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Abstract.

Alport syndrome is a hereditary disease that is manifested in the eyes, ears, and 

kidneys. Patients with Alport syndrome die of end-stage renal failure making the kidney 

the most critical of the affected organs. Using a mouse model for Alport syndrome 

developed in this laboratory, we have investigated the mechanism of both glomerular and 

tubulointerstitial pathology in this disease.

Beginning in the glomerulus, we found an upregulation of matrix protein mRNA 

in the podocytes of Alport mice, likely explaining the origin of thickened GBM observed 

during disease progression. Injecting Alport mice with a soluble inhibitor for TGF-(3l 

delayed protein deposition. However, TGF-[U inhibition did not affect mesangial 

expansion or podocyte effacement, two hallmarks of Alport glomerular disease. Nor did 

it prevent aberrant laminin a2 deposition in the GBM of Alport mice.

Both expansion of the mesangium and podocyte effacement were significantly 

delayed in Alport mice lacking integrin a l(3 l. This receptor has been shown by in vitro 

studies to be involved in cell proliferation and migration. Our data support these roles in 

vivo. GBM deposition of laminin a2 was also delayed in Alport mice lacking integrin 

ocl (31 while TGF-pi inhibition in the dko mice had a synergistic effect.

By developing an Alport mouse lacking laminin a2, we were able to examine the 

role of this protein in Alport glomerular disease. Using electron microscopy, we found 

these mice to have fewer regions of thickened GBM and nearly normal podocyte foot 

process architecture compared to Alport mice.

In the tubulointerstitium of Alport kidneys, we discovered the colocalization of 

two distinct cell populations: a-smooth muscle actin-containing myofibroblasts and
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CD lib  monocytes. We found that blocking the effects of TGF-(3 inhibited the 

appearance of myofibroblasts, but not monocytes, enabling us to separate the effects of 

these two cell populations. Deposition of matrix proteins in the tubulointerstitium was 

attributed to myofibroblasts.

Monocytes were found to synthesize TGF-Pl likely initiating myofibroblast 

accumulation. These cells were also found to make matrix-remodeling proteins. Tubular 

basement membranes were destroyed in regions of monocyte accumulation suggesting a 

role for monocytes in Alport tubular atrophy via an anoikis mechanism.
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Introduction

I. Overview. Alport syndrome is a hereditary basement membrane disease having a 

gene frequency of roughly one in 5,000 people in the general population (Flinter, 1997). 

It manifests itself in the kidney and, in most cases, the inner ear. Ocular lesions may also 

accompany the disease (Colville and Savige, 1997). Although there are several forms of 

Alport syndrome, most cases have a juvenile onset of progressive glomerulonephritis that 

advances to end-stage renal failure in the second decade of life. There is presently no 

effective drug therapy for patients with Alport syndrome which is currently treated with 

dialysis and kidney transplant (Flinter, 1997; Gregory et al., 1996). Of the people lucky 

enough to find a donor, approximately ten percent develop anti-GBM disease to collagen 

a3 (IV) or a5 (IV) (Fludson et al., 1992; Kalluri et al., 1994; Kalluri et al., 1997).

Mutations in the collagen a5(IV) gene are responsible for nearly 80% of all cases 

of Alport syndrome. This gene is located on the X chromosome and mutations in it 

therefore lead to X-linked patterns of inheritance (Barker et al., 1990). Autosomal forms 

of Alport syndrome are due to mutations in the collagen oc3(IV) or a4(IV) genes 

(Lemmink et al., 1994; Mochizuki et al., 1994). The absence of any one of these type IV 

collagen chains (a3, a4, or a5) can result in the absence of all three chains in the 

glomerular basement membrane (GBM). This is presumably due to an obligatory 

association of the three chains in forming the GBM type IV collagen superstructure 

(Kashtan and Kim, 1992; Gubler et al., 1995). Normal distribution of the three alpha 

chains is, however, observed in about one third of patients (Mazzucco et al., 1998).
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Using a mouse model for autosomal recessive Alport syndrome, we have made 

significant progress toward understanding the mechanism of Alport renal pathology. The 

following two sections will aid in understanding these studies.

II. Kidney Structure/Function. Nephrons are the 

functional unit of the kidney (Figure 1). They are 

responsible for blood filtration in the kidney and 

consist primarily of the renal corpuscle (glomerulus 

and Bowman capsule) and proximal and distal 

tubules. There are nearly 1,000,000 nephrons in a 

human kidney. Proper functioning of each 

component of the nephron is critical for sustaining 

life.

A. The Renal Glomerulus. The renal 

glomerulus is the primary site of blood filtration in 

the nephron. It consists of a series of capillary tufts. 

The glomerulus comprises the majority of the renal 

corpuscle, which consists of the glomerulus and the 

Bowman capsule. Blood enters the glomerulus via 

the afferent arteriole. Once inside, ultra filtration 

occurs across the capillary wall where filtrate enters 

the urinary space encased by the Bowman capsule.

Figure L Schematic of the nephron.

From Wilhelm Kriz with permission.
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The capillary wall is highly specialized, consisting of two unique cell types and a 

basement membrane. Fenestrated endothelial cells line the interior of the capillary 

lumen. Collagen al (IV) and a2 (IV) are among the proteins synthesized and secreted 

by glomerular endothelial cells (Butkowski et al., 1989; Desjardins et al., 1990). 

Adjacent to the endothelial cells, lies the glomerular basement membrane, which 

separates the endothelium from visceral epithelial cells. More will be said about the 

GBM in the following section.

The large visceral epithelial cells, called podocytes, have trabeculae (long 

cytoplasmic processes) that branch into pedicels, or foot processes, which encase the 

GBM, much like enclosed fingers. Podocytes are presumed to be primarily responsible 

for the synthesis of basement membrane proteins including the synthesis and secretion of 

collagens a3 (IV), a4 (IV), and a5 (IV) (Desjardins et al., 1990). A coordinated 

regulation of laminin chains comprising laminin-1 and -11 by podocytes and endothelial 

cells has recently been shown (St John and Abrahamson, 2001).

Filtration occurs through the fenestrations of the endothelial cells, across the 

GBM, between the podocyte foot processes (via slit diaphragms), and into the urinary 

space where nitrogenous waste products are eliminated. The slit diaphragms are 

organized structures recently described as consisting of a number of proteins critical to 

the process of ultrafiltration. These include nephrin (Kestila et al., 1998), CD2AP (Shih 

et al., 1999), a-actinin-4 (Kaplan et al., 2000), and podocin (Boute et al., 2000). First 

described in the 1970s (Kamovsky and Ainsworth, 1972; Rodewald and Kamovsky, 

1974), the slit diaphragm serves as an ultrafiltration barrier preventing proteins the size of 

albumin (3.6nm radius) and larger from leaving the blood circulation (reviewed by
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Tryggvason and Wartiovaara, 2001). It protects against loss of proteins that the 

endothelium and GBM may miss. Any disruption in the filtration process is detrimental 

to the entire filtration system. If damage is widespread, it will lead to death of the system 

and the organism if not corrected.

Mesangial cells and the matrix they secrete (collectively called the mesangium) 

occupy the remaining space in the glomerulus. Composition of the mesangial matrix is 

similar to that of the GBM, but is highly fibular and less electron-dense. Mesangial cells 

possess numerous filaments including actin (microfilaments), a-actinin, and myosin 

(Mundel et al., 1988; Drenckhahn et ah, 1990). The mesangium also possesses 

characteristics of smooth muscle cells including contractility and has phagocytic 

properties (Schlondorff, 1987).

Formerly thought of as the glue of the glomerulus, the mesangium likely 

functions primarily to elevate intracapillary hydraulic pressure and to prevent capillary 

wall distention (Kriz et ah, 1990; Drenckhahn et ah, 1990). Mesangial cells have also 

been found to influence cell proliferation via secreted prostaglandins (Schlondorff, 1987). 

In addition, the mesangium expresses cell-signaling molecules including cytokines and 

signal receptors such as TGF-(3l, PDGF, and integrin od(3l (Kerjaschki et ah, 1989).

Although separated from the capillary lumen by the endothelium, the mesangium 

makes direct contact with the GBM in certain regions. The irregular-shaped mesangial 

cells have elongated cytoplasmic processes that may extend around the capillary lumen 

and intercalate themselves between the basement membrane and overlying endothelium

(Kriz et ah, 1990).
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Mesangial cell proliferation and expansion of the mesangial matrix are early 

hallmarks of several glomerulonephropathies including Alport syndrome, insulin- 

dependent diabetes mellitus (IDDM) nephritis, and mesangio-proliferative 

glomerulonephritis (Mauer et al., 1984; Border et al., 1990; Couser and Johnson, 1994). 

Although often overlooked, the mesangium likely plays a prominent role in the onset and 

progression of numerous kidney disorders.

The Bowman capsule, which consists of parietal epithelial cells and a basement 

membrane, encases the glomerulus. Blood enters and exits the capsule at the vascular 

pole via afferent and efferent arterioles, respectively. Filtrate exits the glomerulus at the 

urinary pole and enters a series of tubules. These structures are shown in Figure 2 while 

Figure 3 shows a single capillary loop.

1. Glomerular Basement Membrane. Basement membranes are 

specialized extracellular structures found throughout the body. They are typically found 

at the interface of cells with connective tissue 

where they form continuous sheets. Basement 

membranes may also lie between endothelial and 

epithelial cells, as is the case for the GBM, which 

is found between the endothelial and visceral 

epithelial (podocyte) cell layers in the renal 

glomerulus. Basement membranes serve as 

structural support and are involved in biological 

processes including cell polarization, tissue repair,

Figure 3. Schematic o f a capillary loop 
within the renal glomerulus.

From Wilhelm Kriz with permission.

and differentiation via cell signaling
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(Pihlajaniemi, 1996). The GBM has the additional function of blood filtration. Filtration 

of the blood occurs through gaps in the cellular architecture of the endothelial cells 

(fenestrations), across the GBM, and through slit diaphragms of the podocyte foot 

processes.

Type IV collagen forms the structural foundation of all basement membranes 

(Timpl and Dziadek, 1986). It is encoded by six different genes arranged in pairs in a 

head to head configuration at three different loci in the genome (Tryggvason et al., 1993). 

The collagen al(IV) and a2(IV) chains are found in all basement membranes, while the 

a3(IV), a4(IV), a5(IV), and a6(IV) chains have a more limited tissue distribution 

(Kleppel et al., 1989; Pihlajaniemi, 1996).

Each of the six known collagen (IV) chains consists of a collagenous domain 

between two globular domains. Three chains associate to form a protomer. Covalent and

non-covalent associations 

of the carboxy- and the 

amino-terminal globular 

domains of the protomers 

form supramolecular

complexes, or networks 

(Timpl et al., 1981; 

Yurchenco and Furthmayr, 

1984). The numerous

Figure 4. Schematic of basement membrane architecture. The grey 
structure represents the collagen IV network while blue illustrates 
the laminin network.

From Peter Yurchenco with permission.
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interruptions of the gly-x-y repeat in the collagenous domain help enable type IV 

collagen to assemble in this elastic configuration (Dolz et al., 1988). The supramolecular 

structure of collagen IV is shown in figure 4.

In the renal glomerulus, mammalian GBM undergoes a developmental change in 

type IV collagen composition. At the time of birth in the mouse, the GBM is comprised 

entirely of al(IV) and a2(IV) chains. By postnatal day four, however, the genes 

encoding the a3(IV), a4(IV), and a5(IV) chains are activated. The result is a mature 

GBM comprised of two different networks of type IV collagen (Kleppel et al., 1992; 

Gunwar et al., 1998). The al(IV) and oc2(IV) chains are found along the sub-endothelial 

cell aspect of the GBM, while the a3(IV), a4(IV), and a5(IV) chains are found through 

its entire width.

In Alport syndrome, the GBM maintains its immature type IV collagen 

composition consisting of only al(IV) and a2 (IV) chains. The resulting progressive 

glomerulonephritis must result from this fundamental change in GBM constitution. The 

molecular mechanism by which this primary difference precipitates the observed changes 

in GBM structure and composition is not yet clear.

A popular explanation is that Alport GBM is structurally unsound and falls apart 

under the stress of normal glomerular function (Kashtan and Kim, 1992). Although in 

vitro studies have shown the al(IV) and a2(IV) chains to be more susceptible to 

endoproteolysis than the a3(IV), a4(IV), and a5(IV) chains (Kalluri et al., 1997), the 

explanation is not adequate. Alport GBM typically functions normally for many years 

until a critical point is reached triggering an upset in glomerular homeostasis. Alport
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patients maintain this immature GBM collagen composition from the beginning, but 

remain unaffected for many years.

Another explanation for the mechanism of Alport glomerular pathogenesis 

suggests changes in GBM composition may alter the homeostasis of GBM remodeling 

via changes in the interaction with cell adhesion molecules such as the integrins 

(Cosgrove et ah, 1996). A variety of non-collagen proteins also associate with the GBM 

via non-covalent interactions. These proteins impart structural and functional 

characteristics to the GBM and are likely influenced by the composition of the basement 

membrane.

Aside from type IV collagen, laminin is the only network forming protein found 

in basement membranes. Like type IV collagen, laminin is involved in cell signaling and 

forms self-networks serving to create matrix architecture (Yurchenco and O'Rear, 1994; 

Miner et al., 1997). Laminin has also been found to be required for cytoskeletal 

organization (Colognato et al., 1999). The laminin protomer is a heterotrimeric 

cruciform molecule consisting of one a, one p, and one y chain to form a long arm and 

three short arms (Burgeson et al., 1994). To date, there have been five a, three (3, and 

three y chains identified that combine to form 15 known heterotrimers (Iivanainen et al., 

1999). Table 4 identifies these laminins while figure 4 shows the supramolecular 

structure of laminin in basement membranes.

The laminin chains undergo a self-assembly process for which the rules are fairly 

well understood (Beck et al., 1990; Malinda and Kleinman, 1996). They have a tissue- 

specific distribution that is spatially and temporally regulated. Isoform switching of 

laminin chains takes place during the development of the kidney and other tissues (Miner
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et al., 1997; Hansen and Abrass, 1999). During glomerular development, laminin a5 

chain replaces laminin a l chain and laminin (32 chain replaces laminin (31 chain in the 

GBM resulting in a switch from laminin-1 (al(3lyl) to laminin-11 (a5(32yl; Miner et al., 

1997; Hansen and Abrass, 1999).

Mutations in laminin chains may lead to altered behavior of the tissues in which 

they are expressed resulting in disrupted homeostasis. Several forms of congenital 

muscular dystrophy are attributed to laminin mutations, specifically mutations in the 

laminin a2 chain (Aberdam et al., 1994; Xu et al., 1994b; Sunada et al., 1995). Laminins 

have also been implicated in kidney disorders including diabetes glomerulonephrosis and 

lupus (Hansen and Abrass, 1999).

B. The Tubulointerstitium. The tubulointerstitium consists of proximal and 

distal tubules in addition to the space between them, the interstitium. The renal 

interstitium consists of the entire area of the kidney not occupied by the components of 

the nephron and collecting ducts. It contains blood vessels and largely uncharacterized 

interstitial cells. There are at least two types of interstitial cells, both of which contain 

mitochondria, lysosomes, and endoplasmic reticulum. These cells may undergo 

transdifferentiation into a-smooth muscle actin-containing myofibroblasts during the 

process of fibrosis (Fan et al., 1999).

The tubules function to transport anions and organic solute and to reabsorb Na 

and HCOf from the extracellular space back into the blood stream (Rector, Jr., 1983). 

Functional glomeruli are critical to the integrity of the tubular systems. Any failure of the
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filtration system, whether originating in the glomerulus or the tubulointerstitium, results 

in tubulointerstitial fibrosis, the end result of most acute and progressive renal diseases.

1. Proximal Tubules. The proximal tubule is responsible for reabsorbing 

components of glomerular filtrate. Cells of the proximal tubule rest on a basement 

membrane that is continuous with that of the Bowman capsule beginning at the urinary 

pole of the renal corpuscle (Figure 2). These cells are cuboidal or columnar in shape and 

have a well-developed luminal brush border. At the base of the brush border are found 

numerous pinocytotic vesicles and lysosomes. Many infolds from adjacent cells are 

found along both the lateral and basal borders of these cells.

The thin loop of Henle begins at the most descending part of the proximal tubule 

and creates a hypertonic gradient. This gradient allows for concentration of the urine in 

the collecting duct system and is affected by the passage of sodium and chloride ions 

between the lumen of the Henle loop and the interstitium creating a hypotonic fluid that 

enters the distal tubule system.

Figure 5. Tubular proximal(B) ami distal (A) epithelial eells. Although both cells share many 
characteristics, they have distinct functions. Note the defined brush border of the proximal epithelial 
cell compared to the scarce microvilli of the distal tubular cell. Both have numerous interdigitutions 
and contain a large number of mitrochondria. A number of lysosomes are also visible in figure B.

Rector, 1983.
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2. Distal Tubules. The distal tubule begins following the loop of Henle 

and is critical for the balance of acids and bases and for urine concentration. Similar to 

proximal tubule cells, distal tubule cells are cuboidal in shape and are lined with basal 

and lateral interdigitations from adjacent cells. These cells also possess luminal 

microvilli, however, they are scarcer than in proximal tubule cells and do not form a true 

brush border. High numbers of mitochondria are necessary in these cells to pump ions 

against their concentration gradients. Figure 5 is a comparison of proximal and distal 

tubular epithelial cells.

III. Renal Pathology in Alport Syndrome.

A. Glomerular Pathology. Alport syndrome is characterized by several 

abnormalities in the kidney. The earliest known sign of Alport disease in the kidney is 

hypercellularity of mesangial cells and expansion of the mesangial matrix. However, the 

defining characteristic of Alport syndrome is the focal/segmental thickening and thinning 

of the GBM with an accumulation of extracellular matrix proteins in the GBM and 

mesangium. In the mouse, these proteins include type IV collagen, fibronectin, and 

laminins. The foot processes of visceral epithelial cells appear swollen and fused in 

Alport glomeruli. A juvenile onset of proteinurea is the result of such aberrations in the 

blood filtration apparatus. This progressive renal disease culminates in tubulointerstitial 

fibrosis.

