showed
that sterile reflux could produce renal scars in the areas of intrarenal reflux. His
model, however, required bladder neck obstruction and a high voiding pressure
in order to produce the high-grade reflux. While Hodson felt that sterile reflux
damages the kidney, RANSLEY and RispoN’s study (1978) in the same model did
not confirm Hodson’s work, and they showed that scarring from sterile reflux
would occur only if the bladder neck obstruction was severe enough to cause
high-pressure reflux. This has been confirmed in another pig model of obstructive
reflux (JORGENSON 1986). We also confirmed these latter studies in the monkey,
showing that after bladder neck obstruction, increased voiding and resting
bladder pressure as well as peristaltic failure of the ureter led to transmission of
these high pressures to the kidney with renal damage and interstitial nephritis
(MEnDOzA and ROBERTS 1983). Neurogenic sphincteric dysfunction such as that
which occurs in myelodysplasia may also cause high-pressure voiding, which will
cause renal damage whether reflux is present or not, as shown in studies of
myelodysplastic patients (MCGUIRE et al. 1981). The studies of ALLEN (1977),
Hinman (1973), Korr and MURTAGH (1984), and VAN GooL (1979) all showed
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that the dysfunctional voiding which can occur in neurologically normal
children, may cause not only reflux, but also renal damage from voiding
pressures as high as 150 cm of water.

In the absence of these abnormalities low-pressure sterile reflux should not
lead to renal damage. However, it may allow any bacteria colonizing the bladder
to reach the kidney and cause intrarenal reflux and pyelonephritis. Thus, usually
nonvirulent Escherichia coli or other Enterobacteriaceae may cause pyelonephri-
tisin the presence of reflux (LOMBERG et al. 1983). Indeed, these bacteria may lead
to severe renal damage, probably because the host reaction to them is not as
marked and the diagnosis is not made as rapidly as with nephropathogenic
P-fimbriated E. coli, which cause a marked inflammatory response with fever and
symptoms (LOMBERG et al. 1989).

The study of reflux, led to the recommendation that the term ‘“‘chronic
atrophic pyelonephritis”, used to describe renal scarring from infection and
vesicoureteral reflux, should be replaced by the term ‘“‘reflux nephropathy”
(BAILEY 1973). This term has been widely accepted, showing that many common-
ly assume that vesicoureteral reflux is the primary cause for the acquired renal
scarring of chronic pyelonephritis. Many studies of patients with vesicoureteral
reflux have demonstrated that renal scars are almost always associated with
previous urinary tract infections (FILLY et al. 1974; SMELLIE et al. 1975, 1985;
WINBERG et al. 1982; WINTER et al. 1983). Moreover, it has been demonstrated by
several authors that new renal scarring can be prevented by keeping the patients
free of urinary tract infections (EDWARDS et al. 1977; SK00G et al. 1987; SMELLIE
and NorRMAND 1975). It has now been shown that new renal scars after urinary
tract infection also occur in the absence of demonstrable reflux (BISSETT et al.
1987; WINBERG et al. 1982; WINTER et al. 1983).

Inmost cases the renal damage and scars from vesicoureteral reflux, whether
alone or in combination with infection, are thought to be acquired. However, in
an early study by MackiE and STEPHENS (1975) renal dysplasia and vesicoure-
teral reflux were thought to be related or separate expressions of a malformation
of the urinary tract during intrauterine fetal development. Attention has been
focused once more on the contribution of renal dysplasia to the pathology of
reflux nephropathy. Recently, due to the common use of fetal uitrasound for
other purposes, hydronephrosis has been diagnosed prior to birth. Cystograms
done in the immediate postoperative period have identified vesicoureteral reflux
as responsible for the hydronephrosis in some cases. In this situation, the reflux is
often high grade and is usually found in males. In these patients the kidneys tend
to be small with smooth outlines, rather than exhibiting segmental scarring.
(GorpoON et al. 1990; ROSENBERG 1991; STEELE et al. 1989). In the recent study of
RispoN et al. (1993) of small kidneys removed for nonfunction, renal dysplasia
was the usual pathologic picture in 62% of male infants with hydronephrosis,
often diagnosed in utro. Some, however, did show segmental renal scarring,
thought to be associated with infection. The kidneys removed from female
infants showed changes that appeared to be completely acquired, with segmental
scarring overlying dilated calyces and with evidence of infection. Renal dys-
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plasia, therefore, may be a cause for the pathological diagnosis of reflux
nephropathy in a large number of infants presenting with intrauterine hy-
dronephrosis as opposed to the acquired pathology following low grades of
reflux and infection.

