
ABSTRACT 

CIANCIOLO, RACHEL ERIN. Gene Expression and Stereologic Analysis of 
Tubulointerstitial Remodeling in a Rodent Model of Chronic Proteinuria. (Under the 
direction of John Cullen). 
 

Glomerular proteinuria can incite tubulointerstitial damage, which is often more detrimental 

to the overall health of the kidney than the glomerular histologic lesion might suggest.  

Interstitial fibrosis, tubular degeneration and atrophy, and peritubular capillary rarefaction are 

common features of remodeling in chronic proteinuria.  Elucidation of the molecular 

mechanisms driving these processes may reveal novel therapeutic options for slowing the 

progression of chronic kidney disease.  In the following experiments, Doxorubicin 

Nephropathy was chosen as a model for chronic proteinuria.  The clinical progression of 

disease was monitored by weekly urinary biomarker assays. Severe proteinuria preceded 

evidence of tubular injury by one week.  Laser Capture Microdissection of the kidneys 

enabled separate dissection of tubules and the surrounding interstitium.  Gene expression 

microarray demonstrated differential regulation of numerous mediators of angiogenesis and 

endothelial cell survival / maintenance.  Concomitant with the expression of anti-angiogenic 

transcripts, fractional area of peritubular capillaries was significantly decreased.  

Furthermore, gene expression pathway analysis and manual annotation of the transcriptomic 

changes revealed similarities to models of acute kidney injury, namely ischemia  / 

reperfusion injury and nephrotoxicity, suggesting a final common pathway of 

tubulointerstitial injury.  Additionally, differentially regulated microRNAs in the 

tubulointerstitium of proteinuric rats were identified using TaqMan microarray.  

Interestingly, miRNAs involved in extracellular matrix synthesis and repression of 

angiogenesis were changed prior to the onset of interstitial fibrosis and peritubular capillary 



rarefaction.  Lastly, stereology was employed to provide a robust estimate of peritubular 

capillary number per kidney.  These data were compared to the volume fraction of patent 

peritubular capillaries, which was measured in renal biopsy cores of the contralateral kidney.  

Both methods revealed significant decreases in proteinuric rats, indicating that peritubular 

capillaries are lost and their lumens occupy a smaller fractional volume within the tissue 

samples.  Notably, the stereologic approach has not yet been performed in a rodent model of 

kidney injury, and it provides a robust estimate of peritubular capillary number.
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CHAPTER 1 

Background, Hypotheses and Specific Aims 

 

Chronic kidney disease and end-stage renal disease: prevalence and costs 

Chronic kidney disease (CKD) affects approximately 10% of the United States 

population (Center for Disease Control and Prevention, 2010).  Prevalence of CKD is 

expected to increase as the population ages and the incidence of risk factors (i.e. obesity, 

hypertension and diabetes mellitus) continues to rise (Stevens, 2010). Currently, 16% of the 

Medicare budget, $34 billion, is spent on treatment of CKD although these patients represent 

only 7% of Medicare beneficiaries. Progression from CKD to end-stage renal disease 

(ESRD) occurs when renal replacement therapy is required to remove metabolic wastes from 

the blood, and estimated yearly treatment costs of ESRD per person range from ~$30,000 for 

a kidney transplant to $82,000 for hemodialysis.  Once ESRD is reached, the patient must 

either undergo renal transplantation or be relegated to a lifetime of dialysis.  There were 

approximately 72,000 patients on the kidney transplant wait-list in 2009; however, only 

18,000 transplants were performed in that year (U.S. Renal Data System, 2011).  Clearly, the 

costs of CKD and ESRD are extreme, and better therapies to slow the progression of disease 

are needed. 

 

Renal microanatomy: glomerular filtration barrier and podocyte function 

The human kidney is an intricate organ populated by ~ 200,000 to ~1 million 

nephrons (Hughson, 2003). Nephron number is highly variable but closely associated with 
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birth weight (Manalich, 2000).  The number of nephrons in rats is more consistent than in 

humans and is estimated to be approximately 30,000 per kidney (Bonsib, 2007). 

Blood is filtered by the glomerulus, and the ultrafiltrate is then modified by the 

tubular portion of the nephron. Reabsorbed molecules are delivered back to the systemic 

circulation by transcellular or intracellular transport across the tubular epithelium and into the 

fenestrated peritubular capillaries (PTC).  Additionally, some molecules are excreted into the 

tubular lumen via opposite routes.  The glomerular filtration barrier (GFB) is composed of 

the fenestrated endothelium of the glomerular capillaries, the glomerular basement 

membrane (GBM), and the slit diaphragm between podocyte foot processes (Figure 1.1B).  It 

is responsible for preventing the loss of medium- and high-molecular weight proteins and 

lipids into the ultrafiltrate. 

 

Figure 1.1: (A): Electron micrograph of peripheral capillary loops, one of which contains a 
red blood cell (RBC).  The mesangial stalk is at the bottom.  Podocytes (P) cover the 
abluminal surface of the capillary.  (B): Higher magnification of the wall of the capillary loop 
showing the components of the glomerular filtration barrier.  It is composed of the 
fenestrated endothelium (FE), the glomerular basement membrane (GBM) and the slit 
diaphragms (SD), which are the electron-dense structures between the podocyte foot 
processes (FP).  
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Podocytes (Figure 1.1) are highly specialized, octopus-like cells with a prominent cell 

body and numerous cytoplasmic processes.  These processes branch into secondary and 

tertiary processes, ultimately giving rise to foot processes, or pedicles, that cover the 

abluminal surface of the GBM.  The aforementioned slit diaphragms are molecular sieves, 

which connect adjacent foot processes.  Podocytes not only act as mechanical support to help 

maintain capillary lumen diameter, but they also synthesize, modify and support the GBM 

matrix (Bonsib, 2007).  Importantly, podocytes are terminally differentiated cells, and once 

lost, they are very difficult to replace. Although recent evidence suggests that a small 

population of renal stem cells lining Bowman’s capsule may be able to differentiate into 

podocytes (Appel, 2009), it is a well-accepted concept that podocyte loss is irreversible and a 

harbinger of chronic progressive glomerular disease.  In fact, most types of glomerular 

disease culminate in podocyte injury and death.  This incites the secondary lesion of 

glomerulosclerosis (GS), which is the irreversible effacement of the capillary lumen by 

extracellular matrix (ECM) material.  Therefore, 2 diseases with extremely different 

pathogeneses (i.e. immune mediated glomerulonephritis and diabetic nephropathy) may 

actually result in the same final, irreversible outcome — podocyte loss and GS.   

Podocyte injury affects the glomerular permselectivity, thereby exposing the tubules 

to excessive quantities of medium- and high-molecular weight proteins.  Given the intricacy 

and functional inter-relatedness of the of the kidney’s microanatomy, it is not surprising that 

assessment of tubulointerstitial (TI) health is important during the diagnosis of any 

proteinuric nephropathy.  This is because certain TI lesions — tubular atrophy and interstitial 
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fibrosis — are predictive of progression to CKD or ESRD whereas the histologic 

appaearance of glomeruli is often less so (Risdon, 1968 and Schainuck, 1970).   

 

Proteinuria-induced tubulointerstitial injury 

How does glomerular disease drive TI injury?  Extensive research has revealed that 

there are multiple interacting pathogenic mechanisms.  First, the proximal tubule responds to 

increased protein in the urinary filtrate by upregulating the protein retrieval pathways such as 

megalin / cubulin receptor-mediated endocytosis.  This upregulation is rarely sufficient, and 

much of the protein is still lost in the urine (proteinuria).  Interestingly, evidence suggests 

that these reabsorbed proteins and associated lipids are cytotoxic to tubular epithelial cells.  

Specifically, exposure of cultured proximal tubular epithelial cells to albumin results in the 

activation of endoplasmic reticulum stress (Ohse, 2006) and apoptosis pathways (Erkan, 

2007).  Proteinuria induces apoptosis of cultured proximal tubular epithelial cells via 

mitochrondrial release of cytochrome c (Erkan, 2007) and production of reactive oxygen 

species (ROS) (Ohse, 2006 and Lee, 2009).  Moreover, in vivo studies of megalin deficient 

mice, which express megalin only in some proximal tubular epithelial cells, revealed 

protection from proteinuria-induced TI disease. Comparison of the megalin-deficient cells to 

adjacent megalin-expressing cells demonstrated that the presence of megalin was associated 

with high levels of internalized albumin and immunoglobulins, as well as increases in 

mediators of cell stress (heme oxygenase-1) and inflammation (macrophage chemotactic 

protein-1).  Overall, wild type cells were more likely to undergo apoptosis than the cells that 
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could not reabsorb protein (Motoyoshi, 2008).  These data clearly demonstrate that excessive 

protein retrieval can directly injure tubular epithelial cells. 

Second, in addition to being directly cytotoxic, proteinuria increases the workload of 

the tubular epithelial cell.  Upregulation of protein retrieval pathways requires increased 

synthesis and / or enhanced recycling of proteins involved in protein retrieval, namely 

megalin, cubulin, and clathrin (Birn, 2006).  Once internalized, most of the albumin and 

other proteins are degraded in lysosomes before being released into the interstitial blood 

stream as amino acids (Pollock, 2007).  Accordingly, there is increased expression of 

lysosomal proteases in proteinuric patients (Rudnicki, 2007). In the short term, proximal 

tubular epithelial cells may hypertrophy in order to compensate for the increased workload.  

Eventually, however, it is expected that the metabolic requirement to maintain this level of 

reabsorption will exceed the available resources.    