B. Interstitial Fibrosis. Interstitial fibrosis is the end result of most acute and 

progressive renal disease. The process of interstitial scarring and cellular destruction 

associated with interstitial fibrosis has been referred to as the “dark side of tissue repair”
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(Border and Ruoslahti, 1992) and shares many characteristics from one organ to another. 

There are two types of cells that are thought to play key roles in this process: monocytes 

and myofibroblasts.

Myofibroblasts are often identified by expression of a-smooth muscle actin 

(Zhang et al., 1995; Boukhalfa et al., 1996) and have long been implicated as key players 

in the cellular pathology underlying renal fibrosis (Strutz et al., 1996). They respond to 

TGF-Pl by secreting matrix molecules associated with the evolution of interstitial 

scarring (Muchaneta-Kubara and El Nahas, 1997; Goumenos et al., 2001).

The number of myofibroblasts in renal biopsies has been proposed as a prognostic 

indicator for interstitial fibrosis in patients with membranous nephropathy (Badid et al., 

1999; Badid et al., 2000). There is controversy over whether these cells arise in vivo via 

transmigration or transdifferentiation from proximal tubular epithelial cells or interstitial 

fibroblasts (Grupp et al., 1997; Fan et al., 1999). Aside from scarification, the functional 

role myofibroblasts play in the process of renal fibrosis remains somewhat unclear.

The role of monocytes has often been associated with their ability to secrete 

cytokines that promote the inflammatory process and lead to cell death (Flad et al., 1998; 

Eddy, 1994). Candidate cytokines mediating the apoptotic response include transforming 

growth factor beta one (TGF-[3l) and tumor necorsis factor alpha (TNF-a). Inhibition of 

TGF-Pl has been shown to prevent apoptosis in an acute unilateral ureteral obstructive 

(UUO) model of nephropathy (Miyajima et al., 2000). The association of TNF-a with 

apoptosis has long been established (Ortiz et al., 1997; Messmer et al., 1999; Bohler et 

al., 2000; Ortiz et al., 2000) and antibodies against TNF-a have been shown to protect 

against renal failure in an acute model system (Shulman et al., 1993).
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Monocytes have also been shown to secrete matrix metalloproteinases (MMPs), 

which have been functionally associated with transendothelial migration (Galis et al., 

1995; Machein and Conca, 1997; Ebihara et ah, 1998; Chizzolini et ah, 2000; Schweyer 

et ah, 2000; Hashimoto et ah, 2001). It has not been determined, however, whether 

monocyte-derived metalloproteinase activity plays a direct role in tubulointerstitial 

pathogenesis. Past studies addressing the roles of monocytes and myofibroblasts in 

progressive interstitial fibrosis address these cell populations individually. Studies aimed 

at how these cells interact and whether there is a primary role of one cell population over 

another have not been adequately addressed.

IV. Alport Animal Models. Several animal models for Alport syndrome exist. These 

include a well-characterized Samoyed dog model (Jansen et ah, 1987; Thorner et ah, 

1987), a less characterized Cocker Spaniel model (Lees et ah, 1998), and two 

independently derived gene-knockout mouse models (Cosgrove et ah, 1996; Miner and 

Sanes, 1996). Another mouse model for Alport syndrome resulted from a random 

transgene insertion event (Lu et ah, 1999).

The Samoyed dog model harbors a spontaneous nonsense mutation in the X- 

linked collagen oc5(IV) gene (Ekblom et ah, 1994) while the mutation in the Cocker 

Spaniel model has recently been identified as a 4bp deletion in exon 9 of the collagen 

a5(IV) gene (personal communication George Lees, Texas A&M U., College Station, 

TX). The two gene knockout mouse models are null at the a3(IV) gene, and are 

autosomally inherited. The renal disease in these models is very similar to that observed
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in humans, with juvenile onset progressive glomerular disease and typical Alport GBM 

ultrastructure. The renal pathology of all models culminates in tubulointerstitial fibrosis.

We have described the production and initial characterization of one of these 

mouse models for an autosomal form of Alport syndrome (Cosgrove et al., 1996). It was 

produced via targeted mutagenesis using embryo-derived stem cells (Yamamoto et al., 

1994). Significant basement membrane ultrastructural irregularities and accumulation of 

basement membrane associated proteins were observed prior to the onset of proteinurea. 

The accumulation of these proteins followed course with progressive structural 

irregularities in the glomerular basement membrane, ultimately culminating in fibrosis. 

This is the model used in the studies outlined in this dissertation.

V. Conceptual Framework. The goal of this thesis work was to explore the 

mechanisms of Alport glomerular and tubulointerstitial disease. Several approaches were 

used in efforts to better understand the mechanism of Alport renal disease onset and 

progression. For organizational purposes, the glomerulus and the tubulointerstitium will 

be separated in this dissertation with an understanding that interaction between the two 

compartments is inevitable.

Glomerular Studies.

1. Mechanism of Alport GBM thickening. Alport syndrome is characterized in 

the glomerulus by focal thickening and splitting of the GBM. While previous studies 

showed an accumulation of protein in the glomerulus of Alport mice (Cosgrove et al., 

1996), the mechanism by which these proteins accumulate was not investigated. We
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employed Northern blot analysis in combination with in situ hybridization studies in 

order to investigate the localization of accumulating proteins and the cells responsible for 

up-regulated messages of these proteins in Alport mice. Included in these studies was 

TGF-p 1.

TGF-(3l is a cytokine that functions through Smad-mediated signal transduction 

(Nakao et al., 1997). There are two TGF-|3l receptor types that are required for the 

signal cascade. The type II receptor possesses serine/threonine kinase activity. Once the 

ligand (TGF-(3l) is bound, this receptor complexes with the type I receptor and 

phosphorylates it. The type I receptor then propagates the signal to down-stream proteins 

via a phosphorylation cascade (Padgett et al., 1998).

TGF-|3l has been implicated in the induction of genes encoding extracellular 

matrix proteins (Yamamoto et al., 1994; Border et al., 1990; Wagner et al., 1996). 

Therefore, we employed a number of techniques to investigate the role of TGF-|3l in 

Alport GBM protein deposition. In addition to Northern analysis and in situ 

hybridization, we injected Alport mice with a soluble receptor inhibitor for TGF-pl.

2. Mechanism of Alport mesangial expansion. In addition to GBM protein 

deposition, expansion of the mesangial matrix occurs early in Alport glomerular 

pathogenesis. Integrins are cellular receptor molecules with specific binding affinity 

known to be important in cellular homeostasis. Composed of one a  and one (3 subunit, 

integrins serve both as adhesion molecules and are involved in cell signaling and 

proliferation (Korhonen et al., 1990; Patey et al., 1994). It, therefore, is likely that 

integrins are involved in the process of mesangial expansion. Integrin receptors do exist
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in the glomerular mesangium and the a  1(31 heterodimer serves as the most abundant 

integrin on mesangial cells (Patey et al., 1994; Sterk et al., 1998).

Currently, there are 18 a  subunits and 8 (3 subunits known that dimerize in 

different configurations to form functional receptors (Roy-Chaudhury et al., 1997). Most 

null mutations in integrin subunits are lethal, demonstrating the essential roles played by 

these proteins (Fassler and Meyer, 1995).

Interestingly, an integrin a l knockout has been produced and shows no renal 

abnormalities and no phenotype detrimental to the survival of the animal (Gardner et al., 

1996). Considering the recently described roles for al[3l integrin in collagen-dependent 

cell proliferation, cell adhesion, mesangial matrix remodeling, and mesangial cell 

migration (Gardner et al., 1996; Pozzi et al., 1998; Kaganri et al., 1999), we suspected 

that integrin al[3l might play a specific role in Alport renal disease progression. To test 

this notion, we produced a mouse null at both the collagen a3(IV) gene (Alport mouse) 

and the integrin a l gene. Electron microscopy, immunodetection techniques, and urinary 

protein analysis were used to evaluate these double knockout (dko) mice. These data 

were compared with Alport and wildtype mice. An in vitro system was also used to 

evaluate the involvement of integrin al(3l in mesangial cell proliferation and migration.

3. Role of laminin chains in Alport glomerular pathogenesis. Laminin yl was 

previously shown to be up regulated in the Alport kidney (Cosgrove et al., 1996). As all 

alpha and beta laminin chains are known to trimerize with the yl chain, we used 

immunofluorescent staining of control and Alport kidney sections to examine the 

localization of specific laminin alpha and beta chains. Laminin a2 is a protein found 

only in the mesangium of wildtype glomeruli. However, aberrant laminin a2 deposition
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was apparent in the GBM of Alport mice. This finding was corroborated in another study 

(Kashtan et al., 2001). To investigate the importance of this finding, we produced a 

mouse lacking both collagen a3(IV) and laminin a2 proteins (Alport/dy). Electron 

microscopy was the primary technique used to analyze these mice.

Tubulointerstitial Studies. In addition to the glomerular damage incurred as a process 

of Alport renal disease, this syndrome is characterized by progressive tubulointerstitial 

fibrosis. As both monocytes and myofibroblasts are known to be involved in the fibrotic 

process, we aimed to define the relative and interactive roles of these two cell populations 

in Alport renal disease.

1. Identification of monocytes and myofibroblasts in Alport kidneys.

Monocytes and myofibroblasts were first identified by employing a global analysis of 

gene expression using the Affymetrix gene chip method (Sampson et ah, 2001). Control 

and Alport kidneys were examined. Because TGF-(3l has been implicated in fibrosis, 

Alport mice treated with mTGF[3R:Fc were also included in these analysis. Genes that 

were up or down-regulated were sorted using the classification scheme of Adams et ah 

(1995) and clustered within categories using the GENE CLUSTER and TREEVIEW 

programs.

Among the observations made, it was noted that a number of 

monocyte/macrophage-specific transcripts were observed in the Alport mouse. These 

included macrophage chemoattractive protein 1 (MCP-1), macrophage inducible protein 

(IP-10), macrophage colony stimulating factor (M-CSF), macrophage mannose receptor,
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and F4/80. All of these transcripts were elevated between 6- and 24-fold in the Alport 

mice relative to control littermates (Sampson et al., 2001).

As expected, a number of TGF-(M -responsive genes were down-regulated in 

kidneys from Alport mice treated with mTGF[3R:Fc relative to untreated Alport mice. 

The macrophage-related transcripts, however, were relatively unaffected in kidneys of 

Alport mice treated with mTGF|3R:Fc (Sampson et al., 2001).

2. Role of myofibroblasts in Alport tubulointerstitium. Myofibroblasts are 

highly responsive to TGF-(3l stimulation. This cytokine induces myofibroblasts to 

express many of the genes that encode proteins involved in scarification. These include 

type I collagen, type IV collagen, fibronectin and tenascin (Muchaneta-Kubara and El 

Nahas, 1997; Goumenos et al., 2001). Thus, we examined kidneys from Alport mice 

treated with mTGFpR:Fc for a-smooth muscle actin, which is an accepted marker for 

myofibroblasts, and compared them with untreated Alport mice. We also examined this 

marker (aSMA) in conjunction with extracellular matrix proteins.

3. Role of anoikis in Alport cellular apoptosis. Treated and untreated Alport 

mice were also analyzed for expression, deposition, and activity of MMPs and TIMPs. 

These proteins are involved in tissue remodeling. As tubular epithelial cell death is 

incurred during the process of tubulointerstitial fibrosis, increased MMP activity might 

suggest a role for these proteins in this process via an anoikis mechanism.

Anoikis is a Greek word meaning “homelessness” and in science refers to the 

process of cellular death caused either by the loss of interaction of epithelial cells with 

their extracellular matrix or by interaction of epithelial cells with inappropriate integrin 

receptors (Frisch and Ruoslahti, 1997; Boudreau et al., 1995). The mechanism of
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apoptosis has been greatly explored in the field of cancer research as the loss of cellular 

interaction with extracellular matrix can contribute significantly to tumor malignancy 

(reiviewed in Frisch and Ruoslahti, 1997). Although apoptosis is credited with tubular 

cell death in human and experimental models of acute renal failure (Schumer et al., 1992; 

Olsen et al., 1989), there is little information on the mechanism of apoptosis in kidney 

disease.

Cytotoxic cytokines, predominantly TNF-a, have been implicated in the process 

of tubular atrophy (Ortiz et al., 1997; Gresser et al., 1987). Although TNF-a stimulation 

of tubular epithelial cells has been shown to change mRNA levels of apoptosis regulatory 

genes and their protein products, the precise mechanism of contribution to tubular 

atrophy is not clear (Ortiz et al., 2000). The involvement of tissue degrading proteins in 

the process of anoikis has not been adequately addressed.

Dual-color immunofluorescence was used to identify colocalization of MMPs and 

TIMPs with monocytes (using CD llb as a marker) and with myofibroblasts (using 

aSMA as a marker) in Alport, control, and Alport treated with mTGF(3R:Fc. Tubular 

basement membrane ultrastructure was examined using electron microscopy and confocal 

analysis of basement membrane protein stains.

Collectively, we illustrate the coordinated involvement of a number of proteins 

involved in glomerular and tubulointerstitial Alport renal pathology. Although the 

mechanisms are considered separately, we fully acknowledge the interaction between 

these two compartments of the kidney during the disease process.
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Materials and Methods

I. Mice. The collagen a3(IV) knockout mice were described previously (Cosgrove et 

al., 1996). Breifly, an 8.5kb genomic DNA fragment was used to target the collagen 

a3(IV) gene. The construct was introduced into 129 Sv/J-derived murine ES cells 

(Genome Systems, St. Louis, MO) and targeted clones were injected into blastosysts 

from C57B1/6 females. The resulting male chimeras were backcrossed with C57B1/6 

females. These F] mice were crossed to produce the mice used in the first experiments 

described in this dissertation. No heterozygous effect was noted.

A pure Sv/J strain was obtained by successive backcrossing of heterozygous 

knockout mice with mice of the pure Sv/J strain (The Jackson Laboratory, Bar Harbor, 

MI). These mice were further backcrossed ten times with 129 Sv mice to obtain the 

collagen a3(IV) mutation in the Sv strain. This was done to develop the double knockout 

mice described below as the integrin a l knockout was on a pure 129 Sv background. No 

difference in the kinetics of renal pathogenesis was observed for Alport mice on the 129 

Sv/J verses Sv backgrounds.

A. Animal identification. Animals were identified using a toe-clipping 

identification method. Briefly, at age 5-7 days, toes were clipped to assign a number to 

each mouse. Assigned numbers ranged from 1-99. Litters born around the same time 

within the same colony were numbered consecutively so that two mice with the same 

identification number would be considerably different in age, and therefore, easily

distinguished.
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B. Genetic typing. Four separate colonies were maintained. The typing 

procedure used varied from one colony to another. In general, an approximately 1cm 

piece of tail was clipped using sterile scissors and placed in 500pl tail lysis buffer (50mM 

Tris-Cl, pH 7.5; 50 mM EDTA; 1% SDS; and 10 pg/ml Proteinase K). This was done 

congruent with the identifying toe clips with the numbered tubes matching the number 

given each mouse. The tail was digested overnight at 37°C and DNA isolated the 

following morning using a phenol-chlorophorm extraction. PCR analysis was used to 

identify control, Alport, integrin a l null, dko, immorto control, immorto Alport, immorto 

integrin a l null, and immorto dko mice. All reactions were run on a PTC-200 PCR 

machine (MJ Research, Inc., Waltham, MD) and analyzed using agarose gel 

electrophoresis.

1. SV-Alport. These mice were bred to produce only Alport (collagen 

a3 (IV) -/-) and wildtype animals. Mice heterozygous for collagen a3(IV) were 

maintained as breeders giving each litter the potential to provide both Alport and control 

animals for experimentation. Genetic typing for the collagen a3(IV) mutation was 

carried out in a 20pl reaction volume with 2mM MgCl2 using a three-primer system. 

Primer sequences were as follows: wildtype 5’ ccaggcttaaagggaaatcc 3’; knockout 5’ 

attcgccaatgacaagacg 3’; and common 5’ cctgctaatatagggttcgaga 3’. DNA was initially 

denatured for 10 min at 95°C followed by 41 cycles of: 95°C for 30 sec; 58°C for 90 sec; 

72 for 2 min. The reaction was run on a 1.5% agarose gel and gave a 810 bp wildtype 

band and/or a 1910 bp knockout band.



2 2

2. SV. These mice were bred to produce double knockout (collagen 

oc3(IV) integrin a l  -/-) and control (collagen 4a3 +/ integrin al-/-) mice. Once the 

colony was established as null for integrin a l  through successive crossings of collagen 

a3(IV) heterozygotes with homozygote integrin a l  knockouts, it was only necessary to 

type for collagen a3(IV). Because no differences were seen between wildtype and 

integrin a l null mice, these mice were used as control animals. Mice heterozygous for 

collagen a3(IV) and null for integrin a l  were maintained as breeders so that each litter 

had a likelihood of providing control and dko animals for experimentation. Genetic 

typing was carried out for collagen a3(IV) as stated. Typing for integrin a l was done as 

described previously (Gardner et al., 1996). A 20|ll reaction volume was used containing 

2.5mM MgCb. Primer sequences were as follows: wildtype 5’ gttgttctatttttgtagttaac 3’; 

knockout 5’ ggggaacttcctgactag 3’; and common 5’ aatcctccattcgggttggtg 3’. DNA was 

denatured for 10 min at 95°C followed by 32 cycles of: 95°C for 30 sec; 55°C for 1 min; 

72°C for 2 min. The reaction was run on a 2% agarose gel and gave a 103 bp wildtype 

band and/or a 273 bp knockout band.

3. Alport/dy. These 

mice were a cross between our SV- 

Alport mice and mice spontaneously 

mutant for laminin a2 (lamady mice 

from The Jackson Laboratory). This 

outbred strain was used to produce 

wild-type, Alport (collagen a3(IV)-/-),

T a b le  1. Mating schemes used to develop 
Alport/dy mice. A =wildtype for collagen 
a3(IV); a=nullfor collagen a3(IV); 
D=wildtype for laminin a2; d=mutant for 
laminin a2

A .
AaDD x AADd

AD aD

AD AADD AaDD

Ad AADd AaDd
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and Alport/dy (collagen a3(IV) laminin a2 -/-) mice. Because the exact laminin a2 

mutation is not currently known, we were unable to genetically type for this allele. 