With the advent of computed tomodensitometry (CT) (ROSENFIELD et al.
1979), it has been found that adults whose acute pyelonephritis can be well
characterized by CT frequently develop renal scarring in the same areas as those
identified during acute disease (MEYRIER et al. 1989). Similarly, studies using
DTPA (°°™technetium-dimercaptosuccinic acid) renal scans in children with
acute pyelonephritis showed that the areas of the kidney involved with acute
pyelonephritis on initial scan during the acute disease are the same areas that end
with renal scars (RUSHTON et al. 1992). In this latter study, the incidence of
vesicoureteral reflux was actually lower in those who developed renal scars than
in the children with reflux who later developed renal scars. Taken together, these
facts would suggest that the term “reflux nephropathy”, used to replace the
diagnosis “chronic atrophic pyelonephritis”’, may not be the preferable term
since renal scarring following acute pyelonephritis may occur in the absence as
well as in the presence of reflux.

Nonobstructive pyelonephritis refers to those bacterial renal infections
which occur in the absence of bladder neck or ureteral obstruction or other
abnormalities such as stone. It does not preclude the presence of vesicoureteral
reflux unless the vesicoureteral reflux causes an obstructive abnormality (high-
grade reflux with ureterectasis, pyelectasias, and calyectasis). It also includes the
terms “‘acute bacterial pyelonephritis” and “chronic pyelonephritis.” Since there
appears to be no difference in the end result of treatment of high-grade
vesicoureteral reflux by medical therapy alone or by ureteral reimplantation plus
medical therapy (ALLEN et al. 1992; BIRMINGHAM REFLUX STUDY GROUP 1983;
WALKER 1994; OLBING 1992, personal communication), it would seem likely that
urinary tract infection is the more important part of this combination of
vesicoureteral reflux and urinary tract infection. The studies to be reported here
reinforce the hypothesis that “chronic pyelonephritis =reflux nephropathy™ is
due to bacterial infection of the kidney, either with or without vesicoureteral
reflux. The unit nephron theory of Bricker has been shown to be operative in
experimental chronic pyelonephritis in the dog (BRICKER et al. 1958) and more
recently in our studies in the monkey (JANsON and ROBERTS 1978), wherein renal
damage led to the loss of entire nephrons. End-stage renal disease from chronic
pyelonephritis is associated with both tubulointerstitial disease and focal
glomerulosclerosis and albuminuria (KINCAID-SMITH 1973), as is end-stage renal
disease from glomerulonephritis (SCHRIER et al. 1988).

Chronic pyelonephritis is reported as the cause of end-stage renal disease in
15-25% of children and young adults coming to end-stage renal disease either
with or without reflux (SCHARER 1971). It is thought that end-stage renal disease
from bacterial infection is probably the result of renal damage from acute
infection occurring during early childhood; however, recent studies (MEYRIER
et al. 1989) show that adults also develop cortical scars from acute pyelonephri-
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tis. When renal damage is severe enough in children, the remnant kidney may
well be insufficient to maintain the increased load for renal function occurring
during adolescence, leading to end-stage renal disease. It has been suggested that
either glomerular hyperfiltration or hypertension of the remaining nephrons is
the cause of end-stage renal disease (BRENNER 1983). This leads to progressive
destruction of the remaining nephrons with focal glomerulosclerosis and further
tubulointerstitial disease.