Third, glomerular injury results in decreased perfusion of the TI.  As sclerosis 

progresses in one glomerulus, blood can be shunted to healthier glomeruli.  The capillaries 

that supply the tubules, the PTC, are derived from the efferent arterioles of nearby glomeruli, 

but not necessarily from their own glomerulus (Bonsib, 2007); therefore, shunting blood 

away from certain glomeruli will impact the perfusion of the surrounding tubules.  In fact, 

any process that affects the patency of glomerular capillaries, i.e. membranoproliferative 

glomerulonephritis or amyloidosis, may have similar detrimental effects on the tubules.  

Although this process is likely important in diseases that cause complete glomerular tuft 

destruction or obsolescence, there is evidence of poor tubular perfusion prior to overt 

effacement of glomerular capillary lumens (Maric-Bilkan, in press and Ohashi, 2002).  This 
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suggests a direct involvement of the tubules and PTC in the pathogenesis of decreased 

tubular perfusion.  

 

Peritubular capillary rarefaction 

Rarefaction, or loss, of the PTC is a well-recognized but poorly understood feature of 

TI injury.  It has been repeatedly demonstrated in ischemia / reperfusion (IR) injury (Basile, 

2001) and reported in animal models of diabetic nephropathy (Maric-Bilkan, in press), GS 

(Kairaitis, 2005), cyclosporine nephrotoxicity (Kang, 2001), anti-glomerular basement 

membrane disease (Ohashi, 2000) and obstructive nephropathy (Ohashi, 2002). In all of the 

experimental scenarios studied thus far, PTC loss is theorized to play an integral role in 

disease progression. Furthermore, decreased relative area of PTC was demonstrated in 

diagnostic renal biopsy specimens of human patients with diabetes (Lindenmeyer, 2007) and 

CKD irrespective of cause (Bohle, 1996 and Choi, 2000). Lastly, PTC rarefaction has been 

documented as a spontaneous lesion in chronic progressive nephropathy of rats (Thomas, 

1998), a disease that morphologically resembles proteinuria-induced CKD.  Much of the 

research regarding PTC rarefaction has focused on the IR model because of its relevance to 

renal transplantation. In that scenario, the entire kidney, including the PTC endothelial cells, 

experiences temporary ischemia; therefore, it may not be an accurate representation of the 

molecular mechanisms involved in other forms of PTC loss.  Moreover, investigation of PTC 

loss in proteinuric kidney disease is warranted because poor tubular perfusion will exacerbate 

tubular epithelial injury since it occurs at a time of increased workload and cell stress.     
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Not surprisingly, administration of vascular endothelial growth factor-A (VEGF) 

prior to or soon after the IR or nephrotoxic event prevents PTC loss and ameliorates clinical 

disease (Kang, 2001 and Leonard, 2008).  Endogenous VEGF-A is highly enriched in the 

kidney, being expressed by both podocytes and proximal and distal tubules.  In the kidney it 

acts as an endothelial cell survival signal as opposed to playing a pro-angiogenic role (Nagy, 

2007).  Because VEGF is a potent inducer of angiogenesis, its regulation is extremely 

important and occurs at multiple levels.  Hypoxic induction of VEGF transcription was first 

reported by Levy in 1995.  Briefly, hypoxia inducible factor-1! (HIF-1!) protein is 

constitutively synthesized and immediately degraded under normoxic conditions via 

hydroxylation by prolyl hydroxylases (PHD), which only function at normal oxygen 

tensions.  Following hydroxylation, there is recognition of HIF-1! by the Von Hippel 

Landau (VHL) complex, ubiquitinylation and proteosomal degradation.  During hypoxia, 

HIF-1! cannot be hydroxylated and therefore is not targeted for destruction.  Instead it 

dimerizes with HIF-1", which is also constitutively expressed but not degraded during 

normoxia.  This heterodimer is a transcription factor that binds the hypoxia response element 

(HRE) to upregulate transcription of certain genes, one of which is VEGF-A.  It makes sense 

that VEGF-A has a HRE, because its synthesis and secretion will stimulate growth of 

capillaries and attract them to hypoxic tissue.   

Induction of VEGF by HIF-1! is a well-known pathway; however, other factors play 

significant roles in VEGF transcriptional and translational regulation. In fact, VEGF 

transcription is regulated by inflammatory cytokines, other growth factors such as epidermal 

growth factor (EGF) and transforming growth factor- " (TGF-"), and even hormones 
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(Hoeben, 2004).  Additionally, VEGF translation can be blocked by the interferon gamma-

activated inhibitor of translation (GAIT) complex (Ray, 2009) or by interaction with multiple 

microRNAs (Hua, 2006).  VEGF transcript can even be degraded by VHL (Gnarra, 1996).  

Although multiple lines of evidence suggest VEGF protein is decreased in CKD 

(Choi, 2000, Kairaitis, 2005, Lindenmeyer, 2007, Ohashi, 2000 and Rudnicki, 2009), its 

involvement in the pathogenesis of PTC rarefaction is not well understood.  In fact, one study 

(Basile, 2008) demonstrated decreases in VEGF lasting only 3 days after IR.  Following a 

return to baseline levels, VEGF was sequestered from the PTC by A disintegrinase and 

metallopeptidase with thrombospondin motif-1 (ADAMTS-1) and rendered non-functional.  

This study suggests that post-translational regulation of VEGF may be involved in the 

process of PTC rarefaction.   

Certainly, treatment with VEGF agonists may overcome post-translational 

suppression.  While peri-operative administration of VEGF to renal transplant patients is a 

possibility, chronic progressive diseases like proteinuria would require long-term treatment.  

Unfortunately, the negative side effects of systemic VEGF treatment, namely hypotension, 

increased vascular permeability, and tumor induction, would outweigh the benefits (Nagy, 

2007).  Even renal-specific VEGF therapy is undesirable because elevated VEGF causes 

podocyte degeneration and GS (Veron, 2010). 

One brief clarification regarding PTC structure needs to be mentioned.  For the 

purposes of this thesis, PTC does not include vasa rectae, which are bundles of capillaries 

that are derived from the efferent arterioles of juxtamedullary glomeruli.  These vascular 

bundles are highly specialized structures, which facilitate urine concentration by the loop of 
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Henle and collecting ducts (Pannabecker, 2006).  Their anatomical arrangement allows easy 

identification and exclusion from the analyses in the experiments presented here.  

Unfortunately, this distinction is often lacking in the published work on PTC rarefaction.  

Since PTC loss is a consistent feature of TI remodeling, investigation of the 

molecular pathogenesis in non-IR scenarios may yield novel markers of disease and might 

identify potential therapeutic targets that can be manipulated in order to slow the progression 

of CKD.  Therefore, characterization of the molecular pathways and the phenotypic 

progression of TI remodeling and PTC rarefaction was the overall goal of the current work.  

The remainder of this chapter will review common animal models of proteinuric kidney 

disease and recent advances in the clinical assessment of kidney injury.  This will be 

followed by a discussion of gene expression microarray analysis and stereology, which are 

the 2 methodologies employed in the experiments presented here.   

 

Animal models of human glomerular disease 

Selecting an inducible model of proteinuric kidney disease that adequately reflects a 

human disease phenotype is of the utmost importance. In order to investigate the roles of the 

tubules and PTC in proteinuria-mediated capillary rarefaction, the patency of glomerular 

capillary loops must be preserved.  Such a model limits the impact of the previously 

discussed redirection of blood flow that is associated with glomerular obsolescence.   

Table 1.1 lists common human glomerular diseases, their comparable rodent models 

and their advantages and disadvantages. 
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Table 1.1 Rodent models of human glomerular disease that preserve capillary lumen 
patency during the early stages of disease. 

Human Disease Rodent Disease Model Advantages Disadvantages 

Minimal Change 

Disease 

Puromycin 

Aminonucleoside 

Nephrosis (PA) in rats 

Reversible podocyte 

damage; transient 

proteinuria 

Degree of podocyte 

is variable; TI injury 

is not reported  

Focal Segmental 

Glomerulosclerosis 

Doxorubicin 

Nephropathy (DN) in 

rats; Repeated dose or 

high dose PA in rats 

Single injection; 

consistent induction 

of GS and TI injury 

Doxorubicin can 

also induce 

cardiomyopathy 

Diabetic 

Nephropathy 

Streptozotocin in rats; 

Non-obese diabetic 

(NOD) mice and db/db 

mice  

Single injection of 

streptozotocin for 

rats; no treatments 

needed for mice 

Renal lesions in 

rodents rarely mimic 

human lesion 

Membranous 

Glomerulo-

nephropathy 

Passive Heymann 

nephritis in rats; 

cationic bovine serum 

albumin (BSA) in mice 

Single injection; 

Capillary loops 

remain patent 

Treatment only 

affects 80% of 

animals (Pippin, 

2008) 

 
In humans, proteinuric glomerular disease is often immune-mediated, meaning that 

the presence of immune deposits (ID) in the GBM affects the GFB and injures the podocyte.  

Membranous glomerulonephropathy (MGN) is one example of immune-mediated glomerular 

disease and is the most common cause of glomerular proteinuria in Caucasian adults 
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(Schwartz, 2007). It is driven by the immune complex deposition on the abluminal surface of 

glomerular capillaries.  The location of the deposits allows early maintenance of capillary 

loop patency.  Both the physical presence of ID and the activation of the classical pathway of 

complement cause podocyte damage.  Early in the disease, complement-mediated injury is 

sublytic and podocytes are merely swollen with deranged foot processes.  With chronicity, 

podocytes eventually succumb to complement mediated attack and are lost; sclerosis ensues 

(Schwartz, 2007).  Rodent models of MGN are induced by either injection of bovine albumin 

in mice or of anti-sera to the tubular Fx1A fraction in rats. These models are somewhat 

inconsistent, however, because approximately 20% of rodents fail to develop antibodies 

against the injected antigen (Pippen, 2008). 