Therefore, a more involved system was used to identify the animals.

A mating pair of laminin a2 

mutant mice were purchased and 

mated to confirm their heterozygosity.

This mating produced the expected 

Mendelian ratio (1/4) of laminin a2- 

deficient offspring (based on a 

muscular dystrophy phenotype and 

immunohistochemical staining of tail 

biopsies for laminin a2). To introduce 

the laminin a2 mutation into the 

Alport strain, the known laminin a2 

heterozygous mice (purchased from 

The Jackson Laboratory) were mated 

to known collagen a3(IV) heterozygotes (based on genetic typing). The matings are 

outlined in Table 1A. Green lettering indicates the purchased laminin a2 heterozygotes. 

These offspring (Fi generation) were genetically typed for collagen a3(IV) and had a 

50% chance of being heterozygous for laminin a2. Fi Collagen a3(IV) heterozygous 

mice were then backcrossed to the known laminin a2 heterozygous mice purchased from 

The Jackson Laboratory (Table IB). The parents of such matings that produced laminin 

a2 homozygous mutant mice were then used as double heterozygous breeders. Matings

Table IB.

AaDD x AADd OR AaDd x AADd

AD Ad AD ad

AD AADD AADd AA AADD AaDd

aD AaDD AaDd Dd AADd Aadd

Table 1C.

AaDdAaDd x AaDdAaDd

AD Ad aD aD ad

AD AADD AADd AaDD AaDD AaDd

Ad AADd Aadd AaDd AaDd Aadd

aD AaDD AaDd aaDD aaDD aaDd

ad AaDd Aadd aaDd aaDd aadd
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between double heterozygous mice produced Alport/dy offspring at a ratio of 1:16 (F2). 

This four-allele system is shown in Figure 1C. Red lettering highlights the Alport/dy 

mouse.

4. Immorto. The immorto mice were a cross between our SV mice, SV- 

Alport mice, and the H-2Kh-tsA58 transgenic (immorto mouse) commercially available 

from Charles River Laboratories (Wilmington, MA). The immorto mouse is a transgenic 

for SV40 tsA58 early region coding sequences (Jat et al., 1991). Both the T antigen and 

the small tumor antigen are encoded in this region. The genes are driven by H-2Kb5’ 

promoter which is y-interferon inducible at 33°C. Murine body temperature (or 37°C) 

allows cells to differentiate normally. However, introduction of the immortalizing genes 

does lead to thymic hyperplasia indicating that the transgene was not fully inactivated in 

vivo.

Breeders were selected that were positive for the immorto allele and heterozygous 

for both collagen a3(IV) and integrin a l. Genetic typing for collagen a3(IV) and 

integrin a l was done as stated. Typing for the immorto allele was performed as 

suggested by Charles River. A 40pl reaction was used containing 1.5mM MgCL. Primer 

sequences were as follows: forward 5’-agcgcttgtgtcgccattgtattc-3’; and reverse 5’-

gtcacaccacagaagtaaggttcc-3’. DNA was denatured for 10 min at 95°C followed by 30 

cycles of: 95° for lmin; 58°C for 2 min; 70°C for 3 min. The reaction was run on a 1% 

agarose gel and gave a product of — 1 kb. One allele was sufficient to immortalize the 

cells in culture as the immorto mice were used to generate clonable cell lines in vitro.
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II. Urinary Protein Analysis. Semi-quantitative measurements of urinary protein were 

carried out using Albustix reagent strips (Bayer Corporation, Elkhart, IN) and reading the 

relative amounts from the color chart provided with the kit. Successive readings were 

performed weekly on fresh urine from the same experimental animals. Microhematuria 

was assessed using Hemastix reagent strips (Bayer Corporation).

Fractions of the above urine samples were subjected to gel analysis. Samples (the 

equivalent of 0.5fil of undiluted urine) were fractionated by electrophoresis through 10% 

denaturing acrylamide gels. Urine creatinine levels were measured when sufficient urine 

was collected for meaningful readings (>10()pl). We observed no significant effect of the 

TGF-(3l inhibitor on urine creatinine levels with a fluctuation of no more than 20% 

throughout the timecourse. The protein in the gels was stained with Coomassie blue and 

photographed. Bovine serum albumin was used as a molecular weight standard.

III. Determination of End Stage Renal Disease. End stage renal disease was defined 

as the point in the disease progression where a weight loss of greater than 15% of the 

body mass was observed. Animals were euthanized at this point and end stage was 

confirmed by visual examination. Blood urea nitrogen levels (BUN) at this stage were 

consistently over 200 mg/dl. The kidneys were visibly smaller with a granular surface, 

and pale in color. When such visual characteristics were present, histological 

examination invariably confirmed advanced fibrosis.

IV. Northern analysis. Total RNA was isolated from whole kidneys using TRIzol 

reagent (GibCo/BRL, Gaithersberg, MD) according to the procedure described by the
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manufacturer. Twenty micrograms of RNA was fractionated on formaldehyde gels, 

transferred by capillary blot to charged nylon, and probed with '2P-labeled cDNA probe 

fragments. Probes were labeled to a specific activity of about 5 x 1 0  DPM/|ig of DNA 

using a random priming DNA labeling kit (Roche, Indianapolis, IN). ULTRAhybtm 

(Ambion, Austin, TX) prehybridization and hybridization buffers were used according to 

the manufacturer’s specifications. Filters were prehybridized for at least 5 hours and then 

hybridized overnight (14 hours) using 1 million DPM of probe per ml of hybridization 

solution. The filters were then washed at high stringency (3 times for 30 minutes in IX 

SSC, 0.5% SDS, at 65°C) and exposed to X-ray film.

The quality of the RNA preparations and the consistency of loading were assessed 

by staining gels with ethidium bromide and scanning the 18S and 28S ribosomal RNA 

bands using an Applied Imaging digital imaging system (Gel Imager 2000) and software 

package. Appropriate ratios of ribosomal bands confirmed that the RNA preparations 

were of high and consistent quality. Quantitative densitometric scanning confirmed no 

more than a 10% variance in sample loading. Quantitative differences in expression were 

assessed by phosphorimage analysis using a BioRad GS-525 phosphorimager (Bio-Rad, 

Richmond, CA, USA) and subtracted for background hybridization.

The primers used to generate Northern probes are listed in Table 3. All three 

TIMP probes were gifts from Dr. Lynn Matresian. The murine cDNAs for TIMP-1 and 

TIMP-2 are described by (Leco et al., 1992). TIMP-1 was a 360 bp Pstl/Kpnl fragment. 

TIMP-2 was a 360 bp Hindlll/EcoRl fragment. The probe for TIMP-3 was a 305 bp 

EcoRl/Pstl fragment of the murine cDNA (Leco et al., 1994). Glyceraldehyde 3-
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phosphate dehydrogenase (GAPDH), a cellular housekeeping gene, was used as a control 

probe.

V. In  S itu  Hybridization.

Riboprobe Preparation: Probes were generated by RT-PCR amplification of 200 bp-700 

bp fragments from 13 day mouse embryonic RNA using the Superscript II first strand 

cDNA synthesis kit (GibCo/BRL). Primers are listed in Table 3 (pg 45). The resulting 

fragments were cloned into the SacI site of pBS SK+ (Stratagene, LaJolla, CA) in either 

sense or antisense orientation and sequence verified. Fifteen micrograms of plasmid was 

linearized using either Hindlll or Xhol to provide a 5’ overhang. DNA was isolated 

using phenol/chlorophorm extractions. One microgram of DNA was labeled as 

recommended in the Roche (Indianapolis, IN) DIG Labeling Kit using either T3 or T7 

polymerase to give antisense transcript. The labeling yield was estimated by spotting the 

probe and labeled control onto nylon membrane and developing as recommended in the 

nonradioactive in situ hybridization application manual (Roche).

Hybridization Procedure: Six micron paraffin sections were digested in 3pg/ml

Proteinase K in 0.1M Tris pH 7.5 for 10 min at 37°C. They were prehybridized for lhr at 

45°C in: 50% deionized formamide, 2x SSC, 10 Tween 20, and lmg E.coli tRNA. The 

hybridization solution consisted of: 50ng heat-denatured ribroprobe, 50% deionized

formamide, 8% dextran sulfate, 10% Tween-20, 2x SSC, 20% tRNA, and lOmg/ml 

boiled salmon sperm. Slides were hybridized at 45°C overnight. The DIG Wash and 

Block Buffer Set was used to develop the slides in conjunction with the color substrate 

solution to which we added 25mM Levamisole. To identify the cells expressing the
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highest levels of TGF-(3l in the tubulointerstitium, a very short development time 

(approximately 10 seconds) was used.

VI. RNase protection. The RNase protection procedure was used to determine relative 

levels of TGF-pl mRNA in normal versus Alport human kidneys. Because a small 

product is detected, this procedure is less sensitive than a Northern blot to RNA 

degradation and therefore a better method for these samples. Experiments were carried 

out using a RPAI1 kit from Ambion following the protocols provided with the kit. A 

264bp fragment of TGF-pl was amplified by PCR from a human kidney cDNA library 

(Clonetech, Palo Alto, CA) to use as a probe. The primer sets used were: sense 5’ 

ggacatcaacgggttcacta3’; and antisense 5’ gcagaagttggcatggtag 3’. The fragment was 

reamplified with PFU polymerase (Stratagene, La Jolla, CA) and blunt-end ligated into 

the pBluescript SK+ plasmid (Stratagene). The antisense probe was generated from the 

T7 promoter. Alport kidney RNA was isolated from a small piece of renal cortex taken 

from a 10-year-old boy following renal transplant. The kidney was near end stage. A 

small specimen of the dissected cortex was analyzed using standard histochemical 

techniques and was found to be moderately scarified. However, about half of the tubules 

and glomeruli appeared functional. Kidney RNA for normal controls was purchased 

from Clontech, Inc. The integrity of the RNA used in the experiments was checked by 

gel electrophoresis and found to be intact and similar for the two samples.

VII. Construction, purification and activity of the murine TGFpiCFc. The

extracellular domain of the murine TGFP type II receptor was amplified from a murine
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lung cDNA library (Clontech) by PCR and engineered to contain one 5’ Not 1, and one 

3’ Sal I restriction site. The Fc region of murine lgG2a was amplified by PCR from a 

murine hybridoma and also engineered to contain one 5’ Sal I restriction site, and one 3’ 

Not I restriction site. The receptor and Fc fragments were purified, digested with the 

appropriate restriction enzymes, and ligated into the expression vector pEAG347. The 

vector contained tandem SV40 and adenovirus major late promoters, the SV40 late polyA 

termination signal, an ampicillin resistance gene, and a pSV2 DHFR-derived selection 

marker. The resulting construct (pAA002) was transformed into competent JM109 cells. 

Plasmids were selected for the correct orientation of the receptor-Fc fusion gene. Proper 

sequence and alignment was confirmed by DNA sequencing.

Chinese Hamster Ovary cells (CHO DUKX-B1) were transfected with pAA002 

by electroporation. After selection in 200nM methotrexate, single clones were selected 

and screened for the expression of mTGF(3R:Fc. The clone with the highest titer was 

picked for expansion to 20-liter fermentors and the expressed protein was purified over 

protein A-Sepharose (Pharmacia, Piscataway, NJ) under sterile, endotoxin free 

conditions. The protein was greater than 95% pure as judged by SDS/PAGE, and 

contained less that 1 unit endotoxin per mg protein.

Activity of the mTGF(3R:Fc was assessed in the mink lung epithelial cell assay as 

described (Tsang et al., 1995; O'Connor-McCourt et al., 1995; Smith et ah, 1999). 

Briefly, MvlLu cells (ATCC CCL-64) were maintained in MEM supplemented with 100 

units/ml penicillin, lOOpg/ml streptomycin, 10% fetal bovine serum, and 4mM L- 

glutamine. To test, serial dilutions of mTGF[3R:Fc were incubated with O.lng/ml TGF(3- 

1 0.5ng/ml TGF[3-2, and 0.05ng/ml TGF(3-3 (R&D Systems, Minneapolis, MN) for one
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hour in assay medium (MEM supplemented with 100 units/ml penicillin, lOOpg/ml 

streptomycin, and 10% fetal bovine serum) in a 96-well microtiter tissue culture plate. 

MvlLu cells were resuspended in assay medium and added to the assay plate at a 

concentration of 6000 cells per well. The cells were incubated at 37°C for 48 hours and 

pulsed with [’H] thymidine (Amersham; 70-86 Ci/mmol) for an additional six hours. 

DNA synthesis, which reflects cell proliferation, was determined by measuring 

incorporation of [ ’H] thymidine. As reported for similar TGFp receptor anatagonists 

(Tsang et al., 1995); (O'Connor-McCourt et ah, 1995). mTGFpR:Fc blocks TGF[3l 

(IC50 = InM), and TGF(3-3 (IC50 = 1 nM), but not TGFP-2 mediated inhibition of 

MvlLu cell proliferation.

VIII. Transmission Electron Microscopy. Fresh external renal cortex was minced in 

4% paraformaldehyde, allowed to fix for 2 hours, and stored at 4°C in PBS. The tissue 

was washed extensively (5 times for 10 minutes each at 4°C) with 0.1M Sorenson’s 

buffer. Sorenson’s buffer was made by combining 100ml of a 200mM monobasic 

sodium phosphate with 400ml of 200mM dibasic sodium phosphate with 500ml of water 

and adjusting to pH 7.4. Tissue was then postfixed in 1% osmium tetroxide in 

Sorenson’s buffer for 1 hour. The tissue was then dehydrated in graded ethanol (70%, 

then 80%, then 90%, then 100% for ten minutes each), followed by propylene oxide and 

embedded in Poly/Bed 812 epoxy resin (Polysciences, Inc., Warrington, PA) following 

the procedures described by the manufacturer. Glomeruli were identified in 1pm sections 

stained with toluidine blue. Thin sections were cut at 70nm thickness using a Reichert 

Jung Ultracut E ultramicrotome (Cambridge Instrument Co, Vienna, Austria). Sections
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were mounted onto grids and stained with uranyl acetate and lead citrate. Grid-mounted 

sections were examined and photographed using a Phillips CM 10 electron microscope.

IX. Scanning Electron Microscopy. Small pieces (approximately 2mm cubes) of 

kidney cortex were fixed in 3% phosphate buffered glutaraldehyde then postfixed in 1 % 

phosphate buffered osmium tetroxide. Samples were then dehydrated in graded ethanols 

and critical point dried in carbon dioxide. The cubes were then cracked in pieces by 

stressing them with the edge of a razor blade and mounted with glue onto stubs with the 

cracked surface facing upward. The surface was sputter coated with gold/palladium and 

visualized with a scanning electron microscope.

X. Immunodetection Techniques. Primary antibodies used in these studies are listed in 

table 2. The specificity of the laminin chain-specific antibodies have been established in 

previous publications (Miner et al., 1997). The anti-laminin a l (8B3) and (31 (5A2) 

antibodies were mouse monoclonals, and a gift from D. Abrahamson (Abrahamson et al., 

1989). Anti-laminin a2 chain-specific rabbit antibodies were a gift from Dr. Peter 

Yurchenco (Robert Wood Johnson Medical School, Piscataway, New Jersey; Vachon et 

al, 1996) The anti-laminin a3 chain-specific antibodies were a gift from Dr. Bob 

Burgeson (anti laminin-5 rabbit antiserum # 4101). Anti-laminin a4 antibodies were a 

gift from Dr. Lydia Soroken (University of Erlangen-Nurnberg, Erlangen, Germany). 

The anti-laminin a5 (8948) rabbit antisera were provided by Jeff Miner (Miner et al., 

1997). The anti-laminin (32 (Gpbl) chain-specific guinea pig antisera were a gift from 

Joshua Sanes (Sanes et al, 1990). Anti-laminin (33 antibodies were provided by Yoshi
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Yamada (Sunada et al., 1995). A rat monoclonal antibody for the laminin yl chain was 

purchased from Chemicon (Temecula, CA).

A. Immunohistochemistry. Kidneys were initially fixed by slow transcardiac 

perfusion using 4% paraformaldehaye in PBS. The animals were first deeply 

anaesthetized using Avertin (2,2,2-tribromoethanol) at 0.5mg/g body weight. The chest 

cavity was opened and a small hole was made in the right ventricle by puncturing with a 

tuburculin needle to allow exit of the perfusate. A second tuberculin needle connected to 

a 10ml syringe containing lxPBS was inserted into the apex of the left ventricle. One 

milliliter of PBS was perfused per gram body weight at a rate of about 3 ml per minute. 

The process was then repeated using ice cold 4% paraformaldehyde in PBS as fixative. 

Properly fixed kidneys were firm and had a pale appearance.

Following perfusion, the renal capsule was removed with iris forceps and kidneys 

were cut in half longitudinally (bisecting the pelvis, medulla and cortex). They were 

then placed in 4% paraformaldehyde at 4°C for an additional hour. The fixed halves were 

embedded in paraffin, cut at 6pm, and transferred onto Superfrost/Plus (Fisher Scientific, 

Pittsburgh, PA) microscope slides. Slides were baked on a slide warmer at 60°C for 20 

minutes and stored at 4°C until used (slides are useful for up to six weeks). Kidneys from 

control and experimental littermates were embedded side by side to control for subtle 

differences that might be incurred during the staining procedure.

Slides were dewaxed for use by heating on a 60°C slide warmer followed by three 

successive 5-minute washes in xylenes. The tissue was dehydrated in graded ethanol 

solutions (two 5-minute washes in 100% ethanol, one 5-minute wash in each of 90% 

ethanol, 70% ethanol, and 50% ethanol), washed, and digested with 3pg/ml proteinase K
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(Roche) for 10 minutes at 37°C to expose epitopes. The digestions were stopped by 

washing in 2mg/ml glycine in PBS.

Primary antibodies were diluted in 7% non-fat dry milk made in lx PBS and 

allowed to react for three hours at room temperature. Slides were washed and 

biotinylated secondary antibodies were applied for two hours at room temperature. All 

secondary antibodies were used at 1:100 and diluted in 7% non-fat dry milk. Following 

PBS washes, horseradish peroxidase was applied to the sections (1.5pl/500pl in 7% non

fat dry milk) for 30min at room temperature in the dark. Sections were again washed and 

the AEC developing reagent (Vector Laboratories, Burlingame, CA) was applied for 2- 

lOmin. An aqueous mounting media was used before coverslipping the tissue and 

imaging on a Cytovision Ultra image analysis system (Applied Imaging, Inc., Santa 

Clara, CA).