2 Bacterial Adherence

Most experimental studies of urinary tract infection are of E. coli, since this is the
etiologic agent for urinary tract infection in over 90% of cases and in over 80% of
cases of acute pyelonephritis. E. coli which cause disease begin with bacteria
normally resident in the fecal stream, and then colonize either the perineum of
females or prepuce of uncircumcised males, prior to causing an ascending urinary
tract infection (FOWLER and STAMEY 1977; WISWELL et al. 1985). Adhesion may
occur because of a nonspecific characteristic such as hydrophobicity but more
frequently is due to a specific receptor-lectin interaction. The mechanism by
which adhesion occurs follows multiple physicochemical events (JONES and
ISAACSON 1983). While the negative charges of both bacteria and epithelial cells at
first attract, they then repel as the cells approach each other. Forces of attraction
are greatest when they are more than 10 nm apart. Closer than this, adhesion is
repelled. The magnitude of the repulsive force increases with the radius of the
cell. Therefore, bacterial fimbriae, hair-like appendages on the surface of bacteria
having a radius of 2-10nm, are not repelled as much as the bacteria, whose
radius approaches 250 nm (ROBERTS 1987). These appendages have been termed
either fimbriae (DUGUID et al. 1966) or pili (BRINTON 1965). Fimbriae are not the
only means of attachment, as carbohydrate polymers can also overcome the
repulsive forces (JONEs and IsaacsoN 1983).

It was not until 1976 that studies by SVANBORG-EDEN et al. (1976) showed
that adherence to urinary tract epithelial cells by E. coli was a possible initiating
step in the onset of urinary tract infection. FOWLER and STAMEY (1977) showed
that introital colonization by bacterial adherence preceded urinary tract infec-
tions in women; at about the same time, BOLLGREN and WINBERG (1976) reported
on the periurethral and preputial bacterial fiora in children susceptible to urinary
tract infections. This work was continued by Kéllenius, who correlated bacterial
adhesion to mannose-resistant agglutination of human erythrocytes (K ALLENIUS
et al. 1980) in patients with nonobstructive pyelonephritis.

Nonobstructive acute pyelonephritis is caused most often by P-fimbriated
E. coli, being reported in over 95% of children (ELo et al. 1985; KALLENIUS
et al. 1981; VAISANEN et al. 1981) and in 50-90% of adults (DOWLING et al. 1987;
LatHAM and Stamm 1984). P-fimbriae were thus named because they act as
lectins for urothelial receptors which are the P blood-group antigens (KALLENIUS
et al. 1980; LEFFLER and SVANBORG-EDEN 1980) (Fig. 1a).
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Fig. 1. a Shadow cast of P-fimbriated E. coli with platinum carbon. x30 000. b P-fimbriated (arrows)
E. coli (B) adhering to a distal tubular cell (D) by means of fimbriae. The tight junction between
tubular cells is evident (¢). x 18000. Inset: TEM, x 95000



270 J.A. ROBERTS

P-fibriae are heteropolymeric structures composed of a rigid stalk. It con-
tains the major protein linked end to end with a flexible-tip fibrillum consisting of
four proteins, of which PapG, the receptor binding adhesin, is located at the distal
end of the fimbriae (KUEHN et al. 1992; LINDBERG et al. 1987; LUuND et al. 1987).

The tip adhesin may recognize one of three different a-Galp-(1-4)--Galp-
containing receptors. Class-I adhesins adhere to globotriaosylceramide, class-11
adhesins adhere to globotetraosylceramide (globoside), and class-III adhesins
adhere to globopentaosylceramide (Globo A or the Forssman antigen). P-
fimbriae with either class-II or -IIT adhesins are found in both fecal and urine
isolates, but pyelonephritogenic strains carry the class-II adhesin and those
associated with cystitis, the class-IIT adhesin. This suggest a greater density of
Globo A receptors on urothelium of the bladder and a greater density of
globoside receptors on urothelium from the upper urinary tract and kidney.
A papG mutant with deletion of the tip adhesin is still able to express mor-
phologically normal fimbriae that, however, cannot mediate a-Galp-1-4--Galp-
specific attachment in vitro (HULTGREN et al. 1993).

My interest in bacterial adhesion began when an ultrastructural study of
chronic pyelonephritis by T.W. Smith, Jr., in our laboratory showed fimbriated
E. coli reaching renal tubular epithelium during experimental pyelonephritis
(Smita and RoBerTs 1978) (Fig. 1b). We later found that these were P-fimbriae
(ROBERTS et al. 1984).