 Minimal change disease (MCD) is modeled via administration of a single, low-dose 

intravenous injection of the antibiotic purmoycin aminonucleoside (PA) to rats.  MCD is the 

most common cause of glomerular proteinuria in children and represents up to a quarter of 

the cases of adult glomerular proteinuria depending on the study (Olson, 2007).  As its name 

implies, minimal glomerular changes are present via histology.  Electron microscopy reveals 

diffuse podocyte foot process effacement but little else.  The exact mechanism of toxicity of 

PA is currently unknown but multiple pathways of injury have been demonstrated.  In 

podocytes, there is dysregulation of the slit diaphragm protein, nephrin, the podocyte plasma 

membrane protein, podocin, and their respective mRNAs (Luimula, 2002).  Direct DNA 

damage by ROS also plays a role in PA-induced glomerular disease, and concurrent 

administration of ROS scavengers is protective (Diamond, 1986). Interestingly, within 1 

month of a single low-dose of PA there is normalization of proteinuria (Olson, 1981) and 
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reformation of foot processes (Shiiki, 1998).  Although this model is also easy to induce, its 

reversible and inconsistent nature makes it somewhat difficult to study. 

 Diabetic nephropathy, another common cause of proteinuria in humans (U.S. Renal 

Data System, 2011), can be studied in rodents either via injection of streptozotocin in rats or 

use of genetic models such as the non-obese diabetic (NOD) mice and db/db diabetic mice.  

Streptozotocin is toxic to pancreatic islet beta cells, resulting in hypoinsulinemia within 

hours (West, 1996).  Use of this model has demonstrated the significance of glomerular 

hyperfiltration and hypertrophy in the pathogenesis of diabetic kidney disease (Hostetter, 

1981), whereas recent studies in rodents and humans have indicated the involvement of 

advanced glycation end-products (Soulis, 1997), ROS (Li, 2003), systemic endothelial 

dysfunction (Goligorsky, 2001), and growth factors, particularly VEGF (Kim, 2000).  

Unfortunately, rodent models rarely mimic the human lesion, nodular GS, because rodents do 

not live long enough to develop this type of progressive injury.  Interestingly, aged OVE26 

transgenic diabetic mice, which have life spans of up to 1.5 years, develop proteinuria at 2 

months, mild to moderate degrees of nodular GS starting at 6 months, and eventually overt 

TI injury (Zheng, 2004).  In addition to the long time frame this model requires, the systemic 

aberration in VEGF expression (Cooper, 1999) and microvascular endothelial injury 

(Goligorsky, 2001) would complicate the assessment of PTC remodeling.  

 Focal segmental glomerulosclerosis (FSGS), the most common cause of glomerular 

proteinuria in African Americans, results from podocyte injury as described previously. 

FSGS is a descriptive histologic pattern that literally means <50% of the glomeruli have 

portions which are sclerotic (Schwartz, 2007).  Over time, the diagnosis of FSGS became a 
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clinical entity in human nephrology, encompassing a number of diseases with similar 

morphologic features but resulting from a wide variety of pathogeneses.  As such, FSGS is a 

large diagnostic category containing multiple subcategories that can be divided according to 

pathogenesis and/or histologic appearance.  For example, hereditary FSGS has been 

associated with genetic mutations of important slit diaphragm components (Gigante, 2011), 

whereas other forms of FSGS have been associated with circulating factor(s), one of which 

was recently identified as a soluble urokinase receptor (Wei, 2011).  FSGS can also be 

subdivided based on histologic appearance: collapsing, cellular, tip, or not otherwise 

specified (NOS) variants, only some of which have prognostic relevance (Thomas, 2006).  

Importantly, because the podocyte has a central role in the pathogenesis of GS and because it 

can be injured secondarily during most glomerular diseases, a sequela of virtually all 

glomerulonephropathies is GS.   

In rats and mice, FSGS has been induced by high doses (or repeat doses) of PA.  As 

discussed above, PA causes dose-dependent damage to slit diaphragms and foot processes.  

At higher doses, podocytes undergo degeneration and apoptosis (Pippin, 2008).   

Another commonly used model of FSGS is DN. Doxorubicin, an anthracycline 

antibiotic / chemotherapeutic agent, is toxic to podocytes in rats and some strains of mice. A 

single intravenous injection of this compound consistently induces loss of GBM 

permselectivity within a few hours, followed by fusion of the foot processes within a day 

(Bertani, 1982).  Severe proteinuria occurs 5 to 7 days after exposure, whereas GS and TI 

injury develop by 1 month.  TI injury is characterized by the presence of protein casts in the 

distal nephron, whereas proximal tubules contain protein reabsorption droplets (Bertani, 
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1986). Plasma concentrations of doxorubicin fall from the µM to nM range within hours of a 

bolus dose (Mross, 1988) and the measured half-life of the drug in the rat kidney is < 12 

hours (Rahman, 1986). Excretion is mainly via bile (70%), whereas 3 to 4% is removed by 

the kidney over the course of 3 to 4 days (Gustafson, 2002). Therefore the late-stage TI 

injury is suspected to be the indirect result of proteinuria (Bertani, 1986).   

Similar to PA, the mechanism of podocyte toxicity is not entirely understood but is 

likely due to multiple interacting factors.  In general, doxorubicin works by intercalating 

(Zunino, 1975) and alkylating DNA (Taatjes, 1997), inhibiting RNA and DNA polymerases 

(Zunino, 1975), generating ROS (Bachur, 1978), and disturbing calcium homeostasis (Oakes, 

1990).  Specifically in podocytes, there is evidence of disruption of slit diaphragms (Otaki, 

2008) and damage to podocyte mitochondrial DNA (Lebrecht, 2004). Interestingly, the 

degree of GS is associated with the baseline ability of a rat’s renal interstitial arteries to 

dilate.  In fact, inhibition of vasodilation by concurrent administration of a nitric oxide 

synthase inhibitor was protective against proteinuria, most likely because it resulted in 

decreased renal delivery of the drug (Ochodnicky, 2009).   

The DN model has been used to study the roles of complement (Lenderink, 2007), 

interferon induction by the JAK/STAT pathway (Li, 2007), oxidative stress (Oteki, 2008), 

antioxidant treatment (Buculu, 2008), and the role of cholesterol and lipids (Zhang, 2008) in 

the pathogenesis of proteinuric kidney disease.  Shui et al (2008) induced DN in mice in 

order to identify early urinary markers of glomerular injury that appear prior to the presence 

of overt sclerosis.  As expected, this study revealed the presence of common plasma proteins 

(albumin, transferrin and !-1 anti-trypsin) in the urine after 7 days, indicating changes in the 
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GFB.  Newly identified urinary proteins included those associated with altered 

hemodynamics (kallikrein and kininogen precursor), oxidative stress (glutathione s-

transferase, apoptosis-inducing factor-2, and annexin A1) and dysregulation of ECM 

synthesis / breakdown (cerberus, tomoregulin, ECM protein 1, collagen IV fragments, A 

disgintegrinase and metallopeptidase 32).  Of interest to the current work, murine DN was 

used to examine renal microvascular remodeling and demonstrated loss of cortical 

microvasculature, tubular hypoxia and decreased VEGF protein.  In that study, the 

assessment of microvasculature included both PTC and glomerular capillaries, and 

quantification of VEGF was performed on homogenized tissue.  Although rarefaction of PTC 

and changes in tubular synthesis of VEGF were not specifically determined, the study does 

suggest that the DN model is appropriate for the study of PTC loss (Kairaitis, 2005). 

As previously mentioned, podocyte injury is a phenomenon seemingly limited to rats 

and some strains of mice, although it has been rarely demonstrated in children who were 

treated with doxorubicin for leukemia (Sathiapalan, 1998).  Conversion of the dose required 

to induce sclerosis in rodents (5 to 10 mg/kg) to the equivalent dose in humans (Human 

Equivalent Dose) reveals that it is approximately 2 to 4 fold higher than bolus doses used in 

humans but less than ! to " the recommended maximum cumulative dose  (500 mg/m2) 

(Minotti, 2004).  Interestingly, susceptibility to injury is strain-specific in mice, wherein 

BALB and 129 mice are markedly susceptible but B6, FVB and CAST strains are resistant.  

Examination of various F1 hybrids of susceptible and resistant strains identified two 

important genetic loci, DOXNPH on chromosome 16 and DOXmod on chromosome 9.  The 

gene products of both alleles are currently unknown, however the susceptibility allele for the 
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DOXNPH has been associated with decreased expression of arginine methyltransferase 7 

(Prmt7), the gene for which is located on chromosome 8. Strains with adequate Prmt7 

expression are protected from proteinuria, GS and secondary TI disease.  As its name 

implies, the DOXmod allele modifies the severity and progression of disease caused by the 

DOXNPH gene (Zheng, 2005).  

The glomerular and TI lesions of DN are fairly consistent and progress at a rate 

amenable to clinical evaluation, specifically weekly urinary assays.  Therefore, this model 

was selected for evaluation of TI remodeling and PTC rarefaction.  In order to better 

characterize the clinical progression of renal disease, we chose to evaluate urinary 

biomarkers weekly because recent research has documented that these analytes change prior 

to histologic evidence of disease. 