For DAB-development of tissue for EM analysis, a different method of fixation 

was used. Mice were anesthetized and kidneys fixed by subcapsular injection of 1% 

paraformaldehyde and 0.05% gluteraldehyde in lxPBS (St John and Abrahamson, 2001). 

The kidneys were removed, cut into 2mm strips, and fixed in the same solution for an 

additional hour on ice. They were then embedded in OCT compound and 30pm frozen 

sections were collected on Thermanox coverslips (Nunc, Inc., Naperville, IL). The 

sections were allowed to dry at room temperature for one hour before treatment with 

lOpg/ml proteinase K in lOmM Tris HC1 (pH 7.4) for 30 minutes at room temperature. 

The sections were washed and reacted with laminin a2 antibody (diluted 1:100 in 7% 

non-fat dry milk) for 20 hours at room temperature. Coverslips were washed three times 

for 15min/wash in lxPBS. HRP-conjugated secondary antibody was applied at room
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temperature for four hours (diluted 1:500 in 7% non-fat dry milk). Following three 10- 

minute washes in lxPBS, coverslips were developed with 0.05% diaminobenzidine and 

0.01% hydrogen peroxide in 1M phosphate buffer (monobasic) for one hour 

(Abrahamson and St John, 1992).

After color development, the tissue was refixed with 4% paraformaldehyde and 

2% glutaraldehyde for 15min at room temperature. The coverslips were then postfixed 

with 2% osmium tetroxide and further prepared for EM according to the methods of (St 

John and Abrahamson, 2001). Imaging was done on the CM 10 microscope.

B. Immunofluorescence. All immunofluorescence stains were carried out on 

fresh frozen 4pm sections of kidney tissue. Animals were anesthetized and perfused with 

lxPBS as earlier described. Prior to OCT embedding, the tissue was cut longitudinally 

and soaked for 30 minutes at 4°C in 15% sucrose and then 30% sucrose made in lxPBS. 

Kidney halves from control and experimental littermates were embedded side by side. 

The tissue sections were collected on Superfrost/Plus microscope slides (Fisher 

Scientific) then fixed using either 100% ice-cold acetone or 100% ice-cold ethanol (as 

indicated in Table 2) for lOmin and air-dried for a minimum of three hours at room 

temperature.

If protein denaturation was required to expose hidden epitopes (as indicated in 

table 2), it was done prior to addition of primary antibody. Primary antibodies were 

diluted in 7% non-fat dry milk made in lx PBS and allowed to react for three hours at 

room temperature. The tissue was washed and fluorescein-conjugated secondary 

antibodies were allowed to react for two hours at room temperature. All secondary 

antibodies were purchased from Chemicon and used at a dilution of 1:100 in 7% non-fat
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dry milk made in lxPBS. The sections were washed again and coverslipped using 

Vectashield mounting medium (Vector). Images were collected using the Cytovision 

Ultra image analysis system interfaced with an Olympus BH-2 fluorescence microscope.

C. Dual-Color Immunolluorscence. Kidney sections were stained with two 

different antibodies to examine relative localization of laminin a2, laminin a l ,  and 

laminin (31 with entactin and CD1 lb with aSMA. Two different fluorescin compounds 

were used in these procedures.

Primary laminin and entactin antibodies were diluted and applied together to 

frozen sections. Texas Red-conjugated goatarabbit was used to label the laminin chains 

while FITC-conjugated goatarat was used to label entactin. These secondary antibodies 

were also diluted and applied to the tissue concomitantly. The laminin oc2 antibody used 

in these stains was a gift from Dr. Peter Yurchenco (Robert Wood Johnson Medical 

School, Piscataway, New Jersey; Vachon et al., 1996).

Both the CD1 lb and a-smooth muscle-actin antibodies were directly conjugated 

to a fluorescent marker (Cy3 for a-SMA and either R-PE or FITC for CD1 lb). These 

antibodies were allowed to react for two hours at room temperature. When used in 

conjunction with another antibody, either CD1 lb or a-smooth muscle-actin was added at 

the same time as the secondary antibody. When CD1 lb and a-smooth muscle-actin were 

used together, the entire reaction was completed in two hours.

For stains imaged using a confocal laser microscope (Radiance 2000; Biorad) 

attached to a Nicon E800, 30pm frozen sections were used. Anti-laminin-1 anti

antibody was applied in 7% nonfat dry milk and allowed to react for 20 hours at room 

temperature. Anti-laminin-1 antibody was added alone as the CDllb antibody was



36

directly conjugated. The tissue was then washed three times for 15min per wash. The 

anti-CDllb antibody (directly conjugated to R-PE) was added at a dilution of 1:15 

together with the Alexa secondary antibody (Molecular Probes, Eugene, OR) at 1:100 in 

7% nonfat dry milk and reacted with the tissue for 4 hours at room temperature. Tissue 

was washed, coverslipped, and imaged.

1). TUNEL stain. Mice were heart-perfused with 2% PFA in PBS. 6pm 

paraffin sections were pretreated by digesting tissue with lOpg/ml Proteinase K in lOmM 

Tris/HCl pH 7.5 for 20 min at room temperature. Tissue was stained using the In Situ 

Cell Death Detection Kit (Roche) as recommended. BCIP/NBT (Sigma) was used as a 

substrate solution. Slides were then coverslipped and imaged.

E. 5-Bromo-2’-deoxy-uridine (BrdU) Labeling. The Roche BrdU Kit (product 

number 1 296 736) was used to detect cell proliferation in vivo. Control, Alport, dko, and 

integrin a  1-null mice were injected (IV through tail) with undiluted BrdU labeling 

reagent at 2ml/100g body weight. The animals were sacrificed twelve hours following 

injection. They were first anesthetized and perfused with lxPBS as previously detailed. 

The kidneys were removed, bisected, and placed in OCT compound at -80°C. Four 

micron sections were cut and collect on poly-L-lysine coated glass slides. These sections 

were fixed with an ethanol fixative (50mM glycine solution added to 70ml 100% ethanol, 

pH 2.0) for a minimum of 20min at -20°C as outlined in the accompanying protocol. 

Following a one-hour incubation in the mouse-on-mouse (MOM) blocking reagent 

(Vector) at 4°C, the BrdU Kit protocol was followed for the staining procedure.
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T a b le  2. Antibodies used in the studies o f this dissertation. # indicates treatment o f the 
tissue with 0.1%SDS for 45min at 37 °C. * indicates treatment o f tissue with 6M
urea/0.1M glycine pH 3.5 in PBS for one hour at 4°C.

A . L a m in in  C h a in s .

Antibody Source dilution Treatment

Laminin a l 
(rat a-human)

Dale
Abrahamson

1:800 Acetone Fix 
SDS Denature

Laminin a2 
(rat a-human)

Sigma 1:100 Acetone Fix

Laminin a2 
(rabbit a-mouse)

Peter
Yurchenco

1:10 Acetone Fix

Laminin a3 
(rabbit a-mouse)

Robert
Burgeson

1:100 Acetone Fix 
SDS Denature

Laminin a4 
(rat a-mouse)

Lydia Soroken 1:200 Acetone Fix

Laminin a5 
(rabbit a-mouse)

Jeffery Miner 1:200 Acetone Fix 
SDS Denature

Laminin (31 
(rat a-mouse)

Chemicon 1:200 Acetone Fix 
SDS Denature

Laminin (32 
(guinea pig a-mouse)

Joshua Sanes 1:400 Acetone Fix 
SDS Denature

Laminin (33 
(rabbit a-mouse)

Yoshi Yarnada 1:200 Acetone Fix 
SDS Denature

Laminin yl 
(rat a-mouse)

Chemicon 1:1000 Acetone Fix



B. E x tr a c e l lu la r  M a tr ix  P ro te in s .

Antibody_________ Source________Dilution Treatment

Collagen a3 (IV) 
(rabbit a-human)

Mary Kleppel neat Ethanol Fix
Glycine/Urea* Denature

Collagen a4 (IV) 
(rabbit a-human)

Mary Kleppel neat Ethanol Fix
Glycine/Urea* Denature

Collagen III 
(goat a-human)

Southern
Biotechnology
Assoc.

1:20 Acetone Fix

Collagen IV 
(rabbit a-mouse)

Biodesign
International

1:100 Acetone Fix

Plasma Fibronectin 
(rabbit a-human)

Sigma 1:100 Acetone Fix

Entactin/Nidogen 
(rat a-mouse)

Chemicon 1:100 Acetone Fix

Laminin-1 
(rabbit a-mouse))

Sigma 1:100 Acetone Fix

C. M a tr ix  R e m o d e lin g  P ro te in s .

Antibody_________ Source______ Dilution Treatment
MMP 2
(rabbit a-human)

Chemicon 1:100 Acetone Fix

MMP 9
(mouse a-human)

Chemicon 1:100 Acetone Fix

Timp 1
(rabbit a-human)

W. Stettler- 
Stevenson

1:1500 Acetone Fix

Timp 2
(rabbit a-human)

W. Stettler- 
Stevenson

1:100 Acetone Fix

Timp 3
(rabbit a-human)

Sigma 1:100 Acetone Fix
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/) . C e ll  M a rk e rs .

Antibody___________ Source______ Dilution Treatment

CD1 lb
(monoclonal a-mouse)

Pharmingen 1:15 Acetone Fix

a-SMA
(monoclonal a-mouse)

Sigma 1:100 Acetone Fix

E. P r o l if fe r a t io n /A p o to s is  M a rk e rs .

Antibody_________ Source______ Dilution Treatment

BrdU Labeling and 
Detection Kit

Roche 1:10 As Recommended

TNF-a
(rabbit a-mouse)

Cell Sciences 1:100 Acetone Fix

TUNEL Kit 
In Situ Cell Death 
Detection Kit

Roche 1:10 10pg/pl Proteinase-K 
RT x 20min

XI. Cell Culture.

A. Glomerular Preparation. Mice were sacrificed using cervical dislocation. 

The kidneys were then removed and minced in sterile lxPBS containing antimibotic/ 

antimicotic (Kreisberg et al., 1978). They were then passed through a series of sieves 

(Midland Scientific, Omaha, NE): No.60 followed by No. 100 followed by No.200, then 

into a collecting dish (Luo and Dorf, 1996). A beaker was used to grind the kidney 

through the first two sieves. Sterile PBS was used to rinse the bottom of sieve No. 100 

into No.200 and bottom of No.200 into the collecting dish. The collection was 

centrifuged for lOmin at lOOOrmp on a Beckman J2-JIM/E centrifuge (Beckman 

Instruments, Inc., Palo Alto, CA) and the pellet resuspended in 20ml 0.1% trypsin and 

0.05% collagenase I and incubated at 37° for 20min with periodic shaking (Kreisberg et
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al., 1978). Following the digestion, the preparation was neutralized with fetal calf serum 

and spun for lOmin at lOOOrpm. This preparation was used for a variety of purposes 

including RNA isolation, primary culture of mesangial cells, and cloning glomerular cells 

from immorto mice.

The glomerular preparation was also used the purpose of isolating RNA. Here, 

mice were anesthetized and perfused with lx DEPC-PBS (DPBS). The preparation was 

pelletted and resuspended in 14ml DPBS per tube then transferred to 15ml conical tubes. 

The solution was allowed to settle on ice for 20min. The top 1 lmls of DPBS were then 

removed and discarded. DPBS was added to bring the preparation back up to 15ml. The 

solution was again allowed to settle on ice for 20min after which the top 13ml were 

carefully removed and discarded. Like tubes were combined and 10ml DPBS was added. 

The preparation was then spun for lOmin at 2000rpm. The pellet was resuspend in 1,5ml 

TRIzol reagent per four kidneys and the RNA isolated. Preparations of 70% or more 

pure glomeruli were sent to Biogen Corporation for Affymetrix analysis of glomerular 

gene regulation in future studies.

B. Mesangial Cell Proliferation Experiment. The glomerular 

preparation was resuspended in 4ml DMEM completed with: 20% FCS; 1:100

Pen/Strep/Glut; 1:1000 Gent; and 1:100 insulin 1:1 with conditioned media from N1H 

3T3 fibroblasts. The entire preparation was plated onto one 6cm dish and incubated at 

37°C with 5% CO2 (Harper et al., 1984). This media was not changed for several days.

Cells were grown to near-confluency and passaged onto one 10cm dish at which 

time DMEM containing D-valine substituted for L-valine was used to rid the culture of 

any fibroblast contamination (Gilbert and Migeon, 1975; Kreisberg et al., 1978; Budde et
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al., 1989). The cells were again grown to sub-confluency (-4 days) in D-valine media, 

then counted using a haemocytometer and plated at a density of -350 thousand cells per 

well onto six well plates in the following fashion: three wells of integrin al+/+; three 

wells of integrin al-/- on plastic; three wells of integrin al+/+; three wells of integrin 

al-/- on type IV collagen. Cells were quiesed in 0.5% FCS-containing D-valine media 

for 48 hrs (Luo and Dorf, 1996). One microgram per milliliter [ ’H] thymidine was added 

to each well (4pCi/well) and cells were cultured for an additional 18hrs (Miralem et al., 

1996). DNA was then isolated.

DNA was obtained from the cultures as recommended by Freshney (1994). 

Media containing [3H] thymidine was removed and placed in permanent storage. The 

wells were then washed with PBS (2ml/ml culture) and 2ml 10% TCA (ice cold) was 

added per ml of culture for lOmin. This wash was repeated twice for 5min each 

additional wash. 0.3N NaOH/1% SDS was then added at a concentration of 0.5ml per ml 

of original culture volume at 60°C x 30min. The solution was allowed to cool, then 

transferred to Bio-Scinti scintillation fluid (Fisher) and counted using a Liquid 

Scintillation Analyzer (Packard Instrument Co., Meriden, CT).

C. Inimorto Cell Cultures. Glomeruli were isolated as stated and the 

pellet resuspended in DMEM containing antibiotic/antimicotic, pen/strep/glut, 

gentomycin, and 10% FCS. Cells were grown for five days on a 6cm dish at 37°C with 

5% CO2. They were then trypsanized and centrifuged. The pellet was resuspended and 

divided into two fractions. One was counted and plated at a density of 0.5- and 5- 

cells/well of a 96-well plate. These cells were fed with DMEM containing 20% FCS and 

insulin at 33°C to select for mesangial cell clones. Mesangial cell proliferation has been
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shown to be inhibited by the presence of y-interferon (Johnson et a i, 1995). It was 

therefore excluded from these cultures. Wildtype and Alport mesangial cultures were 

established to examine the effect of mesangial-cell conditioned media on podocyte gene 

regulation in future studies.

The other fraction was passed through a sieve with a 25pm pore size to remove 

mesangial and endothelial cells (Mundel et al., 1997a). The fraction was then counted 

and plated at a density of 0.5 and 5 cells/well of a 96-well plate. These cells were fed 

with Renal Epithelial Basal Media and supplements (Bio Whittaker, Inc., San Diego, CA) 

in the presence of y-interferon at 33°C to select for visceral epithelial cells (podocytes). 

Wildtype podocyte cultures were established to examine mesangial contribution and the 

effect of matrix composition on gene regulation in future studies.

XII. Gelatin zymography. Kidney samples from both control and Alport mice were 

collected and placed immediately on dry ice, transferred to a freezer, and kept at -80° C 

until use. The tissue was thawed, homogenized in Tris buffer (0.5 M Tris-HCl, pH 7.5 

containing 200 mM NaCl and 0.2% Triton X-100) and centrifuged at 10,000 rpm for 30 

min. The pellet was discarded and the supernatant was aliquoted and stored at -80°C.

The protein content in the supernatants was determined using the BCA assay. 

Briefly, 2mg/ml albumin standards included in the kit (Pierce, Rockford, 1L) were used in 

linear dilutions as recommended ranging from Omg/ml to 2mg/ml BSA. Likewise, three 

dilutions were made of the protein homogenates and each run in triplicate on a 96-well 

microtiter plate. The working reagent was added to the samples as recommended and 

reacted for 30min at 37°C. The samples were allowed to cool to room temperature and
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the absorbance was then read at a wavelength of 562nm on an EL 800 Universal 

Microplate Reader (Bio-Tek Instruments, Inc., Winooski, VT).

Substrate gel electrophoresis (zymography) was performed to identify whether the 

extracts contained gelatinase activity and to identify the enzymes involved (MMP-2 

and/or MMP-9). All samples underwent SDS-PAGE on a 9% gel containing lmg/ml 

gelatin from swine skin (Sigma) without prior heating or reduction. After 

electrophoresis, the gels were washed twice in 2.5% Triton-X 100 to remove SDS. They 

were then incubated in 50mM Tris-HCl buffer (pH 7.5) containing 0.15M NaCl, lOmM 

CaCl2 and 0.02% (w/v) NaN3 for 16 h at 37°C. Coomassie Brilliant Blue R250 (Sigma) 

was used at 0.1% to stain the gels for one hour. To assure that gelatinolysis was specific 

to the gelatinases, controls were used. Pepstatin A (5pM) or PMSF (ImM) were added to 

the incubation buffer to control for serine proteases or cathepsin activity, respectively. 

EDTA (lOmM) was added as a negative control. Gelatinolytic activity was visualized by 

negative staining. Gelatinolytic activity of each gelatinase is evident as a clear band 

against the blue background of stained gelatin. Prestained SDS-PAGE protein standards 

(Bio-Rad Laboratories, Richmond, VA) were used for estimating molecular weight.

XIII. RT-PCR Analysis. Total RNA was prepared using TRlzol (GibCo/BRL) as per 

the manufacturer’s instructions. Five micrograms of total RNA was reverse-transcribed 

using the Superscript II first strand cDNA synthesis kit (GibCo/BRL). MMP-2 and 

MMP-9 mRNA transcripts were analyzed semi-quantitatively using specific primers by 

RT-PCR. As an internal standard, expression of glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), a cellular housekeeping gene, was also analyzed. PCR
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reactions were carried out in the PTC 200 PCR machine using AmpliTaq gold (Applied 

Biosystems, Branchburg, NJ). DNA was initially denatured for 10 min at 95°C followed 

by 30 cycles of: 95°C for 60 sec; 60°C for 60 sec; 72°C for 90 sec. An additional lOmin 

extention at 72°C was used at the end. Oligonucleotide primer pairs were the same as 

those used to generate probes (Table 3).