P-fimbriated E. coli often also have other proposed virulence factors such as
bacterial hemolysin, type-1 fimbriae, and aerobactin and are resistant to serum
bactericidal activity. A clonal theory has been advanced to explain the concomi-
tant presence of these factors (ACHTMAN et al. 1983; Pros et al. 1989). Thus, the
presence of P-fimbriae is probably not the only virulence factor important in the
etiology of acute pyelonephritis. P-fimbriae have been found to be important in
experimental studies with monkeys and the Balb/c mouse. These animals are
known to have the same urothelial cell receptor for E. coli with P-fimbriae. In
both the Balb/c mouse and the nonhuman primate, immunization with both
homologous and heterologous purified P-fimbriae protected against pyeloneph-
ritis, following either a bladder infection in the mouse or a kidney infection in the
monkey (O’HANLEY et al. 1985; ROBERTS et al. 1984; 1989). After reaching the
bladder, colonization of the ureter can occur from P-fimbriated E. coli even in the
absence of vesicoureteral reflux, as has been shown by studies in the monkey
(RoBerTs et al. 1985). Studies of patients also suggest that this would be so, since
early (WINBERG et al. 1974), as well as more recent ones (WINTER et al. 1983)
showing that only one third of children with nonobstructive pyelonephritis had
vesicoureteral reflux. Once within the ureter, colonization of transitional cells
affects ureteral peristalis (ROBERTS 1975). When such E. coli colonize the ureter
and its function ceases, this produces ureteral dilatation in a physiologic obstruc-
tion as first suggested by MicHIE (1959). Such obstruction would be expected to
lead to a change in the shape of the renal papilla, by which intrarenal reflux of the
bacteria within the ureter into the kidney could occur at a very low pressure
(ANGEL et al. 1979).
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In a recent paper by MOBLEY et al. (1993), a double-deletion pap mutant
without the tip protein of a human pyelonephritic E. coliisolate remained able to
provoke development of acute pyelitis or pyelonephritis in the CBA mouse
model. These data suggest either that P-fimbriae are not required for human
pyelonephritis, or that the mouse model is not relevant for human disease, as the
mouse normally has vesicoureteral reflux by which a bladder inoculate may reach
the kidney. In the primate, the P-fimbriated E. coli strain JR1 will reach the
kidney and cause pyelonephritis even in the absence of vesicoureteral reflux,
whereas non-P-fimbriated E. coli will not (ROBERTS et al. 1985).

The pattern of receptor glycolipids in the monkey and the human kidney is
similar and in both cases dominated by globoside, arguing that the monkey
model used is more relevant as an animal model for urinary tract infection than
the mouse. A mutant strain, DS17-8, expressing P-fimbriae lacking the PapG
adhesin, was constructed by allelic replacement, introducing a 1-bp deletion early
in the papG gene. In cynomolgus monkeys the wild-type strain DS17 and DS17-8
were equally able to cause bladder infection, whereas only the wild-type strain
DS17 was able to cause pyelonephritis, as monitored by bacteriologic, func-
tional, and histopathologic criteria. Since DS17, but not DS17-8, adheres to
renal tissue in vitro these data underscore the critical role of microbial adherence
to host tissues in infectious disease and strongly suggest that the PapG tip
adhesin of P-fimbriae is essential in the pathogenesis of human kidney infection
(unpublished data).

3 Cytokines and Vascular Events

It has been shown in human beings that E. coli bacteria stimulate urothelial cells
to secrete interleukin-6 into the urine concomitantly with elevation of serum
levels (DE MaN et al. 1989). After infection, complement activation of C5a is
a chemotactic event (WARD et al. 1965), and formation of C3b both opsonizes E.
coli (MEYLAN and GLAUSER 1989) and activates receptors for E. coli on polymor-
phonuclear cells (GLAUSER et al. 1991) (Fig. 2).

Previous studies in animals with kidney infection have also shown sup-
pression of splenic lymphocytes’ response to mitogens (MILLER and NORTH
1979), and the human T-lymphocyte response to phytohemagglutinin was
suppressed by bacterial lipopolysaccharide (ELLNER and SpaGNUOLO 1979). Our
recent studies suggest that suppressor T cells may be responsible for this
suppression early in the course of experimental pyelonephritis (unpublished
data). The CD4 + Leu8-subpopulation has been demonstrated to contain helper-
inducer activity (GATENBY et al. 1982), and in our study there was a significant
dropin these helper-induced cells which coincided with the increase in suppressor
cells. The CD4 +CD29 + subpopulation has been shown to more clearly delin-
eate helper-inducer cells, separating helper-inducer and suppressor- inducer
activities (MORMOTO et al. 1985). CD4+CD29+ cells have been demon-
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Fig. 2. Events leading to chronic pyelonephritis (reflux nephropathy)

strated to be previously activated cells containing memory activity and having
a propensity to localize at sites of tissue inflammation (DAIMLE and DOYLE 1990;
SANDERs et al. 1988). The Leu8 monoclonal antibody identifies cells that have the
surface receptor (LAM-1, L-selectin) for high endothelial cells of the postcapil-
lary venules of lymph nodes and are capable of migrating between blood and
lymph nodes (CAMERINI et al. 1989). The CD8 + Leu8 + population may there-
fore have unique recirculatory properties.