 

Urinary biomarkers   

A biomarker is any characteristic or parameter that can be objectively measured or 

evaluated to indicate physiologic or pathologic processes in an organism.  In fact, proteinuria 

itself is a biomarker.  Recently, novel urinary proteins have been identified as having 

increased sensitivity and specificity for renal injury.  Although potential urinary biomarkers 

are numerous, the following discussion will be limited to those used in the current studies: 

urinary albumin (uAlb), urinary total protein:creatinine ratio (UPC), urinary Kidney Injury 

Molecule-1 (uKIM-1), urinary osteopontin (uOPN), urinary lipocalin-2 (uLCN-2), urinary N-

aceytl-beta-D-glucosaminidase activity (uNAG), blood urea nitrogen (BUN), serum 

creatinine (Cr), serum albumin, and serum cholesterol.   
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Traditional biomarkers of kidney disease, BUN and Cr, are increased in the serum 

when the kidney’s ability to filter blood is impaired.  Their lack of sensitivity for detection of 

renal disease has long been recognized, because significant damage is required before 

increases occur (Star, 1998).  As expected, serum albumin is often decreased with proteinuria 

because it is lost into the urine. Serum cholesterol is increased in markedly proteinuric states 

and is one of the features of nephrotic syndrome, the others being hypoalbuminemia, 

proteinuria and ascites.  The pathogenesis of hypercholesterolemia is not entirely known but 

seems to result from upregulated synthesis in the liver as well as decreased catabolism and 

clearance by other organs, including the kidney (Zhou, 2008).  

It is important to note that urinary analytes are highly variable in experimental and 

spontaneous disease because they are affected by disease severity and by the concentration of 

the urine, which can be determined by measuring the urinary concentration of creatinine.  

Normalization to uCr improves predictive value and prognostication (Ralib, in press).  Most 

of the previous evaluations of DN have assessed urine total protein and occasionally uAlb.  

Recently, uAlb and UPC were evaluated by the Food and Drug Administration  (FDA) as 

part of a panel for monitoring drug-induced nephrotoxicity that was proposed by the Critical 

Path Institute’s Predictive Safety Testing Consortium.  UPC was deemed to be a valid 

biomarker of glomerular injury, whereas uAlb was accepted as a marker of proximal tubular 

dysfunction, with the caveat that it would be increased by glomerular injury as well. 

Although the use of uAlb as an indicator of tubular dysfunction seems to contradict the 

previous discussion, it is mildly but significantly increased if proximal tubules are unable to 

reabsorb the constant but low level of albumin (a medium molecular weight protein) that 
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escapes the GFB in normal kidneys (Birn, 2006).  Because UPC includes high molecular 

weight proteins that should never escape the GFB, its elevation is more consistent with 

damage to the GFB, according to the FDA consensus (Ozer, 2010).   

uKIM-1 is an exciting novel biomarker which was discovered during transcriptomic 

analysis of rodent kidneys following IR.  At the time, little was known about this molecule 

other than that it had significant homology to both T cell immunoglobulin and mucin domain 

containing 1 (TIM-1) and Hepatitis A virus cell receptor 1 (HAVcr-1) (Ichimura, 1998).  

Since then, it has been shown to be an immunoglobulin-like cell surface protein expressed by 

injured proximal tubules. It has a mucin-like extracellular domain, which can be cleaved by 

mitogen activated protein kinase (MAPK) and shed into the urine (Zhang, 2007).  Its function 

is not entirely known but it is thought to be a signal expressed by tubular cells to facilitate 

recognition of phosphatidylserine on neighboring apoptotic cells.  The viable tubular 

epithelial cells then act as semi-professional phagocytes, ingesting the apoptotic cells.  Time-

lapse microscopy of cultured tubular epithelial cells expressing a GFP-KIM-1 fusion protein 

showed that KIM-1 is recruited to the phagocytic cup, followed by the presence of the 

fluorescent protein in phagosomes (Ichimura, 2008).  KIM-1 is a biomarker for IR, 

angiotensin-mediated injury, aging, nephrotoxicity due to cisplatin, gentamicin, mercury, 

chromium, cadmium, iodinated contrast and vancomycin (Bonventre, 2009), decreased 

nephron mass (van Timmeren, 2006), CKD, and DN (Kramer, 2009).  In the case of DN, 

immunohistochemistry (IHC) for KIM-1 revealed its presence in dilated proximal tubules, 

occasionally in a mosaic-staining pattern with positive cells next to negative cells consistent 

with its previously discussed role (Kramer, 2009).  In a different set of experiments, nephron 



 
 
 

 

 

19 

mass was decreased by unilateral nephrectomy in rats followed by daily injections of BSA to 

induce severe proteinuria.  In this model, IHC demonstrated early KIM-1 co-localization with 

OPN and eventual expression of vimentin, a marker of tubular dedifferentiation (van 

Timmeren, 2006). These data suggest an additional role for KIM-1 in dedifferentiated 

epithelial cells.   

The next urinary biomarker, OPN, is upregulated in proteinuria (Ohse, 2006), anti-

GBM disease (Kastner, 2009), aging (Liang, 1995), and nephrotoxicity due to gentamicin 

(Rouse, 2011), vancomycin, bacitracin, or cisplatin (Wang, 2008).  OPN is a glycoprotein 

that is normally present on the apical surface of cells in the distal portion of the nephrons in 

rats but upregulated in all segments after injury (Xie, 2001).  It appears to have 2 opposite 

roles in the kidney, promoting macrophage chemotaxis and interstitial fibrosis after injury 

but also protecting tubular epithelial cells from oxidative stress. The protective role was 

demonstrated via unilateral ureteral obstruction  (UUO) in an OPN knock-out mouse model.  

These mice had higher levels of tubular epithelial cell stress and apoptosis but less interstitial 

fibrosis and inflammation (Klein, 2011).  Notably, only the toxicity models have evaluated 

uOPN and uKIM-1; the other investigations examined mRNA and / or protein expression.    

Urinary LCN-2, also referred to as neutrophil gelatinase associated lipocalin, is a 

carrier protein that can transport small hydrophobic molecules.  It is also involved in cellular 

differentiation and may be renoprotective (Kim, 2009).  It is present at low levels in normal 

kidneys, and similar to OPN and KIM-1, LCN-2 is increased in multiple nephrotoxic models 

(Amin, 2004).  In a set of in vitro experiments, the transcriptomes of tubular epithelial cells 

in monoculture were compared to tubular epithelial cells co-cultured with endothelial cells. 
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LCN-2 was expressed only by the co-cultured epithelial cells (Aydin, 2008).  Additionally, in 

a model of IR, LCN-2 was released by infiltrating macrophages in response to sphingosine-1 

phosphate binding its receptor, S1P-3.   This S1P-S1P3-LCN-2 pathway facilitated 

restoration of kidney function (Sola, 2011)  

A new multiplex urinary biomarker assay, Kidney Injury Panel-1, developed by Meso 

Scale Discovery contains sandwich assays for uKIM-1, uOPN, and uLCN-2 as well as a 

competition assay for uAlb. The sandwich assays are similar in theory to traditional ELISAs, 

whereas the competition assay makes use of an albumin tracer that competes with uAlb for 

the capture antibody.  All assays use proprietary detection antibodies or competitive tracers, 

which have electrochemiluminescent tags (MSD SULFO-TAGTM).  The specialized detection 

system contains an electrode that applies voltage in order to stimulate a rapid oxidation / 

reduction reaction in the MSD SULFO-TAGTM, resulting in luminescence.  In contrast with 

traditional ELISA, there is minimal background signal because the technology uncouples 

stimulation (electricity) from generation of signal (light). Specifically, light is produced only 

within proximity of the electrode, which means that the unbound detection antibody will not 

impact the signal even with only 1 wash step.  Repeated electrical stimulation amplifies the 

signal, and the MSD SULFO-TAGTM antibody emits light at 620nm, eliminating issues with 

quenching.  The assay is extremely sensitive allowing detection of biomarkers at sub-

picogram levels and therefore requires very small volumes of urine (5-25µl compared to 50-

100 µl for a typical ELISA) (Meso Scale Discovery, 2011). This assay was used in the 

experiments presented in Chapter 2 to track the progression of glomerular and tubular injury 

in DN.  
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The Kidney Injury Panel-1 has recently been used to assess renal injury in after 

exposure to 2 nephrotoxins: gentamicin and hexachloro-1:3-butadiene. Repeated daily 

exposures (n=3) to gentamicin resulted in significant elevations in uKIM-1, occurring at 24 

hrs (after 1 dose), whereas uLCN-2 and uOPN were not upregulated until 7 days (4 days after 

the last dose.  All 3 biomarkers returned to normal by day 15.  Comparison to tissue 

expression of these analytes revealed significant increases in KIM-1, LCN-2 and OPN 

mRNAs in the medium- and high-dose groups as early as day 3.  All analytes were compared 

to standard renal parameters, and it was determined that KIM-1 outperformed BUN whereas 

all 3 outperformed Cr as markers of tubular injury.  These data indicate that tubular epithelial 

cell damage occurs prior to elevations in the traditional surrogate biomarkers of glomerular 

filtration rate (GFR).  Notably, in this study uAlb levels were extremely variable, not 

significantly related to treatment, and had no detectable trend (Rouse, 2011).   

Hexachloro-1:3-butadiene nephrotoxicity was used to study urinary biomarker 

expression after a single exposure.  uKIM-1 was increased 4-fold 24 hours after exposure 

whereas gene expression was increased 69-fold.  A subsequent time course study revealed 

that uKIM-1 peaked 4 days after dosing and returned to baseline by day 11.  Increases in 

uLCN-2 were limited to 1 day after dosing, at which point mRNA was also significantly 

increased.  Comparisons between uOPN and its mRNA were not reported, however, uOPN 

was significantly increased from day 1 to day 11, returning to baseline by day 15.  Significant 

elevations in albumin were sustained from day 1 to day 8.  Interestingly, 2 animals had only 

minimal histologic lesions; however, urinary biomarkers were significantly increased in these 

animals.  Moreover, gene expression microarray results from these 2 rats were similar to the 



 
 
 

 

 

22 

other treated animals, highlighting the enhanced sensitivity of these molecular assays over 

traditional histologic evaluation (Swain, 2011).   