Amplified products were separated on 2% agarose gel, visualized by UV 

transillumination after staining with ethidium bromide, and photographed. Semi

quantification of MMP-2 and MMP-9 cDNAs was performed using densitometry. 

Comparison to GAPDH (internal standard) from the same sample permitted gel-to-gel 

comparisons using an image analysis system (ImageQuant Software, Molecular 

Dynamics, Sunnyvale, CA). All PCR experiments included control reactions that 

contained all components except complementary DNA. No band was ever detectable in 

these control reactions. All PCR products were confirmed by DNA sequencing.

XIV. Probe Preparation.

1. Design. pBlueScript II sk+ (Stratagene)was used as the parent vector for all 

probes made. It was prepared for ligation by linearization with Hindi (Promega, 

Madison, WI) restriction enzyme to leave a blunt end for cloning. The vector was 

subsequently dephosphorylated with calf intestinal alkaline phosphatase (CIP; Boehringer 

Mannheim). The inserts were individually generated from total mouse embryo RNA 

using the Superscript II (GibCo/BRL) RT-PCR system. PCR products were prepared as 

inserts for ligation by blunting the ends with bacteriophage T4 DNA polymerase (New 

England Biolabs, Beverly, MA). The blunted fragments were then phosphorylated with
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T4 polynucleotide kinase (Promega) and ligated into the prepared pBlueScript sk+ vector 

using bacteriophage T4 DNA ligase (Promega).

2. Clone Identification. The ligations were transfected into electroporation- 

competent E. coli (strain DH5a) and plated on bacteriologic plates containing Ampicillin 

(Roche). Small-scale plasmid preps were done according to a modified boiling lysis 

technique (Berghammer and Auer, 1993). DNA was screened by digestion with various 

restriction enzymes or by direct sequencing. Correct clones were then grown in large- 

scale bacteriologic culture and plasmids were purified by the standard cesium 

chloride\ethidium bromide equilibrium centrifugation method.

T a b le  3. P ro b e s  u s e d  in th e  s tu d ie s  o u t l in e d  in  th is  d is s e r ta tio n .  

A . H o u s e k e e p in g  G en e .

GAPDH sense: 5 ’-GGTGAAGGTCGGAGTCAACGGATTTGGTCG-3’ Self-
asense: 5’-GGATCTCGCTCCTGGAAGATGGTGATGGG-3’ generated

B. C y to k in es .

TGF-pi sense: 5’-TCGCATCCCAGGACCCTC-3’ 
asense: 5 ’-GGTCTCCCAAGGAAAGGTAG-3 ’

(Montelione et al., 
1989)

TNF-a sense: 5’-CTTCCAGAACTCCAGGCGGT-3’ 
asense: 5’-GAGGAGGTTGACTTTCTCCT-3’

Self-generated
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C. L a m in in  C h a in s .

Laminin a l sense: 5’-AGCCCATGCAGAGTCTGCAC-3’ 
asense: 5 ’-GTCGTGGCTCAGGAAGGAAC-3 ’

Self-generated

Laminin oc2 sense: 5’-CCCAAACTCAGCATCGACA-3’ 
asense: 5’-GGCATGATACAGGTTGAACAC-3’

Self-generated

Laminin (31 sense: 5 ’-TAGAGGTTATTTTGCAGCAGA-3’ 
asense: 5 ’-TTGGATATCCTCATCAGCTTG-3 ’

(Sasaki et al., 
1987)

Laminin (32 sense: 5’-GCAGAGCGGGCACGGAGC-3’ 
asense: 5 ’-TGTACCTGCCATCCTCTCCTG-3 ’

(Hunter et al., 
1989)

Laminin yl sense: 5 ’-GGTAAGTTTTATAAGGGAGT-3 ’ 
asense: 5 ’-TTACAAGATGATACCTTAAT-3’

Self-generated

D . E x tr a c e l lu la r  M a tr ix  P r o te in s .

Collagen
al(IV)

sense: 5’-CTGTGGACCATGGCTTC-3’ 
asense: 5’-TTCTCATGCACACTTGGC-3’

(Saus et al., 1989)

Collagen 
a2 (IV)

sense: 5’-GGCTACCTCCTGGTGAAG-3’ 
asense: 5’-TTCATGCACACTTGGCAG-3’

(Sausetal., 1989)

Entactin sense: 5’-GTGGTTTACTGGACAGACATC-3’ 
asense: 5 ’-CCAATCTGTCCAATAAAGG-3 ’

(Mann et al., 1989)

Fibronectin sense: 5 ’-CTCTGGAGCCTAGTTCTCAG-3 ’ 
asense: 5 ’-GGCTACCTGTGTTTCCCTATT-3 ’

Self-generated

HSPG core 
protein

sense: 5’-CGGGCCACATTCTCC -3’ 
asense: 5’-GGAGTGGCCGTTGCATT-3’

(Noonan et al., 1988)

E. M a tr ix  R e m o d e lin g  P ro te in s .

MMP-2 sense: 5 ’-CCTGATGTCCAGCAAGTAGATGC-3 ’ 
asense: 5’-TTAAGGTGGTGCAGGTATCTGG-3’

Self-generated

MMP-9 sense: 5 ’-TTCTCTGGACGTCAAATGTGG-3 ’ 
asense: 5 ’-CAAAGAAGGAGCCCTAGTTCAAGG-3 ’

Self-generated
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Results.

I. Glomerular Studies.

E le v a te d  m e s s a g e  le v e ls  f o r  p r o te in s  in d u c e d  in  th e  A lp o r t  m o u s e  f o l lo w in g  th e  o n s e t  o f  

p r o te in u r ia . We generated the mice used in these studies by crossing the collagen 

a3(IV) heterozygous F, mice. The timecourse of Alport renal disease progression is 

expanded in this F2 generation compared to Alport mice in the pure SV or SV/J strains 

due to unknown modifier genes. Proteinuria in these Alport mice begins when the mice 

are approximately 5.5 to 6 weeks of age.

Figure 6 illustrates PAGE fractionated urine 

protein collected at weekly intervals during 

the timecourse. The six- and eight-week 

samples were taken just prior to harvest of the 

kidneys for RNA isolation. It is clear from 

this gel that proteinuria is low in the 6-week- 

old mice, but reaches maximum levels by 8 

weeks of age.

Total RNA was isolated from whole 

littermates at two-week intervals starting at 6 weeks and ending at 12 weeks of age. The 

RNA was fractionated on denaturing agarose gels, transferred to nylon supports, and 

probed with radiolabeled probes specific for either the al(IV) or a2(IV) collagen chains, 

entactin, the laminin (31 or (32 chains, fibronectin, or TGF-(3l. The results in Figure 7 

illustrate that the mRNAs for all of these proteins, with the exception of laminin (31 and 

(32, are induced following the onset of proteinuria in the Alport mouse model.

Figure 6. Analysis of urinary albumin as a 
function of renal disease progression in the 
Alport mouse.

6 7 8
weeks

9 Mr

kidneys of Alport animals and control
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Figure 7. Northern analysis of mRNAs from total kidney during a timecouse of Alport renal disease 
progression. Total kidney RNA was isolated at the indicated time points (in weeks) and analyzed for 
the indicated messages.

Control Alport Control Alport Control Alport

j 6 8 10 12 6 8 10 121 | 6 8 10 12 6 8 10 121 | 6 8 10 12 6 8 10 12|

•  •  • m  -  —■ 4 P 4 P 9 4 P

A Collagen u1 (IV) B Collagen tx2(IV) C TGF-pi

Control Alport Control Alport Control Alport

| 6 8 10 12 6 8 10 121 

D Fibronectin

. t) 8 10 12 fi 8 10 121

E Entactin

| 6 8 10 12 0 8 10 121 

F Laminin p1

Control Alport

| 6 8 10 12 6 8 10 12 j 

«■» •**

G Laminin [12

Northern blots for this same timecourse were also performed for laminin ocl, 

laminin yl, heparan sulfate proteoglycan core protein, and the collagen a4(IV), and 

a5(IV) chains (data not shown). No significant differences in mRNA levels for these 

other basement membrane proteins were apparent when comparing the control and Alport 

animals.

The results of the Northern blots were analyzed using a phosphorimager to 

directly quantify the relative changes in specific mRNA expression during the 

timecourse. Figure 8 illustrates that induction of the specific mRNA levels is apparent at

six weeks of age, or about the time when protein in the urinary space reaches the



maximum levels in the Alport mice (Cosgrove 

et al., 1996). By 8 weeks, mRNA levels peak, 

with the mRNAs encoding TGF-[3l and 

fibronectin induced 6.6- and 9.4-fold over that 

of control mice, respectively. The mRNA 

levels for collagen al(IV), a2(IV), and 

entactin were all about threefold induced by 

week 8. In contrast, no significant changes in 

mRNAs encoding the laminin (31 and (32 

chains, as determined by these same total 

RNA Northern blots, were observed at any 

point in renal disease progression.

Messages induced in the podocytes o f advanced-stage Alport mice. The 

glomeruli comprise only a small percentage of the total mass of the kidney. Individual 

cell types within the glomeruli comprise an even lesser percentage. Northern blots of 

total kidney RNA are therefore not likely to detect induction of messages that might be 

specific to glomeruli, or to a particular glomerular cell type.

To examine whether the mRNAs encoding TGF-(3l, or the different 

basement membrane components were induced in a particular glomerular cell type, in 

situ hybridization was performed using digoxygenin-labeled antisense

49
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Figure 9. In s itu  hybridization analysis of specific transcripts in post-proteinuric Alport mice. 
Kidneys from lOwk control (AyDyGyJ) and Alport (ByEyHyK) were analyzed for the NCI domain of 
collagen IV (AyB)y TGF-/J1 (DyE)y fibronectin (GyH)y entactin (JyK)y and laminin (51 chain (MyN) (f  
galactosidase was used as a negative control (CyEyIyLyO).
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probes specific for the mRNAs. A riboprobe produced from the bacterial [3-galactosidase 

gene was used as a negative control as this probe did not hybridize to total mouse kidney 

RNA on Northern blots or RNA dot blots (data not shown).

The probes were hybridized to paraffin sections of kidneys harvested at 10 weeks 

of age from control and Alport mice. This time point was chosen because the mRNAs 

are clearly induced (Figure 9), but the majority of the glomeruli are not yet fibrotic. The 

results in Figure 9 illustrate that for all specific mRNAs examined, elevated levels are 

clearly observed in the podocytes of the glomerulus in the Alport mice. For the collagen 

al(IV) chain, expression of the mRNA in the control is observed in both the mesangial 

cells and the endothelial cells of the glomerulus (Figure 9A). This is consistent with 

localization of this molecule in the mature animal (Desjardins and Bendayan, 1991). In 

the Alport mouse, expression in the mesangial matrix may be elevated, as evidenced by 

much darker staining when compared to the mesangial cell staining in the control sample. 

However, the most obvious difference between the control and Alport mice is the ring of 

stained cells lining the outer circumference of the glomerulus, corresponding to the 

podocytes (Figure 9B).

Fibronectin expression in the control glomerulus is very weak (Figure 9G). In 

contrast, Alport podocytes are clearly expressing significant levels of fibronectin mRNA 

(Figure 9H). Expression of TGF-J31 is very weak in the glomeruli of the control animals, 

but some specific staining is observed in the mesangial cells (Figure 9D). In the Alport 

animal, TGF-(3l mRNA levels are, again, significantly elevated in the podocytes (Figure 

8E). For entactin, the mRNA localized to the podocytes of the control, which is not 

unexpected since this protein localizes specifically to the GBM (Desjardins and
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Bendayan, 1991). Unexpectedly, some mesangial cell-specific staining for entactin is 

observed in the control animal. While the staining in the podocytes of the Alport animals 

seems to indicate elevated expression, this method of in situ hybridization is not a 

quantitative assay.

Northern blots revealed that mRNA levels for the laminin (31 chain were 

unchanged in the control versus the mutant throughout the timecourse. In situ 

hybridization analysis for laminin (31 did not produce a visible signal in glomeruli from 

control kidneys (Figure 9M). In the glomeruli from mutant mice, however, the mRNA is 

clearly induced in the podocytes (Figure 9N).

While differences in staining were observed between ten-week-old Alport and 

control kidneys, no observable differences were seen in samples harvested at three and 

five weeks of age (data not shown).

The presence of TGF-(3l mRNA in the podocytes does not distinguish the active 

form of the cytokine. To resolve this issue, immunoperoxidase staining was performed 

using an antibody preparation that is known to bind only to the biologically active form
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of TGF-Pl. As illustrated in Figure 10, while in controls there appears to be little if any 

active TGF-J31 in the podocytes (Figure 10A, arrow), the cytokine is clearly evident in 

the podocytes of the Alport animals (Figure 10B, arrow). Indeed, the immunostaining 

patterns for the active cytokine in glomeruli from control versus Alport mice mirrors the 

pattern of mRNA expression observed by in situ hybridization (compare Figure 9D with 

Figure 10B).

H u m a n  A lp o r t  r e n a l  p a th o g e n e s is  is  c o n s is te n t  w ith  f in d in g s  in  th e  m o u s e  m o d e l. The

relevance of studies described herein depend on the assumption that the gene knockout 

mouse model is consistent with human Alport renal disease pathogenesis. To test this 

assumption, total RNA from normal and Alport 

human renal cortex was subjected to RNase 

protection analysis for TGF-[3l mRNA expression.

The results shown in Figure 11 illustrate that there 

is indeed an elevation of the TGF-(3l message in 

human Alport renal cortex relative to that from 

normal tissue. Phosphorimage analysis of the bands 

in Figure 10 finds the TGF-(3l mRNA threefold 

elevated in the Alport versus the control samples.

B lo c k in g  T G T -f i l  in h ib its  f o c a l  G B M  th ic k e n in g , b u t  n o t  p o d o c y te  f o o t  p r o c e s s  

e f fa c e m e n t  in A lp o r t  m ic e . We further evaluated the role of TGF-(3l in Alport renal 

disease progression by employing a newly designed soluble receptor inhibitor. A number

Finure 11. RNase detection analysis 
for TGF-fil mRNA in normal and 
Alport human renal cortex. The 
expected message size is 253hp

N

3 0 7 -

2 4 2 -
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of groups, including ours, have reported the development of soluble TGF-(3 type II 

receptors as in vitro and in vivo antagonists of TGF-p (Tsang et al., 1995; O'Connor- 

McCourt et al., 1995; Isaka et al., 1999). As reported for these similar TGF(3 receptor 

anatagonists, mouse TGF(3R:Fc blocks TGF-(3-l- (IC50 = InM), and TGF-(33- (IC50 = 

InM), but not TGF-(32-mediated inhibition of mink lung tumor (MvlLu) cell 

proliferation (Fig. 12). We noted no inflammation or immune infdtration in normal mice 

chronically administered effective doses of this inhibitor (data not shown).

Pure SV Alport mice were injected 

twice weekly using intraperitoneal injections 

of 25 pg of mTGF(3R:Fc starting at 3 weeks of 

age and continuing through 6 weeks of age. 

Kidneys were then harvested at 7 weeks of 

age. Transmission electron microscopy 

(TEM) illustrates that treatment with the 

inhibitor prevents irregular thickening of the 

GBM, but does not prevent podocyte foot 

process effacement (Figure 13A, B, and C). Scanning electron microscopy (SEM) 

confirms the effacement of podocyte foot processes in Alport animals treated with 

mTGF(3R:Fc (Figure 13F). The obliteration of podocyte foot process results in failed 

filtration and massive proteinuria. This may explain why Alport mice treated with 

mTGF(3R:Fc die of renal failure at about the same time as untreated Alport mice.

Figure 12. Inhibition ofTGFfi-1 and TGF- 
PJ by in TGFBR.Fc.
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Figure 13. Ultrastructure of control,Alport, and Alport mice treated with m TGFjiR:Fc (Alport/Sol 
Rec). Note the largely normal GBM in the treated animal. However, podocyte foot process 
effacement is not prevented.

Control Alport Alport/Sol Rec

D e p o s itio n  o f  la m in in  a 2  in  th e  G B M  is  f u n c t io n a l ly  l in k e d  to  A lp o r t  g lo m e r u la r  

d is e a s e  p a th o lo g y . One underlying mechanism driving effacement of the podocyte foot 

processes is thought to be the loss of focal contact adhesion between the podocytes and
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the GBM (Smoyer and Mundel, 1998). Thus, we performed a comparative examination 

of the molecular composition of the GBM in normal mice and Alport mice.

Figure 14. Laminin Chain Localization in 
Control and Alport Glomeruli.

Table 4. Laminin Nomenclature.

T r im e r C o m p o n e n t s

L a m i n i n - 1 a l  (3lyl
L a m in in -2 a 2 ( 3 l y l

L a m in in -3 a l  (32yl
L a m in in -4 a2(32y l
L a m in in -5 a3(33y2

L a m in in -6 a 3 ( 3 l y l
L a m in in -7 a3[32y l
L a m in in -8 a 4 ( 3 l y l
L a m in in -9 a4 (3 2 y l
L a m i n i n - 10 a 5 ( 3 l y l
L a m i n i n - 11 a5(32y l
L a m in in - 1 2 a a 2 (3 ly 3
L a m i n in - 1 3 a a3(32y3
L a m i n in - 1 4 a a4(32y3
L a m i n i n - 15a a5(32y3

M o d i f i e d  f ro m (M in e r  1999  7 8 / i d ) aT h e y 3
s u b u n i t  is f o u n d  p r e d o m in a n t ly  o u ts id e
b a s e m e n t  m e m b ra n e s .

Earlier studies have shown that

type IV collagen and fibronectin, which 

localize primarily to the mesangial matrix 

in control mice, are abundant in the GBM 

of Alport mice (Cosgrove et al., 1996; 

Miner and Sanes, 1996). A 

comprehensive analysis of the known 

laminin chains in normal versus Alport 

mice had not yet been performed. We
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employed antibodies specific for the different laminin chains to examine the GBM 

composition of normal versus Alport mice.