Interleukin-6 levels in the blood increase markedly within hours after
bacteria reach the kidney (ROBERTS et al. 1993), being responsible for the
initiation of the acute-phase response in the liver (RICHARDSs et al. 1991).
Bacterial lipopolysaccharide predominantly induces interleukin-1 and tumor
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Fig. 3. Cytokine cascade occurring in monkeys following an ascending renal infection with P-
fimbriated E. coli

necrosis factor production in monocytes. The monocyte has a receptor for the
bacterial endotoxin (CD14) which initiates the cytokine cascade to involve
endothelial cells, neutrophils, lymphocytes, and fibroblasts (BILLIAU and
VANDEKERCKHOVE 1991) (Fig. 3). The effect on endothelial cells is important, in
that it increases adhesion of granulocytes to endothelial surfaces, and this can
lead to renal ischemia (KaAck etal. 1986). While ischemia itself may be
damaging, it is during reperfusion that maximum damage appears to occur.
Reperfusion injury is due to a great extent to neutrophil-mediated damage from
oxygen free radicals (GRISHAM et al. 1986). In the kidney, however, injury from
warm ischemia is not mediated by neutrophils alone (PALLER 1989). The neu-
trophilic response following renal ischemia may be only a secondary response, or
one secondary to activation of interleukin-1 (DINARELLO 1992). The adhesion of
the granulocytes to the endothelium is mediated by leukocyte adhesion molecules
such as CD11a and CD18 (PATARROYO and MAKGOBA 1989).

T lymphocytes, as well as polymorphonuclear cells, secrete enzymes that
degrade components of extracellular matrix (DAMLE and DoyLE 1990). The
increase in CD4 cells in our acute infection, therefore, may have assisted in
capillary transmigration of inflammatory cells to the site of antigen expression by
the bacteria. While pro-inflammatory cytokines such as IL-1a and TNF« are
unable to modulate endothelial permeability, they may contribute indirectly by
increasing endothelial expression of adhesion molecules for polymorphonu-
clear leukocytes such as ICAMs, causing adhesion and migration of inflamma-
tory cells to the antigenic site where capillary obstruction may occur and where
phagocytosis begins, both resulting in release of toxic forms of oxygen which may
damage renal tubules, ending in their death (ARNAOUT 1993).
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This adhesion, which later leads to penetration of the capillary walls to reach
the interstitium and renal tubular spaces, results in granulocytic aggregation,
capillary obstruction, and renal ischemia (KAACK et al. 1986). The renal damage
which occurs in this instance in the monkey can also be prevented by treatment
with allopurinol, which inhibits xanthine oxidase and prevents the reperfusion
damage following the ischemic event (ROBERTS et al. 1986). (Fig. 4). Our studies
illustrate the unique relationships between cytokines and lymphocytes in the
response to bacterial infection, as the inflammatory response is regulated not
only by cytokine activity, but by lymphocyte activation as well. Attempts to
modulate the inflammatory response and decrease renal damage, while not
affecting the ability of the host to eradicate the bacterial parasite, will probably
include treatment with monoclonal antibodies to IL-1, TNF, or interferon

gamma, or modulation of their effects by treatment with soluble receptors for
those cytokines.