 The final urinary biomarker, uNAG, is a lysosomal enzyme present in the brush 

border of proximal tubules.  It breaks down glycoproteins in the normal kidney and is 

elevated secondary to increased lysosomal activity or tubular epithelial cell injury.  

Elevations in proteinuric disease have been observed, and this is likely a secondary process 

associated with increased workload of proximal tubules. uNAG has also been reported to be 

elevated in nephritis, hypertension, FSGS (Dieterle, 2008), IR, sepsis-induced renal injury, 

renal transplantation (Bonventre, 2010) and nephrotoxicity due to cisplatin, gentamicin and 

N-phenylanthranilic acid (NPAA) (Harpur, 2011).  The nephrotoxicity study revealed that it 

was not superior to BUN or Cr with respect to detection of proximal tubular necrosis and 

regeneration (Harpur, 2011).  

 These next-generation biomarkers have invoked a much needed re-evaluation of the 

standard assessments of tubular injury (Cr, BUN and histology).  As I alluded to above, many 

urinary biomarkers change prior to histologic evidence of disease.  This allows earlier 

detection of kidney disease, hopefully before irreversible injury has occurred.  We chose to 

include these assays in our investigation of proteinuria-induced TI remodeling because 

previous investigations of DN have been based on histopathology. Additionally, weekly 

assays together with clinical observations helped us to determine appropriate time points for 

staged necropsies.  Specifically, we were able to collect kidney tissue for gene expression 

analysis at a time when there was clinical evidence of severe renal injury but only minimal to 

mild multifocal glomerular and tubular histopathologic lesions (3 weeks).  This was followed 
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by a second set of necropsies when biomarkers were at a plateau or just beginning to decline 

and histology lesions were mild to moderate.  

 

Laser capture microdissection and gene expression microarray  

 Similar to urinary biomarkers, there has been overwhelming interest in assessing 

renal gene expression secondary to different types of injury.  A brief review of the findings 

of relevant microarray studies is discussed below.  First, it must be emphasized that the 

majority of these experiments have used in vitro models or homogenized kidney tissue for 

analysis.  Given the complexity of the organ, neither is ideal.  The transcriptome of tubular 

epithelial cells in monoculture is strikingly different from those co-cultured with endothelial 

cells, suggesting extensive cross talk between tubules and PTC (Aydin, 2008).  With respect 

to homogenized samples, significant changes of important mRNAs could be missed if they 

occur in a small population of cells or are downregulated in one cell type but upregulated in 

another.   

There are multiple ways to avoid this problem: tissue separation by physical methods 

(i.e. sieving, microdissection, centrifugation), fluorescence-activated cell sorting (FACS), or 

laser capture microdissection (LCM). Physical fractionation methods rely on collagenases to 

disrupt the interstitium and liberate nephrons and would thus destroy the tissue of interest.  

FACS also requires tissue disruption but will still allow isolation of endothelial cells.  LCM 

has the added benefit of allowing selection of cells based on location (Kaimori, 2008 and 

Woroniecki, 2009).  For example, LCM can be used to harvest interstitium surrounding 

damaged tubules, whereas FACS would isolate any endothelial cell, including endothelial 



 
 
 

 

 

24 

cells of glomeruli and large vessels.  A study by Murakami (2000) combined the use of LCM 

with the specificity of fluorescent antibody detection to examine a very specific portion of 

the nephron.  This practice, known as IF-LCM, has rarely been repeated because the mRNA 

is degraded during the immunolabeling step and the process requires a specialized 

microscope with dual LCM with epifluorescence capabilities.  Our experiments were 

performed using immunodirected-LCM (id-LCM), in which guide sections were labeled with 

an antibody for detection of early, multifocal tubular injury (Kaimori, 2008). Identification of 

regions of injury on the guide slides facilitated LCM of serial sections, without the need for 

lengthy incubations of the dissection slides. 

To date, most of the renal gene expression microarray studies have focused on acute 

kidney injury (AKI).  In general, these studies were performed on homogenized renal tissue 

in order to identify genomic patterns of AKI and are beyond the scope of this review.  

Unfortunately, gene expression profiles in proteinuric kidney disease are fairly limited. The 

following discussion of gene expression microarray will focus on these studies.  

First, Rudnicki et al used LCM to isolate proximal tubules from human renal biopsy 

tissue with various types and severities of proteinuric kidney disease in 2 separate sets of 

experiments.  The first study (2007) was performed to generate a human proximal tubule 

transcriptome in proteinuria resulting from many different glomerular diseases.  Differential 

expression of apoptosis, cell adhesion, cell proliferation, immune response, and signal 

transduction transcripts was reported.  The second set of experiments (2009) is extremely 

pertinent to the current investigations.  They used renal biopsy tissues from 20 human 

patients with stable proteinuric disease (defined as maintenance or improvement of GFR and 
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decreased proteinuria at follow-up evaluation) and 11 patients with progressive disease 

(defined as a decrease in GFR of > 30% or progression to ESRD at follow-up).  Median 

follow-up time in all patients was 26 months after biopsy.  Transcriptional analysis of 

proximal tubules revealed upregulation of hypoxia response pathways in patients with 

progressive disease compared to stable patients.  Specifically, there were significant 

increases in hypoxia inducible factor-1! (HIF-1!) and several HIF target genes with the 

notable exception of VEGF, which was downregulated. This result implicates a defective 

hypoxia response pathway in the pathogenesis of progressive proteinuric disease. As 

mentioned above hypoxia often induces VEGF; however, there are numerous interacting and 

competing factors, including epidermal growth factor (EGF) and insulin-like growth factor-1 

(IGF-1).  These 2 factors are co-stimulatory for VEGF expression and Rudnicki et al reported 

their downregulation in patients with progressive disease.  In vitro experiments using renal 

tubular cells treated with either growth factor showed an increase in VEGF mRNA.   

Although these experiments indicate a role for decreased VEGF protein expression in 

the pathogenesis of proteinuria-induced CKD, PTC were not examined in the biopsy 

specimens. Furthermore, the wide variety of proteinuric diseases and the use of various 

therapies during the follow-up period may have impacted the results. Although VEGF 

mRNA was decreased via microarray (p=0.04), decreases were not detectable via reverse 

transcriptase PCR (p= 0.2), thereby calling into question the validity of the transcriptional 

regulation of VEGF.  

Gene expression microarray has also been used to assess the TI in diabetic 

nephropathy.  Samples were microdissected manually under a stereomicroscope.  These 
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studies revealed that patients with diabetes had significant downregulation of VEGF and 

EGF mRNA with concurrent increases in ECM transcripts.  IHC supported the findings, 

showing decreases in VEGF protein and subjectively fewer PTC.  Notably, the investigators 

compared their findings to previous work in diabetic rats, which showed increases expression 

of VEGF by podocytes and distal segments of the nephron (Cooper, 1999).  They attributed 

the contrasting results to the fact that rodents rarely develop the chronic lesions of diabetic 

nephropathy (Lindenmeyer, 2007).   

Reich et al (2010) used microarray analysis of cultured tubular epithelial cells that 

had been exposed to albumin to generate a list of 231 “albumin-regulated genes.” 

Comparison of this list to microarray data derived from human renal biopsy tissue produced a 

much shorter list of 11 genes, which were predictive of proteinuric kidney disease.  Of note, 

the investigators only examined TI gene expression but the method of isolation was not 

provided.  Interestingly, all of the 11 genes are considered to be novel mediators of kidney 

disease although many are directly involved in, or related to, previously identified pathways 

of injury.   

 An interesting study by Amin et al (2004) compared the transcriptomes of 

homogenized kidneys of rats treated with repeated doses of PA to those of rats treated with 

cisplatin or gentamicin.  Not surprisingly, comparison of gene profiles resulting from the 3 

toxins revealed some degree of treatment-specific injury, wherein a subset of genes was only 

affected by PA.  These genes were proposed to be specific to the glomeruli but were not 

investigated further.  Notably, there was significant overlap in tubular gene expression 
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amongst the groups, however.  This was attributed to previously unrecognized PA-induced 

tubular toxicity, and the role of proteinuria in TI injury was unfortunately overlooked. 

Lastly, it must be emphasized that the data discussed above were limited to 

microarray analyses because these types of experiments are considered to be unbiased 

approaches to the investigation of renal pathophysiology.  As with any discovery assay, 

changes in mRNA expression need to be validated at the protein level, a step that was 

performed in most of the above studies. This type of workflow led to the discovery of KIM-

1, a molecule that had not previously been linked to kidney disease and is now 

revolutionizing the field of nephrology.  Gene expression microarray analysis was used in the 

current work for identification of novel markers for TI remodeling and PTC loss.  The recent 

development of microRNA (miRNA) assays has extended the list of molecular mediators of 

disease and will be discussed briefly. 

 

microRNA 

  miRNAs are short (20-22 nucleotide long) strands of RNA which are involved in the 

regulation of translation.  After transcription by RNA polymerase II, miRNA precursors (pri-

miRNA) form a hairpin loop, composed of ~70 nucleotides. The pri-miRNA interacts with 

Drohsa and DiGeorge Syndrome Critical Region 8 (DGCR8), and is processed to a smaller 

looped product, called the pre-miRNA.  Then the pre-miRNA is exported from the nucleus 

and cleaved by Dicer to generate a miRNA-miRNA duplex. Finally the mature miRNA 

associates with its mRNA target and directs either suppression of translation or compete 

mRNA degradation, depending on the degree of complementarity between the miRNA and 
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target. The enzyme complex involved in silencing and degradation is called RISC (RNA-

induced silencing complex) (Li, 2010 and Meister, 2007).  