The results in figure 14 illustrate a dramatic shift in the expression of laminin oc2 

(Figure 14C versus D) and laminin (31 (figure 14G versus H) chains from the mesangial 

matrix in control mice to the GBM in Alport mice. No changes in the glomerular 

localization of the oc5, (32, or yl chains were observed in normal versus Alport mice. 

Consistent with earlier reports (Miner, 1999; Sorokin et al., 1997), the a3, a4, and (33 

chains are not expressed in the renal glomerulus. By co-localization inference, these data 

suggest that either laminin-2 (a heterotrimer comprised of the a2, (31, and yl chains) or a 

combination of laminin-2 and laminin-4 (comprised of the a2, (32, and yl chains) are 

assembling in the GBM. These heterotrimers are completely absent from the GBM of 

normal mice, but are abundant in the GBM of Alport mice. Chain composition for the 

laminin heterotrimers are found in Table 4.

Figure 15. Dual 
color immu
fluoresecence for 
the laminin a l 
chain and 
entactni 
week control
(A) , 7-wk Alport
(B) , 2-wk Alport
(C) , and 7-wk 
Alport treated 
with mTGF- 
p:Fc. (D).
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In Figure 15, the GBM is stained in green while the laminin a2 chain is stained in 

red. This figure illustrates that the laminin a2 chain, which normally localizes 

specifically to the glomerular mesangium (Figure 15A), localized heavily in the GBM of 

7-wk Alport mice (Figure 15B). This remains true when Alport mice are treated with 

mTGFpR:Fc (Figure 15D). At 2 weeks of age, spotty deposition of laminin a2 is 

observed in the GBM of Alport mice (Figure 15C). This shift in laminin a2 glomerular 

localization has been confirmed in the Alport mouse by another laboratory (Kashtan et 

al., 2001). This same report shows laminin a2 in human and canine Alport samples.

To investigate the importance of laminin a2 in the GBM of Alport kidneys, we 

developed Alport mice also mutant for the laminin a2 chain. This was accomplished by 

crossing the collagen a3(lV)-deficient mouse developed in this laboratory with the 

lamady spontaneous mutant mouse (Xu et al., 1994a) purchased from The Jackson

Figure 16. Electron Microscopy o f Control, Alport, and Alport/dy Capillary Loops. Mote the 
numerous regions of normal looking GBM and podocyte foot processes in the Alport/dy mouse 
compared to the Alport, littermate.

Control Alport Alport dy
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Laboratory as described in the methods section. These double mutant mice are called 

Alport/dy. As the mutation in the lamady mouse does not completely prevent the 

appearance of laminin a2 protein in some tissues (Ringelmann et al., 1999), we first 

stained kidney sections from dy and Alport/dy mice to confirm the absence of laminin 

a2. No protein was found (data not shown).

Comparative analysis of podocyte foot-process effacement in Alport versus 

Alport/dy mice revealed remarkably less effacement in Alport/dy mice than in littermate 

Alport animals (Figure 16). The Alport/dy mice also showed fewer regions of GBM 

thickening than Alport littermates. Because the laminin a2 mutant mice die of unknown 

complications between two and six months of age (Xu et al., 1994a), we were unable to 

study long-term effects of lacking this protein in the Alport GBM. We did, however, 

notice increasing deposition of the laminin a l chain in the GBM of the Alport/dy mice 

(data not shown).

Loss o f  a l / 5 l  in te g r in  s lo w s  r e n a l  

d is e a s e  p r o g r e s s io n , a t te n u a te s  

e x p a n s io n  o f  th e  m e s a n g ia l  m a tr ix ,  

a n d  re sc u e s  p o d o c y te  f o o t  p r o c e s s  

a r c h ite c tu r e  in  A lp o r t  m ic e . The 

collagen a3(IV)-deficient mouse 

developed in this laboratory was 

crossed with the integrin a l-  

deficient mouse (Gardner et al.,

Figure 17. Urinary protein levels increase at a slower 
rate in the dko verses the Alport animal.

3 4 5 7 BM ' 3 4 5 6 7 8 9

6 7 8  9  10
B

weeks
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1996) to produce a 129 Sv mouse null at both alleles. Comparative analysis of renal 

disease pathogenesis of Alport mice versus these dko mice revealed a markedly slower 

rate of renal disease in the dkos. Both the time of onset and the rate of progression of 

proteinuria were delayed relative to the Alport mice (Figure I7A, Table 5) suggesting 

improved function of the glomerular fdter.

The data in Table 5 represent successive analysis of urinary albumin in three sets 

of experimental animals and illustrates the reproducibility of differences in onset and 

progression of proteinuria in the Alport mouse versus the dko. Microhematuria was also 

assessed and did not vary significantly among the experimental groups. The mean age of 

end stage renal failure (as defined in the Methods section), based on analysis of ten 

experimental sets (ten controls and ten Alport, ten integrin a l null mice, and ten dko 

animals), was extended from 8.5 +/- 0.5 weeks in the Alport mice to 14.5 +/- 0.9 weeks 

in the dkos.

Table 5. Inactivation of TGF-fil in the integrin alfi! null Alport mouse results in additive 
improvement in slowing the rates o f both onset and progression of albuminuria.____________
Age (Wks) 1 2 3 4 5 6 7 8 9 10

Control - - - - - - - - - -

Control - - - - - - - - - -

Sol Rec “ “ - " “ -

- - +/- 4 4 ++ +++ 44+ renal
Alport - - +/- 4 + ++ +++ +4+ failure

- - +/- + + +4 +4+ +4+
- - - - +/- 4 4- 4+ 4+ 4+

DKO - - - - +/- + 4- 4 4+ 4+
- - - - - 4 4 4 4+ 4+

DKO - - - - - - +/- +/- +/- 4
Sol Rec - - - - - - +/- +/- +/- 4

- - - - - - - +/- +/- +/-

TEM of the glomerular capillary loops revealed attenuated GBM damage in 7-

week-old dkos versus age-matched Alport mice (compare focal thickening of the GBM in
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Figure 18G with 18D). TGF-(3l induction was also delayed in these mice (data not 

shown). Thus, the absence of a l  integrin appears to have provided a protective effect on 

GBM damage in the Alport mouse model, possibly due in part to TGF-(3l-mediated 

deposition of proteins in the GBM.

The morphology of the podocyte foot processes was normal in the dko as 

compared with the Alport mouse both by TEM (Figure 18A, 18D and 18G) and SEM 

(Figure 18B, 18E, and 18H). Effacement of the podocyte foot processes, as observed in 

the Alport mouse and the Alport mouse treated with mTGFpRiFc (Figure 18D and E), 

obliterates the slit diaphragms, potentially blocking the glomerular filter. This aspect of 

Alport renal pathogenesis is delayed in the dko mice.

Figure 18. Absence of integrin (Xl [51 slows Alport glomerular disease. TEM, SEM and staining for 
laminin a2 chain in control (A-C)> Alport (D-F)y and dko (G-l) mice.
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In dko mice, the laminin a2 chain localization was similar to that in normal mice.

However, some laminin a2 staining was observed in the GBM (Figure 171). Similar 

results were obtained using antisera specific for the (31 laminin chain (data not shown). 

The changes in laminin composition of the GBM in normal versus Alport mice may be 

causally linked to effacement of the podocyte foot processes.

B lo c k in g  T G F -( i l  a n d  in te g r in  a l f i l  in  A lp o r t  m ic e  r e s to r e s  b o th  G B M  a n d  p o d o c y te  

a rc h ite c tu r e . The results in

Figures 13 and 18 suggest that 

integrin al(3l and TGF-(3l play 

distinct roles in Alport 

glomerular pathogenesis. If so, 

blocking TGF-(3l in Alport mice 

null for integrin ocl (31 should 

prevent both podocyte foot 

process effacement and GBM 

thickening.

To test this hypothesis, 

TGF(3R:Fc was administered to 

dko mice starting at 4 weeks of 

age and continuing through 9 

weeks of age. Kidneys were then

Figure 19. TGF-/31 inhibition primarily restores both 
GBM and podocyte architecture in dko mice. TEM of 
C(A), dko(B), dko treated with mTGF-/iR:Fc (C-D). 
Lamtx2 staining for untreated(E) andntreated(F) dko.

analyzed at 10 weeks of age.
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The treated animals were compared directly with untreated dko littermates. Urine was 

collected at weekly intervals and analyzed for urinary albumin. Data shown in Table 5 

and figure 19B illustrates that both the time of onset and progression of proteinurea are 

markedly attenuated in dkos treated with mTGF(3R:Fc relative to untreated dko mice. 

Dko animals treated with mTGF(3:Fc die at 18 to 24 weeks of age. As shown in Figure 

19, the GBM of the dko mice at 10 weeks of age contains many areas of focal thickening, 

indicating progression of the glomerular pathology relative to 7 week-old dkos (compare 

Figure 18G and 19B).

The podocyte foot processes have normal morphology, except for areas where the 

GBM is focally thickened. In these regions, the foot processes appear fused. In the dkos 

treated with mTGF(3:Fc, both basement membrane thickening and effacement of the 

podocyte foot processes are virtually absent. Most of the glomeruli in the treated dkos 

reflect that illustrated in Figure 19C, where some irregularities in the glomerular 

basement membrane are visible. About 20% of the glomeruli, however, are 

morphologically indistinguishable from those of control animals (Figure 19D). By 

comparison, out of over 50 glomeruli examined by TEM, none of the glomeruli in 3- 

week-old Alport mice are morphologically normal (data not shown).

Laminin a2 in the untreated 10-week-old dkos shows considerable staining in the 

GBM (Figure 19E). However, the staining is focally deposited rather than distributed 

throughout the full length of the GBM, as observed in the 7 week-old Alport mice 

(compare Figure 19E with 15B). This is consistent with the focal thickening observed on 

TEM micrographs (Figure 19B). In 10-week-old dkos treated with mTGFpR:Fc, laminin 

a2 staining is restricted to the glomerular mesangium (Figure 19F), identical to that
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The treated animals were compared directly with untreated dko littermates. Urine was 

collected at weekly intervals and analyzed for urinary albumin. Data shown in Table 5 

and figure 19B illustrates that both the time of onset and progression of proteinurea are 

markedly attenuated in dkos treated with mTGFPR:Fc relative to untreated dko mice. 

Dko animals treated with mTGFp:Fc die at 18 to 24 weeks of age. As shown in Figure 

19, the GBM of the dko mice at 10 weeks of age contains many areas of focal thickening, 

indicating progression of the glomerular pathology relative to 7 week-old dkos (compare 

Figure 18G and 19B).

The podocyte foot processes have normal morphology, except for areas where the 

GBM is focally thickened. In these regions, the foot processes appear fused. In the dkos 

treated with mTGFP:Fc, both basement membrane thickening and effacement of the 

podocyte foot processes are virtually absent. Most of the glomeruli in the treated dkos 

reflect that illustrated in Figure 19C, where some irregularities in the glomerular 

basement membrane are visible. About 20% of the glomeruli, however, are 

morphologically indistinguishable from those of control animals (Figure 19D). By 

comparison, out of over 50 glomeruli examined by TEM, none of the glomeruli in 3- 

week-old Alport mice are morphologically normal (data not shown).

Laminin a2 in the untreated 10-week-old dkos shows considerable staining in the 

GBM (Figure 19E). However, the staining is focally deposited rather than distributed 

throughout the full length of the GBM, as observed in the 7 week-old Alport mice 

(compare Figure 19E with 15B). This is consistent with the focal thickening observed on 

TEM micrographs (Figure 19B). In 10-week-old dkos treated with mTGFpR:Fc, laminin 

a2 staining is restricted to the glomerular mesangium (Figure 19F), identical to that
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observed in normal animals (Figure 15A). Thus, blocking al(3l integrin and TGF-J31 is 

synergistic in slowing the rate of both onset and progression of glomerular pathology in 

the Alport mouse.

Mesangial expansion is attenuated in double knockout mice. As (/1 [11 integrin plays a 

key role in cell adhesion, spreading, and migration in other systems (Border et ah, 1990; 

Ignotz and Massague, 1987; Basta-Jovanovic et al., 1993), it seemed plausible that 

expansion of the mesangial matrix, an early marker of Alport glomerular pathogenesis, 

might be attenuated in the dko mice. In Figure 20, a fibronectin immunostain was 

employed to illustrate that this is indeed the case. This abundant mesangial matrix 

marker reveals extensive expansion of the mesangial matrix in Alport versus normal mice 

at 7 weeks of age (Figure 20A versus 20B). Age-matched dko mice, however, do not 

exhibit noticeable expansion of the glomerular mesangium (Figure 20C). By 12 weeks of 

age, however, the mesangial matrix in dko mice is expanded (data not shown), illustrating 

that the absence of a l integrin attenuates, but does not inhibit, expansion of the 

mesangial matrix.

Figure 20. Absence of integrin a l (11 is associated with attenuated expansion of the mesangial 
matrix. The glomerular mesangium from 7-week-old control (A), Alport (B). and dko (C) mice was 
stained using antibodies specific for fibronectin
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In  v itro  s tu d ie s  d ir e c t ly  im p lic a te  in te g r in  o c lf i l  m e s a n g ia l  e x p a n s io n . In vitro 

techniques were used to examine a possible mechanism of the attenuated mesangial 

expansion observed in dko mice. Glomeruli from wildtype and integrin al-null 129Sv 

mouse kidneys were isolated and primary mesangial cell cultures established. Cells 

between the fourth and sixth passages were grown to confluence and plated on either 

plastic or type IV collagen-coated plates at equal densities. The cells were then serum- 

depleted before addition of [ H] thymidine (lpCi/ml). Following DNA isolation, 

radioactive integration was assessed using a scintillation counter.

Figure 21. Mesangial celt proliferation is mediated a type IV collagen dependent integrin a l p i
mediated pathway. + / + = , Integrin a l +/+; -/-=integrin a! null; C=type IV collagen; P=plastic.

□ experiment 1
□ experiment 2
□  experiment 3

conditions

Based on counts per million, integrin al+/+ mesangial cells showed increased

proliferation when grown on type IV collagen compared to all other conditions (Figure 

21). These results indicate a type IV collagen-dependent, integrin ocipi-mediated cell

proliferation pathway for mesangial cells in culture.
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II. Tubulointerstitial Studies.

A c c u m u la tio n  o f  m o n o c y te s  p r e c e d e s  th a t  o f  m y o f ib r o b la s ts  in A lp o r t  

tu b u lo in te r s t i t iu m . The relative kinetics of monocyte and myofibroblast accumulation as 

a function of Alport tubulointerstitial disease progression was determined using dual 

immunofluorescence microscopy. Figure 22 panel A illustrates anti-smooth muscle actin 

immunostaining (in red), which marks myofibroblasts, on a background of anti-laminin-1 

immunostaining (in green), which is used to illustrate the tissue architecture. 

Myofibroblasts are first observed at about 4 weeks of age, and progressively accumulate, 

initially in the interstitial space around the glomeruli. Between 6 and 8 weeks of age, 

myofibroblasts accumulate throughout the interstitial space. Animals die from end stage 

renal failure between 8 and 9 weeks of age. Panel B illustrates the kinetics of monocyte 

accumulation using anti-CDllb (in red) and integrin ocl in green to illustrate tissue 

architecture. These cells appear prior to the accumulation of myofibroblasts in the Alport 

tubulointerstitium and follow a similar pattern of staining with accumulation first 

observed around glomeruli. Panel C is dual color immunofluorescence for aSMA and 

CDllb and shows the colocalization of monocytes and myofibroblasts in the Alport

kidney.



Figure 22. Kinetics of myofibroblast and monocyte accumulation in the Alport mouse. Ddual 
immunofluorescence immunostaining of tissue sections from Alport renal cortex using antibodies 
against smooth muscle actin (red) and laminin-1 (green) in panel A and CDllb (red) and integrin 
a l (green) in panel B. Panel C show co-localization of monocytes (red) and myofibroblasts (green) 
in 5-week Alport renal cortex.

Pannel A

Pannel B

Pannel C
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Figure 23. Myofibroblasts co
localize with matrix deposition

Myofibroblasts are responsible for matix deposition in Alport and

their accumulation is TGF-fil dependent. Myofibroblasts have been associated with 

matrix depostion. Figures 23 and 24 show this is also 

true in Alport tubulointerstitial disease. Figure 23 is a 

dual-color immunofluorescent stain showing 

colocalization of aSMA and fibronectin in the Alport 

mouse. In a related publication (Sampson et al., 2001) it 

was shown that Alport mice treated with a soluble 

receptor inhibitor for TGF-(3l failed to accumulate 

myofibroblasts, but did show substantial accumulation of 

monocytes. Thus, we concluded that the mechanism 

driving the accumulation of myofibroblasts must be TGF- 

(31 dependent. Further extending these studies, Alport 

mice were either treated or not with mTGF(3R:Fc from 3

4 /  ' A  *  '

‘■ m
*

&  r

weeks to 7 week of age. The kidneys were examined

immunohistochemically for scarification using antibodies specific for several matrix 

proteins known to accumulate as a function of progressive fibrosis. Figure 24 shows that 

accumulation of type IV collagen a l ,  and a2 chains, laminin-1, fibronectin, and type I 

collagen are markedly attenuated in mTGF(3:Fc treated versus untreated Alport mice. 

Presumably, this is due to the absence of myofibroblasts, which are thought to be the 

primary cellular source of matrix deposition in fibrosis.
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Figure 24. m TGFb:Fc inhibits matrix accumulation in Alport tubulointerstitium. Alport mice were 
either treated (Sol Rec) or not with m TGF/5:Fc. Tissue sections were immunostained with antibodies 
specific for the indicated matrix proteins.