4 Sepsis

Some episodes of acute pyelonephritis may progress to septic death. Sepsis is
a clinical syndrome which follows an infection; it is a generalized, nonspecific
inflammatory response which escapes the anatomical barriers of the host,
damaging by its systemic effects. Sepsis mediated by gram-negative bacteria
follows release of endotoxin by the bacteria that activates complement, and this
leads to generation of the inflammatory mediators, cytokines and arachidonic
acid metabolites (BILLIAU and VANDEKERCKHOVE 1991).
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Both monocytes and macrophages release a number of cytokines upon
stimulation by endotoxin (DINARELLO 1987). The interleukins, together with
tumor necrosis factor «, are produced by many different cells but mainly by those
of the monocyte/macrophage cell lineage. These cytokines act pleiotropically
and exert their effects on many cells. They are particularly important as elicitors
of the acute-phase reaction (DINARILLO 1987) and also promote the respiratory
burst of phagocytosis (BABIOR et al. 1973; KLEBANOFF et al. 1986; MATSUBARA
and Z1Fr 1986). During the cytokine-mediated acute-phase reaction and the local
respiratory burst that rapidly occurs upon infection, formation of highly reactive
free radicals of oxygen such as superoxide, hydroxyl radicals, hydrogen peroxide,
myeloperoxide, and singlet oxygen radicals occurs. The generation of toxic nitric
oxide through the L-arginine oxidase system and the release into the renal tubules
of lysosomal enzymes formed during endocytosis are also associated with this
respiratory burst (BEVILACQUA et al. 1985; GOLDSTEIN et al. 1973; IGNARRO
1986). All these substances are not only deleterious to the bacteria but also to the
host.

An excessive host response to the bacteria causing acute pyelonephritis
results in activation of complement and of certain cytokines, particularly I1L-2,
IL-2R, and IL-6. The increase in circulatory IL-2R occurs because upon
stimulation more of these cellular receptors are expressed, and the cells release

“IL-2R into the circulation. This might have the untoward effect of binding some
of the circulatory IL-2. An excessive increase in IL-2 and IL-6 may be due to the
fact that increased IL-1 may in some cases be protective (ROBERTS et al. 1993).

Other proof of the importance of cytokines is the fact that intravenous
administration of TNF and IL-18 induces septic shock-like states in both man
and animals (NATANSON et al. 1989; Okusawa et al. 1988). This activation of the
inflammatory response which leads to shock from these cytokines is similar to the
activation of neutrophils and cascade systems which occurs after endotoxin
challenge (VAN DEVENTER et al. 1990). Further proof is the fact that the lethal
cytokine effects may be inhibited in vivo by giving neutralizing antibodies
(ALEXANDER et al. 1991) or receptor antagonists (STARNES et al. 1990; OHLSSON
et al. 1990). Additional evidence for the initial importance of endotoxin is that
both septic shock (VAN DEVENTER et al. 1990) and septic death (WAAGE et al.
1989) have been shown to occur following experimental endotoxin administra-
tion. At present, the treatment of septic shock is being evaluated with antibodies
to endotoxin (ZIEGLER et al. 1991) and some of the cytokines such as TNF
(HinsHAW et al. 1990). The best solution may well involve therapeutic regimens
combining the two.