 Very few studies have examined renal miRNAs and most have used homogenized 

tissue or in vitro cell cultures for analysis. In the kidney, differential regulation of miRNAs 

has been implicated in renal fibrosis (Zarjou, 2011), uremia (Zager, 2009), maintenance of 

podocyte architecture (Saal, 2009), renal hypertension (Liang, 2009), and diabetic nodular 

GS (Kato, 2007).   Clearly, the advent of miRNA microarray technology will reveal the 

involvement of many more miRNAs in renal disease.  Furthermore, the involvement of 

miRNAs in ECM synthesis and angiogenesis have been demonstrated in other organs, and 

these particular miRNAs are of interest because they may play similar roles in renal 

interstitial fibrosis and PTC rarefaction. Differentially regulated miRNAs represent novel 

genomic markers of kidney injury and may even serve as therapeutic targets.   

 With all of the discussion regarding the discovery of molecular mediators of renal 

disease and the various methodologies for detecting them, it must be remembered that the 

overall goal of the current work was to investigate the process of TI remodeling and PTC 

rarefaction.  To do this, proper evaluation and interpretation of the histologic lesions is 

required.  The remainder of this chapter will focus on stereology, which is the method used in 

this study for a robust evaluation of PTC number.   

 

Stereology 

 Stereology is the scientific analysis of 2 dimensional (2D) images in order to generate 

information about a 3D structure. It uses unbiased sampling methods to estimate certain 
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parameters, i.e. cell volume, surface area, length or number. Evaluation of the first 3 

parameters using a single 2D section is inherently flawed because larger structures are more 

likely to be sampled and will therefore bias any estimate toward a larger value (Boyce, 

2010).  Estimation of cell number with 2D sectioning is also flawed and discussed in detail 

below.  The simplest way to avoid these pitfalls is to evaluate multiple 2D images spaced 

throughout the entire 3D structure.  Although an in-depth discussion of the uses of stereology 

in pathology is beyond the scope of this thesis, its fundamentals will be briefly presented.  

 The reference space is the anatomical region of interest.  It is often an organ but it 

also could be part of an organ like the renal cortex.  As such, it needs to have clearly defined 

boundaries and be entirely available for sampling. This does not mean that the entire organ 

must be sectioned, and each section evaluated.  Instead, it requires that the each region of the 

entire reference space must have an equal probability of being selected for evaluation. Probes 

are used to query the reference space and include: points, lines, planes and disector pairs, 

which is a pair of 2 serial sections of known thickness. 

Precision and bias are depicted in Figure 1.2.  An estimate is considered accurate if it 

converges on the true value of the parameter within the population.  Precision is the degree 

to which individual estimates are similar to one another.  Bias is the unknown but consistent 

deviation from the true value in an unknown but consistent direction.  Bias can be introduced 

by study design; for example, only sampling the mid-hilar region of the kidney biases the 

data toward the PTC number of that ill-defined reference space (Boyce, 2010).  
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Figure 1.2.  Diagram of precision and bias.  An estimate is considered accurate if the 
center of the bullseye represents the true measurement of the parameter in the population.  

 

Another type of systematic bias is introduced when the wrong probe is used for 

evaluation. Laying a point grid over an image and counting every point that lands on a 

structure of interest will not reveal anything about the number of structures in the image. In 

order to avoid this type of bias, the Rule of 3 is used.  This rule states that the sum of the 

dimensions of the parameter and the probe used to investigate it must equal 3. For example to 

assess length (1D) a planar probe (2D) must be used, and in order to assess number (0D) 

dissector pairs (3D) are required (Mouton, 2002).  Figure 1.3 illustrates the problem 

encountered when planar probes (i.e. 2D sections) are used to estimate number.  

 

Figure 1.3 Use of the wrong probe, i.e. a single planar section (2D) to evaluate object number 
(0D) will result in underestimation of the parameter.  In this particular case, only 2 of the 5 
objects are counted.  
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Clearly, a single 2D probe would bias the data by underestimating structure number.  

Therefore multiple sections must be examined and compared to each other.  An object is 

counted once and only once (Figure 1.4) in order to avoid overestimation (Boyce, 2010, 

Mouton, 2002 and Nyengaard, 1999). As discussed above, this does not require examination 

of every section and counting each new structure as they appear.  Although that methodology 

would provide accurate data, it is far too tedious for practical study design.  Instead, a portion 

of the tissue can be assessed as long as each object has an equal likelihood of being captured 

in a section.  

 

Figure 1.4 Object number must be evaluated by comparing multiple sections within a 
reference space. Each object is only counted the first time it is observed. (A) Four planar 
sections underestimate object number. (B and C) 6 and 10 sections provide accurate 
estimations but (C) requires more work than B.  
 

Comparison of Figure 1.4 B to 1.4 A shows that a study design using 6 sections 

instead of 4 is more accurate, whereas using 10 sections (4 C) is merely extra work. A special 

situation occurs in estimation of the number of connected structures such as PTC or bone 

trabeculae, because neither exists as a self-contained unit.  In these cases, connectivity must 

be assessed. The theory behind that methodology is presented in Chapter 4. 
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This leads to the discussion of systematic, uniform, random sampling (SURS).  This 

method uses systematic and uniform sample selection (i.e. every 10th tissue slice) to avoid 

bias, with a random start point to ensure that every structure has an equal probability of being 

sampled. The simple fractionator rule states that if the stereologic study design has limited 

bias (i.e. correct probe selection and SURS), multiplying the result by total sampling fraction 

provides an unbiased, precise estimate of the true value (Nyengaard, 1999).  

The final basic concept of stereology is assessment of a parameter’s variance.  

Virtually every biological parameter has some degree of variability.  The total variation is of 

interest in stereology because it provides information about that parameter’s distribution of 

values in the entire population. Total variance (CV) is a combination of biological variance 

(CV 
biological) and the error, or bias, (CEstereology) associated with the study design.  Biological 

variance cannot be controlled whereas the error due to study design can and should be 

minimized.  This is often achieved by examining more sections per organ, or, failing that, 

examining more animals (Nyengaard, 1999 and Mouton, 2002). Although the concept of 

“more is better” is familiar to any statistical approach, one of the advantages of stereology is 

the use of appropriate study design methods in order to avoid excess work, as was illustrated 

by Figure 1.4.  In fact, the mantra of stereology is “do more, less well” meaning that SURS 

permits the evaluation of a fraction of the entire organ in order to generate unbiased, accurate 

estimates of the parameter of interest.  Admittedly, stereology still requires more effort than 

simply evaluating a single 2D section; however, as previously discussed, the inherent bias 

associated with 2D image analysis invalidates much of the data derived from such a study.   
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Unfortunately stereologic analysis of PTC loss has never been performed.  In fact all 

of the studies that have documented PTC rarefaction have assessed a single 2D image, often 

with image analysis software.  An elegant study by Madsen et al (2010) used a stereologic 

study design to assess PTC architecture in a developmental model of renal disease. 

Specifically, this study used a rodent model of a well-characterized developmental lesion: 

Angiotensin converting enzyme (ACE) inhibitor associated developmental anomaly.  This 

lesion is seen in neonates exposed to ACEi during gestation and is characterized by 

decreased nephron mass, increased interstitial fibrosis and abnormal vascular architecture.  

Stereologic methods revealed that the mouse model recapitulated the lesion and that ACEi 

was associated with fewer PTC as well as shorter vasa rectae.  Although this study is deemed 

to be a robust estimation of PTC architecture, it assessed abnormal development but not 

rarefaction. 

 

Hypotheses and specific aims 

As previously stated, the goals of the current work were to identify novel molecular 

mediators of TI remodeling and PTC rarefaction as well as generating an unbiased, robust 

assessment of PTC loss.  The experiments described in Chapters 2-4 were designed to test the 

following hypotheses:  

1) Transcriptional profiles of tubules and interstitial cells will reveal that renal 

gene expression is tissue specific.  Furthermore, induction of proteinuria 

will lead to differential regulation of molecular pathways that likely 

mediate PTC rarefaction and TI remodeling.    
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2) Tubulointerstitial miRNA expression is altered in chronic proteinuria prior 

to overt interstitial fibrosis and inflammation. Furthermore these miRNAs 

will be associated with concurrent changes in target mRNA levels.  

3) Use of design-based stereology for quantification peritubular capillary 

number will reveal that chronic proteinuria induces PTC rarefaction.  A 

similar decrease in PTC volume fraction can be detected in renal biopsy 

specimens via a non-stereologic approach.  

Specifically, a model of chronic proteinuria, DN, was induced to examine gene 

expression of tubules separately from their surrounding interstitium, using id-LCM and 

Affymetrix microarray.  Tissue specificity of gene expression was assessed, and the gene list 

was manually annotated to search for recognized links to endothelial cell survival, injury, 

activation, migration or angiogenesis.  PTC fractional area was measured.  Additionally. 

Gene Set Enrichment Analysis (GSEA) was used to determine if there was regulation of 

angiogenesis or kidney injury gene pathways in either tissue compartment.  A subset of 

transcripts was validated with real time-polymerase chain reaction (RT-PCR) and IHC.  In 

the second set of experiments, miRNA Taqman microarray was performed on microdissected 

TI to detect involvement of miRs in the early steps of proteinuria-induced injury.  The final 

experiment used design-based stereology to evaluate PTC number. These data were 

compared to PTC fractional area, as determined from renal biopsy specimens.    
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CHAPTER 2 
 

Use of Immuno-directed Laser Capture Microdissection in a Model of Chronic Proteinuria to 

Investigate Peritubular Capillary Rarefaction and Tubulointerstitial Injury 

 

Rachel Cianciolo, Lawrence Yoon, David Krull, Alan Stokes, Alex Rodriguez, Holly Jordan, 

Greg Falls, David Cooper, John Cullen, Carie Kimbrough, Brian Berridge 

Abstract  

Tubular atrophy and interstitial fibrosis are well-recognized sequelae of chronic proteinuria.  