Control Alport Alport (Sol Rec)

FN

COL
«1.2(IV)

COL 
Type I

M o n o c y te s  m a y  b e  r e s p o n s ib le  f o r  m y o f ib r o b la s t  a c c u m u la tio n  A lp o r t

tu b u lo in te r s t i t iu m . Since monocytes and myofibroblasts co-localize (Figure 22C), and 

inhibition of TGF-(3l inhibits accumulation of myofibroblasts (Sampson et al., 2001), it is 

possible that monocytes induce accumulation of myofibroblasts in the interstitium via 

secretion of TGF-Pl. To determine whether the interstitial monocytes express TGF-(3l, 

kidney sections from mice treated with mTGF(3R:Fc were examined by in situ 

hybridization using a probe specific for TGF-(31. These same kidneys were confirmed to 

lack myofibroblasts by immunostaining for SMA (data not shown). Development of the
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chromagenic substrate was limited so only the cells expressing the highest levels of TGF- 

(31 mRNA would be visible. Figure 25 shows that interstitial cells, which are likely 

monocytes (since myofibroblasts are not present), express TGF-(31 mRNA.

Figure 25. Monocytes in Alport tubulointerstitium express TGF-/3I mRNA. Tissue sections from 
7-week-old control and Alport mice treated with m TGF/3:Fc were hybridized to an antisense 
riboprobe specific for TGF-fU. These same kidneys showed an absence of SMA-positive 
myofibroblasts

Alport (SR)

M o n o c y te s  a re  r e s p o n s ib le  f o r  tu b u la r  a tr o p h y  a s s o c ia te d  w ith  an  a n o ik is  m e c h a n is m  

o f  a p o p to s is . Alport mice treated with mTGF|3R:Fc do not live any longer than untreated 

Alport mice. As shown in Figure 26B, marked accumulation of monocytes in the 

mTGFpRiFc -treated mice is associated with massive tubular atrophy, likely accounting 

for the eventual loss of renal function. To determine whether tubular epithelial cell 

apoptosis might contribute to tubular atrophy in these mice, TUNEL immunostaining was 

performed on kidney sections from 7 week old Alport mice and Alport mice treated with 

mTGF(3R:Fc. As shown in Figure 26 panel A, the number of apoptotic cells in the 

treated mice did not vary significantly from that in the untreated mice. A majority of the 

apoptotic cells are tubular epithelial cells. Thus, neither TGF-(3l nor myofibroblasts

significantly influence tubular epithelial cell apoptosis in the Alport mouse.
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Figure 26. TGF-fil inhibition does not influence apoptosis or tubular atrophy associated with Alport 
interstitial disease. The first panel shows TUNEL immunostaining of sections from control (C), 
Alport (A), and Alport mice treated with m TGFflEc from 3 t o7 weeks of age. The second panel is 
an H&E stain of the same samples.

The massive tissue damage in the Alport tubulointerstitium may be due to 

activities of the monocyte cell population. Monocytes are known to express MMPs, 

which might contribute to the pathology (Machein and Conca, 1997). To examine the 

relative activity of MMPs in normal versus Alport mice, protein extracts from renal 

cortex of normal and Alport mice were analyzed by gelatin zymography. Figure 27 panel 

A shows a small increase in MMP-2 activity, and a sharp increase in MM P-9 activity in 

extracts from Alport kidneys relative to controls. The activity is abolished by EDTA, but 

not by PMSF or pepstatin A, verifying that it is metalloproteinase activity. The mRNAs 

encoding MMP-2 and MMP-9 from these same kidneys were examined by RT-PCR. 

Data in Figure 27 panel B illustrates that the elevated levels of MMP activity correlate 

well with elevated expression of the corresponding mRNAs. Histograms were produced
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from the data shown in panel B and show that mRNA for MMP-2 is less than two-fold 

elevated in Alport mice relative to controls, while mRNA for MMP-9 is approximately 6- 

fold elevated (Figure 27C).

Metalloproteinase activity is regulated, 

in part, by the T1MP (tissue inhibitor of metallo

proteinase) family of proteins (Strongin et ah,

1995). Northern blot analysis was performed to 

examine mRNA levels for TIMP-1, TIMP-2, 

and TIMP-3 in normal versus Alport kidney 

from 7-week-old animals. Figure 28 shows that 

the mRNA levels for TIMP-1 are markedly up- 

regulated in the Alport mouse (> 50-fold by 

phosphorimage analysis of the blot). This is 

consistent with reports for both obstructive 

nephropathy (Kim et ah, 2001) and protein- 

overload proteinuria (Eddy et ah, 2000). TIMP- 

2 is also up regulated in Alport kidneys relative to controls, however, the induction id- 

fold by phosphorimage analysis) is not as great as that for TIMP-1. Interestingly, mRNA 

for TIMP-3 is down regulated in the Alport kidneys relative to controls. These 

experiments were repeated for three different sets of animals, and the results did not vary 

by more than 20%.

Figure 27. Interstitial disease in the 
Alport mouse is associated with elevated 
MMP-2 and MMP-9 activity and mRNA 
levels.

A C A C A C A  C A
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Figure 28. TIMPs- 
1 and -3 mRNA are 
upregulated in 
Alport kidney while 
TIMP-2 is down- 
regulated.

C A

TIMP-1

TIMP-2

TIMP-3 H

g a p d h  m

Immunofluorescence analysis using antibodies specific for 

the TIMP proteins in 7-week-old normal versus Alport mice is 

shown in Figure 29. These data illustrate that while more TIMP-1 

protein is present in Alport mice versus controls, levels do not reflect 

the marked differences observed at the level of mRNA. Similarly, 

TIMP-3 is elevated in Alport renal cortex relative to that in control 

tissue, in contrast with observed changes at the mRNA level (Figure 

28). Combined, the data in Figures 28 and 29 suggest that 

expression of TIMP-1 and TIMP-3 proteins in the Alport kidneys 

may be controlled largely at the post-transcriptional level.

Figure 29. More protein deposition o f TIMPs-1,2, and 3 is evident in Alport kidneys compared to 
control.

TIMP-1 TIMP-2 TIMP-3
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Figure 30. Monocytes express MMP-2, MMP-9, TIMP-2, and TIMP-3.

MMP/TIMP CD 11 b Both

MMP-2

MMP-9

TIMP-1

TIMP-2

TIMP-3
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To assess whether observed changes in MMP and TIMP mRNA expression might 

be attributable, in part, to increased numbers of monocytes in the Alport kidneys, dual 

immunofluorescence analysis was performed using antibodies specific for the MMPs and 

TIMPs in combination with the CD1 lb marker for monocytes. The results in Figure 30 

illustrate that monocytes are indeed making MMP-2 and MMP-9, as well as TIMP-2 and 

TIMP-3, as these proteins co-localize with the CDl lb marker for monocytes. The 

CDl lb marker did not co-localize with TIMP-1, suggesting that monocytes do not 

synthesize appreciable amounts of this protein.

These data suggest 

that monocytes are the 

primary source of elevated 

MMP-2 and MMP-9 

activity in the Alport 

kidneys. If true, then 

Alport mice treated with 

mTGF(3R:Fc, which have 

interstitial monocytes, but 

are virtually devoid of 

myofibroblasts, should 

have elevated levels of 

MMP activity and mRNA similar to that in untreated Alport mice. To test this, both 

gelatin zymography and RT-PCR were performed using kidneys from 7 week old normal

Figure 31. Elevated gelatinase activity is not due to TGF-(iI. 
Gelatin lysis is (A) is greatly increased in the Alport animal 
regardless ofTGF-fil inhibition (B). Likewise, message levels (C) 
are greatly increased in the Alport and treated Alport animals 
compared to controls (D).
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mice compared with Alport mice either treated or not with mTGF(3R:Fc. Kidneys from 

the treated mice were immunostained using SMA-specific antibodies, and determined to 

be devoid of myofibroblasts (data not shown). The results in Figure 31 show that 

treatment of normal mice with mTGF(3R:Fc has no effect on MMP activity. Both Alport 

mice and Alport mice treated with mTGFpR:Fc had similarly elevated levels of both 

MMP-9 activity and MMP-9 mRNA compared to either treated or untreated controls. 

MMP-2 levels were slightly elevated, and, like MMP-9, MMP-2 induction was not 

abrogated by mTGF[3R:Fc.

Elevated MMP activity in 

tubulointerstitial monocytes could 

potentially damage tubular basement 

membranes. To address this possibility, 

basement membranes surrounding the 

tubular epithelial cells near clusters of 

monocytes were examined in Alport mice 

and Alport mice treated with mTGFpR:Fc.

Figure 32 illustrates that, relative to normal 

tubular basement membrane (Panel A, 

arrow), the tubular basement membranes in 

the Alport mice were markedly thinned in 

both untreated and mTGFPRiFc -treated 

mice (panels B and C).
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Furthermore, we were able to show regions of destroyed tubular basement 

membrane (using laminin-1 as a marker) in areas of monocyte accumulation (Figure 33). 

This was done using dual color immunofluorescence (basement membrane in green, 

monocytes in red) and imaged using a confocal laser microscope. The same damage and 

localization are seen in Alport mice treated with mTGF(3R:Fc (data not shown).

Figure 33. Tubular damage corresponds to regions o f monocyte accumulation in Alport 
tubulointerstitium. The same region of Alport kidney was imaged for laminn-1 (A), CDllb (B), or 
both (C). Higher magnification images(D,E,F) were taken of the region corresponding to the box in 
panel C. Note the punctate staining of laminin-1 showing destroyed basement membrane in panel D 
(arrows).
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Discussion.

The delayed onset and progressive nature of Alport renal pathogenesis suggests 

the existence of a molecular triggering mechanism that initiates an imbalance in 

glomerular and/or tubulointerstitial homeostasis. The age of onset for Alport renal 

disease, while usually in the juvenile, can be quite variable. This suggests that the 

metabolic pathways affecting onset and progression are modulated by differences in the 

genetic background between individuals. Thus, identification of the specific metabolic 

imbalances might provide targets for therapies that delay onset, progression, or both.

We describe that at least two pathways play distinct contributory roles in both 

glomerular and tubulointerstitial pathology of Alport syndrome. The first pathway 

involves TGF-(3l. We show that this cytokine is driving focal thickening of the GBM, a 

hallmark for diagnosis of Alport GBM pathogenesis, and is responsible for the 

appearance of myofibroblasts and extracellular matrix accumulation in the 

tubulointerstitium.

Another pathway contributing to Alport glomerular and likely tubulointerstitial 

pathogenesis involves integrin ocl (31. This integrin is the most prevalent found on the 

surface of mesangial cells and is present on the surface of accumulating monocytes in the 

tubulointerstitium (Patey et al., 1994; Sterk et al., 1998). Our data illustrate integrin 

al[3l is involved in the mechanisms of both podocyte foot process effacement and 

mesangial matrix expansion. Its effect on podocyte effacement is likely mediated via 

mesangial deposition of non-native laminin isoforms in the GBM (i.e. laminin a l and 

laminin a2 chains). We also suspect a role for integrin al(3l in monocyte accumulation 

in the tubulointerstitium. When both TGF-J31 and integrin al(3l are removed from
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Alport mice, synergistic improvement in renal morphology and function are observed. 

This indicates that these two pathways work in distinct ways to drive renal disease 

progression in Alport syndrome. Combined, the observations reported herein support a 

potential therapeutic paradigm for Alport renal disease by treatment with inhibitors for 

both integrin a l (31 and TGF-(31.

As the glomerular and tubulointerstitial aspects of Alport renal disease were 

studied individually in this thesis work, these two compartments will also be considered 

separately in this discussion. However, we fully acknowledge the likelihood of cross talk 

between the glomerulus and tubulointerstitium. Many of the features of glomerular 

pathology are observed in the tubulointerstitium and vise versa including extracellular 

matrix deposition and increased cytokine levels. Likewise, some of the same proteins 

and mechanisms are involved in both compartments, most notably those involving TGF- 

pi and integrin od[3l. We think this interaction between the glomerulus and 

tubulointerstitium in Alport renal disease is worthy of future consideration.

I. Glomerular Pathology.

A. TGF~pi is involved in GBM protein deposition observed in Alport 

glomerular pathogenesis. Glomerular pathogenesis in the Alport mouse model seems to 

follow a two-step process that is divided by the onset of proteinuria. Prior to the onset of 

proteinuria, the fundamental difference in the Alport glomerulus is the absence of the 

collagen oc3(IV), a4(IV) and a5(IV) chains in the GBM. Focal thinning, thickening, and 

splitting of the GBM occurs just prior to the onset of proteinuria. Also evident is a
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marked accumulation of extracellular matrix components in the GBM of affected animals 

(Patey et al., 1994; Cosgrove et al., 1996).

We examined the expression of mRNAs encoding proteins known to accumulate 

in the GBM of the Alport mouse model. Prior to the onset of proteinuria, we see no 

quantitative change in these specific mRNAs relative to that in control littermates by both 

Northern analysis and in situ hybridization. Following the onset of proteinuria, messages 

encoding entactin, fibronectin, and the collagen od(IV) and a2(lV) chains were induced 

3- to 9-fold. TGF-pi mRNA followed the same timecourse for induction, peaking at 

levels 6-fold greater than those for normal littermates. Late in disease, all of these 

mRNAs were significantly elevated in the podocytes. This elevation suggests that a 

change in gene expression in these cells results in elevated synthesis and deposition of 

extracellular matrix in the GBM of the Alport animals.

We illustrate a potential role for TGF-(3l in Alport glomerular disease 

progression. This is not unprecedented, as TGF-(3l has been implicated in a number of 

glomerular diseases (Yamamoto et al., 1994; Yang et al., 1994). Both neutralizing 

antibodies against TGF-Pl (Border et al., 1990) and antisense oligonucleotides for the 

mRNA encoding TGF-pi (Akagi et al., 1996) were shown to be capable of suppressing 

the accumulation of extracellular matrix as well as the progression of the renal disease in 

a model for acute mesangial proliferative glomerulonephritis.

TGF-Pl has also been implicated to play a key role in 1DDM glomerulonephritis 

using the streptozotocin-induced rat model (Park et al., 1997). Sustained high glucose 

levels, the primary casue of IDDM glomerulonephritis, have been shown to induce 

expression of both TGF-pi and fibronectin (at both the mRNA and protein levels) in
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cultured human glomerular epithelial cells (van Det et al., 1997). In addition, fibronectin 

and the collagen al(IV) and oc2(lV) chains have been shown to be induced by TGF-(3l in 

both glomerular endothelial cells (Miller et al., 1999) and smooth muscle cells 

(Miyazawa et al., 1995). These are all genes found in our studies to be induced as a 

function of Alport renal disease progression.

Whether or not protein in the urinary space causes the changes in gene expression 

demonstrated in our studies is unclear. It is evident from the clinical studies of Alport 

patients that persistent massive proteinuria (exceeding 40 mg/h per m ) indicates a very 

poor prognosis (Gubler et al., 1981). While persistent mild proteinuria may be tolerated 

without compromising glomerular function, massive proteinuria, if persistent, usually 

signifies pending glomerulonephritis (Ahmed and Lee, 1997). It would be of interest to 

determine whether protein in the urinary space can be directly linked to the induction of 

TGF-(H, or whether it is merely an indirect consequence. A study using human proximal 

tubular cells indicated that addition of albumin stimulates extracellular matrix 

accumulation and production of latent TGF-[3l (Mao et al., ASN abstract #A3701,2001). 

However, no such studies have been reported using visceral epithelial cells.

Podocyte foot process effacement is another hallmark of Alport glomerular 

disease. We show that by inhibiting TGF-(3l we can inhibit thickening of the GBM, but 

not effacement of the podocyte foot processes. Aberrantly deposited laminin a l  is 

present in the GBM of 7 week old Alport mice treated with mTGF(3R:Fc, suggesting that 

the events resulting in deposition of laminin a2-containing isoforms in the GBM are not 

mediated by TGF-fH. The animals die at about the same time as untreated animals. 

However, why they die is not clear. One possibility may be a combination of
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hypoalbuminemia and hypovolemia as Alport mice do develop acute massive 

proteinurea, even when treated with mTGF(3R:Fc. This is very different from the results 

obtained with experimental glomerulonephritis, where inhibition of TGF-(3l was 

sufficient to restore normal glomerular function (Miner et al., 1997; Akagi et al., 1996).

The observed induction of extracellular matrix genes in the Alport mouse model 

suggest TGF-(3l may be acting through direct and/or indirect mechanisms to mediate this 

upregulation. Directly, it could bind receptors on the surface of the glomerular cell types 

and transduce signals via Smad-mediated pathways that lead to the induction of 

responsive genes (Nakao et al., 1997). Alternatively, these same signals might induce a 

second set of membrane bound receptors, such as the integrins, that then interact with the 

abnormal extracellular matrix of the diseased GBM and transduce signals that result in 

elevated expression of the genes encoding the extracellular matrix proteins.

The second scenario is not without precedent, as it is well established in a variety 

of mammalian cell culture systems that TGF-|3l can modulate the expression of genes 

encoding the integrin receptors, including the a l ,  a2, a3, a5, p i, P3, and P4 subunits 

(Scardigli et al., 1996; Heino and Massague, 1989; Ignotz et al., 1989; Heino et al., 1989; 

Ignotz and Massague, 1987). Basal levels of TGF-pi in the control mice are significantly 

high suggesting that this cytokine plays a role in normal GBM homeostasis. Changes in 

the composition of the GBM is therefore largely due to elevated synthesis of TGF-Pl.

B. Human studies corroborate findings in the Alport mouse. Changes in 

extracellular matrix deposition seen in the Alport mouse model have been confirmed in 

human Alport tissue. This further substantiates this model as relevant to the human 

condition. Human kidney biopsy specimens from patients with Alport syndrome have
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been examined for changes in extracellular matrix composition and found to contain 

elevated levels of collagen al(IV) and a2(IV) chains as well as collagens V and VI 

(Kashtan and Kim, 1992). Members of this same group later confirmed the presence of 

laminin a2 in the GBM of human Alport patients (Kashtan et ah, 2001).

Another study examined glomeruli from patients with Alport syndrome for 

laminin and fibronectin and noted no differences between controls and affected groups 

(Basta-Jovanovic et ah, 1993). In contrast, we observed significant accumulation of 

laminin-1 in the GBM of Alport mice (Cosgrove et ah, 1996). This difference may be 

due to differences in antibody specificity. It is likely that the epitopes recognized by the 

laminin-1 antisera preparation utilized by our laboratory (Cosgrove et ah, 1996) are 

reacting primarily with laminin (31 as this laminin chain localizes strictly to the 

mesangium in control mice (Nakapoulou et ah, 1993) and, as illustrated, is induced in the 

podocytes of the Alport mice.