5 Inflammation

Once these polymorphonuclear cells reach the bacteria themselves, phagocytosis
begins. It was suggested some time ago that inflammatory events are responsible
for renal damage following infection, as opposed to any direct effect of the
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bacteria themselves (GLAUSER et al. 1978). When the inflammatory response was
prevented experimentally by decomplementation with cobra venom factor in the
rat (SULLIVAN et al. 1977) and in the monkey (ROBERTS et al. 1983), acute renal
damage was prevented. More recent studies also show that renal damage from
the respiratory burst of phagocytosis after infection is due to neutrophil-
mediated tissue damage, as the extent of renal damage was directly correlated
with the numbers of neutrophils and was modulated by treatment with cortico-
steroids (ORMROD et al. 1986). In the monkey the leukocytosis is maximal by
24 h, but ultrastructural studies showed no renal damage unitl 48 h after bacterial
inoculation (FUsseLL and RoBerTS 1984 (Fig. 5). Without treatment, by 48h
there is a loss of up to 30% of renal function (ROBERTS et al. 1990). Neutrophils
that reach the tubular lumen become active phagocytes, opsonizing the bacteria
by means of complement activated by the alternative pathway (PAQUET 1984).
The receptors for C3 on neutrophils cause this activation and the respiratory
burst that occurs within the phagosome but also on the surface of the phagocyte.
Recent studies have shown that bacteria associated with acquired renal scarring
from acute pyelonephritis cause more active release of superoxide and other toxic
oxygen radicals from the surface of the phagocyte than within the phagosome
(Munbi et al. 1991); therefore, adjoining renal tubules would be expected to be
damaged. Our recent studies of elastase in polymorphonuclear cells showed that
bacterial strains which caused renal scarring from acute pyelonephritis also
caused more release of elastase from the surface of the phagocytes during
phagocytosis, and this would also be expected to further damage renal tubular
cells (Fig. 6). Superoxide production may lead to production of other toxic
radicals such as hydrogen peroxide, hydroxyl radicals, singlet oxygen and, in the
presence of halides and myeloperoxidase, a secondary toxic effect. These reac-
tions will all eradicate bacteria in the phagosome (KLEBANOFF 1975), but they can
damage the renal tubules if they occur in them. While all cells in the body have
superoxide dismutase, which ameliorates the effect of these toxic free radicals of
oxygen, there i1s no superoxide dismutase in urine or phagocytes (FRIDOVICH
1978). Thus, the respiratory burst acts unopposed, damaging both neutrophils
and tubular cells. This is suggested by the finding that superoxide dismutase
prevents the renal damage from renal infection (ROBERTS et al. 1982). These free
oxygen radicals have now been shown to activate transcription with the induc-
tion of early genes c-fos, c-myc, c-jun, and p-actin, probably by inducing DNA
strand breaks. These genes are thought to encode transcription factors to
participate in cell growth as well as differentiation and development. The reactive
oxygen radicals also have been shown to stimulate the growth of fibroblasts, thus
promoting fibrosis and scar formation. Thus, the free radicals of oxygen cause
cellular damage by at least two mechanisms: damage of DNA and damage to the
cell membrane by lipid peroxidation. The overall effect on the cell membranes to
decrease its fluidity and destabilize membrane receptors, as well as inhibiting
protein synthesis, all leading to cell death (Winrow et al. 1993).
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Fig. 5. a Degenerating renal tubules (D) and marked granulocytic aggregation in tubules (P?) in an
acute infection (48h). Note normal glomerulus (G). H&E x 750 b Granulocyte-phagocytosing
bacteria (arrows) in tubules with dying adjoining tubular cell (D) but intact basement membrane (B).
Note loss of mitochondrial inner membranes and loss of cristae in others and vacuoles (V). TEM
x 18 000. ¢ Granulocytes within a distal renal tubule, and phagocytosed disintegrated bacteria (PL)
array and granulocyte in the interstitium with bacteria (arrows) (PI). Distal tubular cells (d).
migratory granulocyte between tubular cells (M). TEM x 18000
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Fig. 5¢

Fig. 6. Mechanism of damage from extracellular release of elastase from granulocytes
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6 Effect of Treatment

Studies in a rodent model showed that renal damage can be prevented with
antibiotic therapy if begun prior to suppuration (no later than 30h after the
infection) (GLAUSER et al. 1978). This fact was supported by more recent animal
studies; however, these showed that therapy must be begun within 24 h to be
protective (SLOTKI and AssCHER 1982), while similar studies showed that treat-
ment could be delayed up to 4 days after the onset of infection and still be
effective in preventing renal scarring (MILLER and PHILLIPS 1981). While the
studies of RANSLEY and RispoN (1981) in the pig with reflux did not determine
when treatment should be started, they did show that antibiotic treatment
decreases renal damage from infection even in the presence of reflux. Our recent
studies in the monkey showed that renal damage could not be totally prevented
when antibiotic therapy was delayed until 72h after infection. The addition of
allopurinol to the antibacterial therapy, however, gave additional protection,
probably because of its effect on reperfusion events (ROBERTS et al. 1990). It is of
interest that effective antibiotic treatment of pyelonephritis in our model abro-
gates the immune response, unlike the protective immune response in untreated
disease (NEAL et al. 1991). This explains why patients develop recurrent episodes
of pyelonephritis. While most patients who develop the renal scars of chronic
atrophic pyelonephritis had their first infection within the first 3 years of life,
studies by WINBERG et al. (1974) and WINTER et al. (1983) showed that improper
or delayed treatment of acute pyelonephritis is responsible for the renal scarring.
Studies by SMELLIE et al. (1985) in older children confirmed this fact. Thus, the
arcas of acute pyelonephritis are those which develop renal scars in chronic
disease (Fig. 7).