Peritubular capillary loss, which plays a role in renal ischemia-reperfusion injury, may also 

occur in chronic proteinuria.  To investigate the molecular mechanisms of proteinuria-

induced tubulointerstitial disease and capillary rarefaction, Doxorubicin Nephropathy was 

induced in rats. Progression of disease was monitored with weekly urinary biomarker assays.  

Severe proteinuria preceded tubular injury biomarkers by 1 week. Histology revealed 

multifocal, mild tubulointerstitial damage at 3 weeks, which progressed in severity at 5 

weeks. Quantification of CD31-immunolabeled peritubular capillaries demonstrated 

significantly decreased fractional area at 5 weeks, indicating capillary loss.  Because injury 

was multifocal, immuno-directed Laser Capture Microdissection was used to identify and 

isolate injured proximal tubules, as indicated by Kidney Injury Molecule 1-immunolabeling. 

The adjacent interstitial cells were harvested separately.  Affymetrix microarray analysis 

revealed tissue-specific regulation of gene expression, and a subset of the transcripts were 

validated with PCR and immunohistochemistry. There was early and persistent dysregulation 

of genes associated with angiogenesis in both compartments and activation of angiogenesis 
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pathways.  Manual annotation, Gene Set Enrichment Analysis, and urinary biomarker assays 

revealed similarities to acute kidney injury.  This suggests commonalities amongst the 

molecular mechanisms of tubulointerstitial injury secondary to proteinuria, ischemia-

reperfusion, and nephrotoxicity. Therefore, identification of the novel pathways of 

peritubular capillary loss may provide therapeutic targets that extend beyond chronic 

proteinuric nephropathy.  

 

Introduction: 

Tubulointerstitial (TI) remodeling secondary to glomerular disease is a hallmark of chronic 

proteinuric nephropathy.  Tubules dilate, degenerate and atrophy while interstitial cells 

proliferate and synthesize ECM.  As protein is lost into the urinary filtrate by damaged 

glomeruli, the tubules respond by upregulating protein retrieval pathways, thereby increasing 

the workload of the TI compartment.  Support for this increased metabolic demand comes 

from an intricate capillary bed that supplies the tubules, the peritubular capillaries (PTC).  

Loss or rarefaction of PTC, a phenomenon that has been repeatedly demonstrated in 

ischemia-reperfusion (IR) injury (Basile, 2001), may also occur in proteinuric nephropathy 

(Ohashi, 2000, Choi, 2000, Thomas, 1998 and Bohle, 1996) In this scenario, rarefaction 

could exacerbate tubular injury by decreasing oxygen delivery at a time of increased 

workload. 

The majority of the research regarding the pathogenesis of PTC loss has focused on 

IR injury because of its relevance to renal transplantation.  IR induces PTC loss in both 

animal models and human patients.  Not surprisingly, administration of Vascular Endothelial 
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Growth Factor (VEGF) agonists following IR in animal models can preserve PTC 

architecture and improve renal function (Leonard, 2008). VEGF, which is synthesized by 

podocytes and tubular epithelial cells, is theorized to be trophic for glomerular endothelial 

cells and PTC, respectively (Basile, 2004).  However, whether or not endogenous VEGF 

plays a role in the pathogenesis of PTC loss is unknown. Recent work suggests that VEGF 

protein returns to normal levels within days of an ischemic insult but is sequestered by A 

disintegrinase and metallopeptidase with thrombospondin motif-1 (ADAMTS-1), a protein 

which is significantly upregulated after IR (Basile, 2008).  

PTC rarefaction has also been demonstrated in other experimental renal disease 

models, namely anti-glomerular basement membrane disease (Ohashi, 2000), cyclosporine 

toxicity (Kang, 2001), murine doxorubicin nephropathy (Kairaitis, 2005), streptozotocin-

induced diabetic nephropathy (Maric-Bilkan, in press), remnant kidney (Kang, 2001), and 

unilateral ureteral obstruction (Ohashi, 2002), as well as in spontaneous chronic progressive 

nephropathy of rats (Thomas, 1998).  Furthermore, renal biopsies from human patients with 

diabetes mellitus (Lindenmeyer, 2007) and chronic kidney disease (CKD) of multiple 

etiologies (Bohle, 1996) had decreased relative area of PTC.  Because VEGF has been 

implicated in IR-induced PTC loss, its role has been examined in some of these other 

scenarios, and both decreases (Kang, 2001) and increases (Cooper, 1999) in protein have 

been demonstrated either via immunohistochemistry (IHC) or protein quantification of 

homogenized tissue.  Whereas short-term treatment of renal transplant recipients with VEGF 

agonists may be feasible, the side effects of long term treatment, either given systemically or 

targeted to the kidney, would likely outweigh the benefits in chronic progressive 
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nephropathies.  Moreover, the role of the interstitium in PTC loss has not yet been 

investigated.  Examination of interstitial gene expression may reveal novel and specific 

molecular markers of PTC loss in the setting of chronic proteinuria and may identify targets 

for therapeutic intervention.  

In order to investigate PTC rarefaction in chronic proteinuria, a rodent model of 

Doxorubicin Nephropathy (DN) was used, and the progression of glomerular and tubular 

injuries were characterized via weekly urinary biomarker assays.  A non-biased approach 

(gene expression microarray) was used to identify differentially regulated transcripts within 

damaged tubules or adjacent interstitium.  Differentially regulated genes were manually 

annotated to search for recognized links to endothelial cell biology (maintenance, activation, 

migration, or proliferation) or angiogenesis.  Although the primary goal was to interrogate 

the process of PTC rarefaction, other intriguing data were obtained during the course of these 

experiments and are included here because they further characterize the molecular 

mechanisms of proteinuria-induced CKD.   

Doxorubicin is an anthracycline antibiotic / chemotherapeutic which causes off-target 

nephrotoxicity in rats and some strains of mice.  A single intravenous dose of 5-10 mg/kg 

induces loss of the glomerular basement membrane permselectivity within 3 hours, podocyte 

foot process fusion within 28 hours and glomerulosclerosis with secondary TI injury within 

28 days (Bertani, 1982). Since the half-life of doxorubicin in the rat kidney is less than 12 

hours (Rahman, 1986) glomerulosclerosis and TI lesions are driven by the early podocyte 

toxicity and persistent proteinuria, respectively. This model was deemed optimal for 
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investigation of TI remodeling and PTC loss because the histopathologic progression of DN 

develops in a desirable time frame. 

Materials and Methods: 

Animals:  

This study was approved by the GlaxoSmithKline (GSK) Institutional Animal Care 

and Use Committee and conducted in accordance with the GSK Policy on the Care, Welfare 

and Treatment of Laboratory Animals.  Twenty-six male, 9-week old, Sprague Dawley rats 

[Crl:CD(SD) Charles River, Raleigh, NC] were acclimated for 4 weeks, and housed in pairs.  

Food (Lab Diet! brand Certified Rodent Diet 5002, PMI! Nutritional International, 

Richmond, IN) and water were available ad libitum except prior to urine collection and 

euthanasia when food was withheld overnight.  Animals were maintained on a regular 12 

hour light / dark cycle (lights on at ~0600); temperature and relative humidity were 

maintained at 64-79°F and 30-70%, respectively.  Proteinuria was induced in 16 rats by a 

single intravenous injection of 7.5mg/kg doxorubicin hydrochloride (Sigma-Aldrich Co., 

LLC, St Louis, MO) via the tail vein.  Ten control rats received equivalent amounts of 0.9% 

saline vehicle.  Rats were observed twice daily for signs of ill health.  Two rats administered 

doxorubicin were found dead during the second week.  Histopathology revealed sepsis in one 

animal.  The other rat had minimal histologic lesions and death due to cardiac arrhythmia 

was assumed.  Importantly, podocytes of both rats were within normal limits via light 

microscopy.  

Urinary Biomarker and Serum Chemistry Analysis 
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Urine was collected overnight on ice in individual urine collection cages on days -21, 

7, 14, 21, 28 and 35 for the evaluation of urinary albumin (uAlb), kidney injury molecule-1 

(uKIM-1), lipocalin-2 (uLCN-2), and osteopontin (uOPN) with the Meso Scale Discovery 

Kidney Injury Panel 1 (Meso Scale Discovery; MSD, Gaithersburg, MD) as described 

previously (Swain, 2010). Urinary biomarker assays from the 2 unexpected deaths were 

excluded from the analysis. Urinary N-acetyl-beta-glucosaminidase (uNAG) was measured 

enzymatically, urine total protein was measured colorimetrically, and urinary creatinine was 

measured by a kinetic modification of the Jaffe procedure using the Beckman Coulter AU640 

chemistry analyzer (Beckman Coulter, Brea, CA). Urine analytes were normalized to urine 

creatinine. 

Whole blood was collected under isoflurane anesthesia from the abdominal vena cava 

prior to necropsy at week 3 and week 5.  Serum was separated, and serum creatinine, serum 

albumin, blood urea nitrogen (BUN) and serum cholesterol were also analyzed on the 

Beckman Coulter AU640 chemistry analyzer.  

Necropsy and Histology 

Rats were euthanized under isoflurane anesthesia on week 3 (n=6 treated and 5 

control rats) or on week 5 (n= 8 treated and 5 control rats).   Kidneys were harvested 

immediately after euthanasia and sliced coronally.  Slices were embedded in Optimal Cutting 

Temperature (OCT) compound (TissueTek, Netherlands) and frozen in a mold floating in an 

isopentane – dry ice slurry.  OCT embedded samples were kept frozen at -80°C until 

cryosectioning.  The remaining tissue was placed in 10% neutral buffered formalin for 

routine histology.  Paraffin embedded kidneys were sectioned at 3µm thickness and stained 
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with hematoxylin and eosin (H&E), periodic acid and Schiff’s reagent (PAS), and Masson’s 

trichrome (MT). Specimens were examined for the presence and severity of glomerular 

damage to verify the model worked appropriately.  TI lesions were assessed for distribution 

and severity.   