C. Integrin al(3l is involved in both mesangial expansion and podocyte foot 

process effacement in the Alport mouse. In addition to focal thickening and splitting 

of the GBM, mesangial matrix expansion is a hallmark of Alport glomerular disease 

(Gregory et ah, 1996). This occurs via mesangial cell expansion and possibly 

proliferation. How or whether changes in the glomerular mesangium have anything to do 

with observed GBM damage in Alport syndrome, however, is not clear. It is possible that 

integrin receptors are involved in cellular expansion and proliferation in the mesangium 

of Alport mice as they serve as both adhesion proteins and signaling receptors.

Integrin a l (31 is the most prominent integrin found in the mesangium (Sterk et ah, 

1998) and has been shown to be important for gel contraction of mesangial cells in vitro
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(Kagami et al., 1999). It is well documented that mesangial cells depend on [31 integrins 

for adhesion and migration (Kriz et ah, 1990). Integrin ocl (31 has also been directly 

implicated in both adhesion and spreading of chondrocytes (Makihira et ah, 1999). Thus, 

the absence of integrin al(3l in the dko likely affects the migration of cytoplasmic 

processes that interface the mesangium with the glomerular capillary loops (Mundcl et 

ah, 1997b; Kriz et ah, 1990). These contact points provide direct access for mesangial 

enzymes and proteins to be deposited into the GBM. Focal degradation of the GBM by 

MMPs derived from the glomerular mesangium with concomitant deposition of 

mesangial matrix proteins might explain why focal thickening and splitting is observed in 

Alport GBM disease.

Indeed, the proteins that accumulate in the GBM as a function of Alport renal 

disease pathogenesis include many matrix proteins normally synthesized by mesangial 

cells (Cosgrove et ah, 1996). Mesangial cells are also known to produce MMP-2, MMP- 

9, and TIMPs I, II, and III (Anderson et ah, 1996; Mozes et ah, 1999). The mRNAs 

encoding both the integrin a l and (31 subunits are induced by TGF-(3l (Kagami et ah, 

1996) as are mesangial expression of laminins, fibronectin, and collagen al(IV) and 

a2(IV) (Yamamoto et ah, 1994; Border et ah, 1990; Wagner et ah, 1996).

Absence of integrin al(3l results in an inhibition of laminin a2 and (31 chain 

deposition in the GBM. It is possible that deposition of these laminin chains in the GBM 

is directly associated with the effacement of podocyte foot processes. Known laminin 

heterotrimers that contain the a2 chain include laminin-2 (a2(3lyl) and laminin-4 

(a2(32yl; Engvall et ah, 1990). Normal mature GBM contains only laminin-11 (a5(32yl; 

Miner et ah, 1997). It is widely believed that adhesion of the podocyte foot processes to
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the GBM requires integrin a3(3l (Smoyer and Mundel, 1998). Immunogold localization 

studies place 0t3131 integrin at the interface between the podocytes and the basement 

membrane (Regoli and Bendayan, 1997). Studies employing a recombinant soluble a3(3l 

integrin receptor illustrated that the integrin heterodimer binds specifically to laminin 

heterotrimers that contain the oc5 chain, but not those that contain the a l or a2 chains 

(Eble et al., 1998). This theory is supported by our observation that a3(3l integrin 

immunostaining does not localize to the podocyte/GBM interface in Alport mice, while it 

does in control mice (data not shown).

To further substantiate the importance of this integrin a3(31/laminin-11 

interaction, both integrin a3 and laminin a5 knockout mice lack podocyte foot processes. 

The integrin a3 knockout mouse dies at birth from acute renal failure with complete 

effacement of the podocyte foot processes (Kreidberg et al., 1996). Likewise, the laminin 

a5 knockout presents with failed glomerulogenesis (Miner and Li, 2000).

Integrin cx 1 (31 and a2[3l bind to the amino terminus of the laminin a l chain and 

the laminin a2 chain (Colognato et al., 1997; Ettner et al., 1998) creating precedent for 

laminin alpha chains as specific ligands for integrins. Thus, deposition of the laminin 

heterotrimers containing the a2 chain might interfere with binding of a3(3l integrin to its 

preferred ligand, laminin-11. Such interference might lead to progressive loss of focal 

contact adhesion, resulting in foot process effacement.

Although Alport mice lacking any laminin a2 in the GBM (Alport/dy) show little 

foot process effacement at 8 weeks of age, it is likely they would eventually succumb to 

end-stage renal failure due to deposition of the laminin a l chain in the GBM. Because
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these mice die of complications in the muscular or nervous systems due to the lack of 

laminin a2, we were not able to explore this possibility.

D. Mesangial expansion may contribute to focal thickening of Alport GBM 

and altered podocyte gene regulation. Expansion of the mesangial matrix is an early 

hallmark of Alport glomerular pathogenesis. It is likely that cell proliferation contributes 

to this expansion. Integrins are known mediators of cellular proliferation. We, therefore, 

examined the effect of integrin ocl (31, the predominant integrin found in the glomerular 

mesangium, on mesangial cell proliferation using wildtype and integrin ocl (31 -null 

primary mesangial cells. Our results indicate that mesangial cell proliferation in vitro is 

indeed influenced by the presence or absence of integrin ot 1 (31 on the surface of these 

cells. These results are not unexpected as a type IV collagen dependent integrin ocl (31 

mediated pathway of proliferation has been shown in skin fibroblasts (Pozzi et al., 1998) 

and may be a common pathway of proliferation for cells containing this integrin.

Our evidence suggests that expansion of the mesangium with concomitant 

degradation and extracellular matrix deposition is a likely mechanism for mesangial- 

specific protein accumulation in the GBM of Alport mice. This scenario fits well with 

the phenotype of dko mice as we observe less mesangial expansion, fewer regions of 

thickened GBM, and less deposition of mesangial-specific proteins in the GBM of these 

mice compared to Alport mice.

We show by in situ hybridization that Alport podocytes express the genes 

encoding collagen al(IV), fibronectin, and the laminin (31 chain, all typically mesangial 

matrix proteins. However, it is likely that the deposition begins at contact points between 

the mesangium and GBM. Immunostaining for the laminin a2 chain shows spotty



87

deposition in the Alport GBM by two weeks of age (two weeks before the onset of 

proteinuria).

A likely mechanism for altered podocyte gene regulation is altered signaling due 

to contact of the visceral epithelial cells with abnormal basement membrane. 

Extracellular matrix composition has been demonstrated to be critical to proper cell 

function using a number of systems including human mammary epithelial cells (Bissell 

and Ram, 1989), cultured osteoblasts (Globus et al., 1995), and human salivary gland 

epitheleium (Lam et al., 2001). Therefore, the presence of non-native laminin isoforms 

and possibly other extracellular matrix proteins initially deposited by the mesangium in 

the Alport GBM likely lead to altered podocyte gene regulation. This change could arise 

via a mechanism of de-repression due to the absence of collagen a3(IV), oc4(IV), and 

a5(IV) chains in the GBM.

Taken together, we strongly implicate both TGF-pl and ocl (31 integrin in the 

processes of Alport glomerular damage. A dual therapy targeting these proteins would 

likely slow the progression of Alport disease in a clinical setting. More work is 

warranted to uncover the molecular changes incurred at the time of Alport disease onset.

E. Future Studies. There are several studies that would improve the impact of 

our current findings in the glomerulus. To better illustrate the involvement of laminin a2 

in Alport podocyte foot process effacement, we would like to develop a transgenic mouse 

expressing the laminin a2 chain in the podocytes. This would be done by linking the 

laminin a2 cDNA sequence to the nephrin promoter. Nephrin is a protein found only in 

the slit diaphragm of the podocyte in the kidney (Kestila et al., 1998). Both components
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are currently available in the laboratory. The resulting mouse would be expected to 

suffer from severe nephritis due to effaced podocyte foot processes.

Cell culture experiments would further enhance the laminin a2 story. Because we 

think basement membrane composition is critical to the proper function of adjacent cells, 

the aberrant presence of laminin a2 in the GBM likely alters podocyte gene regulation. 

Growing podocytes on basement membrane prepared from control versus Alport kidneys 

would therefore provide a means to study these differences.

II. Tubulointerstitial Pathology.

Like in the glomerulus, the fundamental difference between control and Alport 

tubulointerstitium is the absence of collagen a3(IV) in the basement membrane. Both 

proximal and distal tubule cells in the mouse, and distal tubule cells alone in the human, 

normally express the collagen a3(IV), a4(IV), and a5(IV) chains (Gubler et al., 1995). 

In Alport syndrome, only the collagen al(IV) and a2(IV) are present in the basement 

membranes abutting these cells (Gubler et ah, 1995; Noel, 2000). Unlike the glomerulus, 

initial pathology in the Alport tubulointerstitium begins with the abnormal accumulation 

of two cell populations: monocytes and myofibroblasts. Whether the appearance of these 

cells is due to glomerular signaling or to signals from the tubular epithelial cells remains 

unclear as the fundamental difference in basement membrane composition is found in 

both renal compartments. Regardless of their origin, the combined activity of 

myofibroblasts and monocytes in the Alport tubulointerstitium results in fibrosis.
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A. Monocytes stimulate myofibroblast accumulation in Alport 

tubulointerstitium and are thereby involved in extracellular matrix accumulation.

The cellular mechanism of progressive fibrosis has been regarded as a coordinated effect 

of cellular destruction and scarification (Border and Ruoslahti, 1992). Inflammatory cells 

and myofibroblasts mediate these processes. We show that monocytes and 

myofibroblasts co-localize in the early stages of progressive fibrosis and that monocytes 

express TGF-Pl. These data suggest a potential interaction where monocytes stimulate 

the accumulation of myofibroblasts via TGF-pl secretion. Flowever, how the 

accumulation is initiated and why both cell populations are first found around fibrotic 

glomeruli warrants further investigation.

A mechanistic link between monocytes and myofibroblasts has been alluded to in 

earlier work including that of (Danilewicz et ah, 1999) where a correlation between 

myofibroblasts and CD68-positive cells was shown in mesangiocapillary 

glomerulonephritis. Myofibroblast accumulation was inhibited in another study by 

blocking the angiotensin II receptor (Klahr and Morrissey, 1997). Monocyte 

accumulation was not affected by this blockade.

To support the involvement of monocytes in the process of myofibroblast 

accumulation in the tubulointerstitium (via secretion of TGF-Pl), we show that inhibition 

of TGF-pi blocks this accumulation, but does not affect monocyte accumulation. 

Likewise, extracellular matrix accumulation is inhibited in the mTGFpR:Fc-treated 

Alport mice, but basement membrane thinning and cellular apoptosis are not. Deposition 

of matrix proteins by myofibroblasts is well established (Strutz et ah, 1996; Muchaneta- 

Kubara and El Nahas, 1997; Goumenos et al., 2001). The lack of scarification observed
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in Alport mice treated with TGF-pl inhibitor was, therefore, not unexpected. However, 

the persistence of cellular apoptosis and tubular atrophy was somewhat surprising, as 

both myofibroblasts and TGF-(3l have been implicated in these processes (Zhao et al., 

1999).

B. Monocytes are responsible for cellular apoptosis via an anoikis 

mechanism involving MMP activity. We suggest an anoikis mechanism might 

contribute to the processes of cellular damage associated with tubulointerstitial atrophy 

via basement membrane destruction observed in Alport tubulointersitium. Our data show 

that matrix metalloproteinase activity is elevated in Alport kidneys relative to controls 

and this activity level is not sensitive to TGF-(3l inhibition. Using electron microscopy, 

we show thinning of the tubular basement membrane in Alport mice compared to control. 

This thinning is not prevented when Alport mice are treated with mTGF|3R:Fc. Though 

it is well known that epithelial cells deprived of contact with basement membranes will 

undergo apoptosis (Frisch and Francis, 1994; Park et al., 1999), this anoikis mechanism 

has not been sufficiently explored in the realm of kidney fibrosis.

Our data implicate a role for monocytes in an anoikis mechanism of tubular 

atrophy in the Alport mouse model. Prior to our studies, there has been little work 

published on the association of MMP expression by tissue monocytes and progressive 

tubular atrophy. However, expression of MMP-9 by macrophages has been implicated in 

glomerular sclerosis (Shiozawa, 2000) and it is well known that activated peripheral 

blood monocytes produce MMPs (Gabs et al., 1995; Machein and Conca, 1997; Ebihara 

et al., 1998; Chizzolini et al., 2000; Schweyer et al., 2000).
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We show that the tissue monocytes accumulating in the Alport model colocalize 

with both MMP-2 and MMP-9 and are likely responsible for the observed induction of 

both mRNA and enzyme activity for these proteins. Furthermore, using confocal 

imaging of dual-color immunofluorescence for laminin-1 (a basement membrane marker) 

and CD1 lb (a marker of monocytes), we show that basement membranes near clusters of 

monocytes are invariably thinned and sometimes absent. We also show that TIMP-2, 

which is required for activation of pro-MMP-2 (Strongin et al., 1995; Chen et al., 2000), 

is also expressed by tissue monocytes, providing a mechanism for local activation of 

elevated MMP-2. Thus, it is likely that at least some of the apoptotic cells observed in 

Alport tubulointerstitium are dying through anoikis.

The anoikis mechanism can also be mediated by integrins (Frisch and Ruoslahti, 

1997), in particular, oc5(31 (Plath et ah, 2000) and av(33. The latter is expressed in the 

distal tubules of the kidney (Patey et ah, 1994). The existence of “death receptors” has 

also been postulated, however, such receptors, which are obligatorily linked to the 

intracellular cascade of caspase activation, remain elusive (Frisch, 1999). It is likely that 

other integrin-mediated signaling events might be found to trigger anoikis as studies in 

this relatively new area progress.

C. Cytokine activity also likely contributes to cellular apoptosis in the Alport 

mouse. An alternative, and more popular, explanation for the loss of tubular epithelial 

cells is cytokine cytotoxicity. It has been demonstrated that elevated expression of TNF- 

a  is associated with tubular epithelial cell apoptosis in vivo (Noiri et ah, 1994; Noronha 

et ah, 1993) and antibodies against TNF-a can protect against acute renal failure in

glycerol-induced animal models (Hancock et ah, 1993). Furthermore, TNF-a added
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directly to culture media can induce apoptosis in cultured proximal tubular epithelial cells 

(Ortiz et al., 2000). Apoptotic-associated gene activation due to TNF-a stimulation has 

been shown to work through the nuclear factor-kappa B (NF-kB) transcription complex. 

This complex activates a variety of genes including MCP-1 and interleukins 1, 4, 6, 8, 

and 10 (Kirillova et al., 1999). Elevated expression of these genes promotes the 

inflammatory process and has been shown to drive tissue atrophy (Ortiz et al., 2000). 

Likewise, TGF-(3l has been shown to induce apoptosis of mesangial cells (Patel et al., 

2000). While cytotoxic cytokines likely play a role in Alport tubular epithelial cell 

apoptosis, the less explored mechanism of anoikis may also contribute to this process.

The relative roles of cytotoxic cytokines and metalloproteinases in tubular atrophy 

might differ from one model system to another. For example, TGF-|3l is up regulated in 

the UUO nephritis model (Kaneto et al., 1993). Studies have been done using a 

neutralizing antibody for TGF-(3l that concluded TGF-pi mediates tubular apoptosis in 

the UUO model (Miyajima et al., 2000). Thus, at the level of tubular epithelial cell 

apoptosis, there is an apparent difference between the Alport and UUO model systems. 

Molecular characterization of the underlying reasons for this difference may shed light on 

how the acute fibrosis mechanism differs from the chronic one. It is likely that this 

answer has something to do with infiltration of peripheral blood monocytes versus 

proliferation of tissue monocytes. The relative roles of myofibroblasts in the two systems 

might also play a role.

Separating the role of cytotoxic cytokines and anoikis as mechanisms driving 

tubular atrophy is complicated by the demonstrated interaction between these two 

systems. In vitro studies have shown that purified MMPs, stromelysin, matrilysin, and
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collagenase can release the active TNF-a from its pro-form (Gearing et al., 1995). 

Recently, matrilysin (MMP-7) was shown to release active TNF-a from its pro-form in 

an organ culture model system for herniated disc resorbtion (Haro et al., 2000). In this 

system, TNF-a induces MMP-3, which then activates a macrophage chemoattractant, 

leading to further macrophage infiltration. Thus, it is likely that both cytotoxic cytokines 

and MMPs might contribute to apoptosis and tissue atrophy associated with renal 

tibrosis. The potential for interdependency of these two systems must also be considered.

The revolutionary observation that myofibroblasts do not appear to contribute to 

cellular destruction or apoptosis in the Alport model of fibrosis warrants further 

investigation in different model systems. While obviously responsible for extracellular 

matrix accumulation in the tubulointerstitium of Alport mice, our data suggest 

myofibroblasts play a secondary role to that of monocytes. In fact, our studies indicate 

that monocytes are involved in the initial accumulation of myofibroblasts in the 

tubulointerstitium of Alport mice.

D. Future Studies. Because we think MMPs are a major contributor to tubular 

basement membrane destruction and ultimately tubular apoptosis, it would be of great 

interest to prevent this activity. By using soluble inhibitors of MMPs, we would be able 

to treat the Alport mice and determine the effects of this inhibition. Because 

metalloproteinases play a significant role in normal tissue homeostasis, we would expect 

some side effects to such treatment. However, this study would allow us to determine the 

role of MMP activity in Alport tubulointerstitial pathogenesis.

Preventing the accumulation of monocytes in Alport tubulointerstitium would 

likely prove extremely beneficial to the Alport mouse. Because monocytes appear to
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initiate myofibroblast accumulation, they are likely the source of fibrosis. Likewise, 

monocytes look to be making tissue-degrading proteins including MMPs. Blocking the 

initial appearance of monocytes in the Alport tubulointerstitium would likely slow or 

prevent the occurrence of both fibrosis and tubular atrophy associated with Alport renal 

disease. The most appropriate way to prevent this accumulation would be to determine 

the factor causing it and to then block the actions of that factor in a tissue-specific 

manner. MCP-1 and MCSF are both known to initiate monocyte proliferation/migration 

and both are elevated in the Alport kidney. Using a neutralizing antibody against one or 

both of these proteins would likely allow us to concretely define the role of monocytes in 

the Alport tubulointerstitium.
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