7 Prevention of Chronic Pyelonephritis

The mode of prevention of the disease by vaccination with P-fimbriae or by oral
administration of the receptor or an analogue of the receptor causing competitive
inhibition of the receptor-ligand interaction is still under investigation. Follow-
ing vaccination with P-fimbriae in the monkey, while there was also an antibody
reponse to contaminating endotoxin, protection was shown to correlate with
antibody titers to P-fimbriae as opposed to the O antigen (ROBERTS et al. 1984).
Our studies of immunization with heterologous P-fimbriae in the baboon have
shown only partial protection (ROBERTS et al. 1989); thus, a broadly active
common vaccine against pyelonephritis may be difficult to obtain. However,
ScHMIDT et al. (1984) found that certain fimbrial peptides may be immunogenic
epitopes, and O’HANLEY et al. (1985), using the gene probe for the gal-gal
binding adhesin and one for the hemolysin gene, showed that the nucleotide
sequence for hemolysin and P-fimbriae in many heterologous strains seem to be
the same. Thus, a vaccine may well be possible for the prevention of disease from
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Fig.7. a Acute pyelonephritis in the monkey at 48h after infection. Tubules engorged with
granulocytes (7P), interstitial edema, and leukocyte infiltrate are noted. H&E x 300. b Chronic
pyelonephritis4 weeks after infection. Note the patchy nature of scar formation with tubular atrophy
and dilation, and interstitial collections of lymphocytes next to normal tubules and glomeruli (G).
H&E, x 300. ¢ Electron micrograph of chronic pyelonephritis, showing infiltrate of granular
leukocyte (GL) (eosinophil) and lymphocyte (/y) into medullary interstitium between irregular basal
lamina (b]) with floculent densities. Note mitochrondia (M) with ruptured inner membranes. x 7 500.
(From SmrtH and ROBERTS (1978), with permission)
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Fig. Tc

many fimbriated strains. Since ascending nonobstructive pyelonephritis occurs
because of adhesion by P-fimbriae, this vaccine will be designed to prevent
bacteria from reaching the kidney. In pyelonephritis associated with obstruction
or vesicoureteral reflux, bacteria would be expected to cause pyelonephritis with
significant renal damage. Thus, in these cases a vaccine to P-fimbriae would not
be helpful. Indeed, in the presence of vesicoureteral reflux it has been shown that
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P-fimbriation is not necessary for pyelonephritis to occur (LOMBERG et al.
1984). Both pyelonephritis and renal scars occur more frequently from non-
P-fimbriated E. coli in children with reflux (LOMBERG et al. 1989). Thus, when
vesicoureteral reflux is present, reliance on prophylactic antibiotics until the
reflux disappears should be stressed, as originally shown by SMELLIE and
NORMAND (1975).

Extensive genetic analyses of E. coli for the genes necessary in the production
of P-fimbriae have been done in the laboratories of Staffan Normark (NORGREN
et al. 1987; HULTGREN et al. 1989). These explain the complex biogenesis of the
formation of fimbriae by E. coli. It now appears that the tips of P-fimbriae are the
specific adhesins. Normark feels that using a combination of the periplasmic
transport protein and the tip-associated protein may well be the most effective
method of developing a vaccine against heterologous P-fimbriae (LUND et al.
1988), a vaccine that we are at present testing in the monkey.

One difficulty will be in deciding who should be immunized. Individuals who
are nonsecretors and thus have more receptors may well be candidates. Berg’s
studies of children showed that the human kidney appears to be more vulnerable
to the damaging effects of infection occurring during the first 3 years of life (BERG
and JoHANNSON 1982). This reduction in renal function was not dependent on
either the presence or grade of vesicoureteral reflux, but rather was correlated
with infection. In a study of adults who had their first infection during infancy,
JacoBson et al. (1989) showed decreased renal function in all, hypertension in
one third, and end-stage renal disease in 10%. We have shown in the monkey that
maternal immunization leads to passive immunization of their infants, with
protective activity against experimental pyelonephritis (KAACK et al. 1988).
Thus, if it can be shown that the nonsecretor status is a familial trait, maternal
immunization for passive protection of the newborns at risk might even be
considered. Until preventive therapy such as vaccination can be developed, early
effective bacterial eradication with antibacterials in combination with anti-
inflammatory agents or allopurinol remains the best treatment.

Acknowledgement. The electron micrographs were done by Everett Fussell, except for Fig. 7c, which
was done by T. Woodie Smith.
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