Immuno-directed Laser Capture Microdissection: 

Samples from 5 control rats and 5 proteinuric rats from each time point were used for 

gene expression microarray.  Because TI injury was multifocal at 3 weeks, id-LCM was used 

to target regions of injury.  OCT-embedded slices of the right kidney were serially sectioned.  

A 5µm section was placed on a glass slide for IHC and then 3 serial 10µm thick sections 

were placed on LCM membrane slides (MicroDissect GmbH, Herborn, Germany).  This was 

repeated until a total of 7 sections were harvested per kidney for IHC and 21 sections for id-

LCM.  Membrane slides were stored at -80°C prior to LCM.  Dual IHC using the BOND-

MAX autostainer (Leica Microsystems, Buffalo Grove, IL) was performed on the guide 

section to identify foci of tubular injury and endothelial cells.  Briefly, after fixation with 4% 

paraformaldehyde, glass slides were stained with a polyclonal goat anti-rat KIM-1 primary 

antibody (R&D systems, Minneapolis, MN) at 1:800 dilution to identify damaged proximal 

tubules.  This was followed by sequential application of a goat probe/ goat HRP polymer 

detection kit (Biocare Medical, Concord, CA) and Bond Polymer Refine DAB chromagen 

(Novacastra, Leica, Buffalo Grove, IL).  Next, endothelial cells were labeled by a polyclonal 

rabbit anti-rat CD31 primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at 1:100 

dilution, followed by application of the rabbit AP polymer (Biocare Medical Sciences, 
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Concord, CA) and Bond Polymer Refine Red chromagen (Novacastra, Lecia, Buffalo Grove, 

IL) (Figure 2.1).  

 

Figure 2.1: (A): Dual labeled guide slide of a control rat.  Note CD31 labeled PTC and 
glomerulus (red) whereas KIM-1 labeling is negative. (B): As in A, but 3 cross-sections of 
tubules are labeled with the KIM-1 antibody (brown).  These cross sections were rare in 
control animals and were avoided during dissection as described in Materials and Methods.  
(C): Dual labeled guide slide from a rat with proteinuria of 3 weeks duration.  Note the focal 
KIM-1 positively labeled tubules. (D): After 5 weeks of proteinuria, KIM-1 labeling was 
present in most proximal tubules.   Magnification: 400x (A, B, D) and 200x (C). 
 

 Because there was significant interstitial fibrosis at the 5 week time point, an 

additional 7 sections, in series with the others, were harvested for identification of interstitial 

myofibroblasts using a polyclonal mouse anti-human !-smooth muscle actin antibody (!-
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SMA) (Dako, Carpinteria, CA) at 1:100 dilution followed by sequential application of a 

mouse-anti rat HRP (Biocare Medical Sciences, Concord, CA) and DAB.  

After IHC on the guide sections was completed, the serially sectioned membrane 

slides were stained using an abbreviated H&E protocol as described previously (Cullen, 

2010), which was slightly modified by performing all of the staining and wash steps at 4°C.  

H&E staining allowed clear visualization of epithelial cell borders and interstitial nuclei.  

Membrane slides were dissected using the CellCut software program (Molecular Machines & 

Industries Zurich, Switzerland) on a Nikon Eclipse microscope.  First, the KIM-1/CD31 

labeled section was examined to identify regions of injury.  Then, if appropriate, these 

regions were compared to the !-SMA labeled section in order to avoid foci of marked 

fibrosis in which myofibroblasts were prominent.   After matching these regions to the 

section on the membrane slide, the cortical interstitium was harvested (Figure 2.2).   
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Figure 2.2: (A): Membrane slide with interstitium cut by laser but not removed. (B): As in A, 
but cap has been lifted to remove interstitial cells. (C): Cap showing excised interstitial cells 
(D). Typical cap after removal of interstitial cells.  A separate tube was used for each batch 
of 3 slides and approximately 100 interstitial foci were harvested per membrane slide.  
Approximately 30 tubules adjacent to the previously harvested interstitium were then 
dissected.  
 

The collection tubes (MicroDissect GmbH, Herborn, Germany) were switched, and 

renal tubules that were located immediately adjacent to the harvested interstitial cells were 

microdissected. Of note, KIM-1 IHC occasionally revealed single nephrons undergoing 

senescence in control animals (Figure 2.1B), and these regions were avoided using the same 

method described above.  In order to preserve RNA integrity, all slides were microdissected 

within 5 days of cryosectioning, and only 3 slides were stained and dissected per batch.  

Slides were dissected within 25 minutes and were kept on a metal block in an ice bath prior 
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to dissection.  A single additional membrane slide from each rat was also kept on the chilled 

metal block for the duration of the dissection of 3 slides.  Whole TI was harvested from this 

last slide by dissecting all cortical tissue except glomeruli and stored separately.  This latter 

sample was used for analysis of RNA quality and real time PCR (RT-PCR) because it 

provided ample RNA and was the sample most likely to be degraded by environmental 

exposure.  

RNA isolation and amplification: 

After microdissection, samples were incubated with 50µL of lysis buffer for 30 

minutes at 42°C.  Each tube was stored at -80°C until all samples from animals from one 

time point had been microdissected.  mRNA was harvested using the Ambion RNaqueous-

Micro kit (Applied Biosystems, Austin, TX).  mRNA of the control interstitium was scarce 

and could not be detected with the Agilent RNA 6000 Pico kit (Agilent, Palo Alto, CA), 

therefore mRNA quality of the whole TI sample was determined. Because mRNA from the 

whole TI samples was adequate for analysis, the mRNA from the microdissected tubules and 

interstitium (which had less environmental exposure) was assumed to be of adequate quality.  

RNA amplification was performed using the Ovation Pico WTA System (NuGEN, San 

Carlos, CA) according to the manufacturer’s instructions, and adequate concentrations of 

amplified cDNA was verified using the Nanodrop spectrophotometer (Thermo Fisher 

Scientific, Wilmington, DE).  

Microarray hybridization and analysis: 

After amplification, cDNA was labeled and hybridized to the Affymetrix Rat Genome 

230 2.0 Array (Affymetrix, Santa Clara, CA) according to the manufacturer’s protocol.  
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Chips were scanned with the Affrymetrix GeneChip Scanner 3000 7G (Affymetrix, Santa 

Clara, CA). 

Real time PCR: 

A subset of transcripts that was differentially regulated in either the tubules or the 

interstitium were validated with RT-PCR.  Predeveloped Taqman primers were used for OPN 

(NM_012881.2), KIM-1 (NM_173149.1), ADAMTS-1 (NM_024400.2), decorin 

(NM_024129.1), allograft inflammatory factor -1 (AIF-1; NM_017196.3), matrix GLA 

protein (MGP; NM_012862.1), tenascin-C (Tnc; NM_053861.1), endothelial cell-specific 

molecule-1 (Esm-1; NM_022604.2), and endothelin receptor type B (Ednrb; NM_017333.1).  

Expression of 2 additional genes, VEGF-A (NM_031836.2) and !-SMA (NM_031004.2), 

were also evaluated (Applied Biosystems, Foster City, CA). Because of the scarcity of 

mRNA in control interstitium, the entire harvested sample had to be used for the Affymetrix 

microarray described above.  Therefore, the RNA obtained from “whole TI” slide was used 

for RT-PCR.  mRNA was amplified as described above and analyzed using the TaqMan 

Gene Expression Assay (Applied Biosystems, Foster City, CA) and assessed via the  RT-

PCR system (Applied Biosystems, Foster City, CA).    

Immunohistochemistry for validation:  

OCT embedded tissue was sectioned at 5µm thickness and fixed in either acetone or 

4% paraformaldehyde.  After blocking with Rodent Block R (Biocare Medical Sciences, 

Concord, CA), sections were incubated in primary antibodies for 30 minutes followed by 

incubation with the appropriate secondary HRP polymer and DAB chromagen.  Primary 

antibodies were: rabbit polyclonal anti-human MGP (Santa Cruz Biotechnology, Santa Cruz, 
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CA), rabbit anti-human ADAMTS-1 (Abcam, Cambridge, MA), goat anti-human OPN/ SPP1 

(LifeSpan Biosciences Inc, Seattle, WA), and rabbit anti-human VEGF-A (LifeSpan 

Biosciences Inc, Seattle, WA).  

Image Analysis:  

In order to assess PTC, iCyte® Laser Scanning Cytometry (CompuCyte Corp, 

Westwood, MA) was performed on the dual stained guide slides (n=2 per animal). Mosaic 

scans of the kidney sections were created using the 633nm HeNe laser (at 40% voltage and -

0.5 offset) with a 20x objective and a 6µm step size. Next, twenty 500x500!m regions of 

interest were manually distributed over the renal cortex in order to avoid inclusion of the 

strongly CD31 positive glomerular endothelial cells.  The amount of tissue examined was 

kept constant across all animals.  CD31 positive events were quantified by high-resolution 

field scanning using a 40X objective and a 0.5!m step size.  Random segmentation events 

(phantom contours) were automatically applied to the field scans in a lattice distribution.  

Long red pixel intensity was collected for each phantom contour and the values were plotted 

in a scatter-gram.  Because there was mild background staining of the proximal tubular brush 

border, the staining was “gated” for pixel intensity in order to restrict the population to pixels 

that were above background intensity values.  Results are “fractional area that is CD31 

positive,” and the values from the 2 guide slides were averaged for each individual animal 

prior to statistical analysis.  

Microarray data analysis, Pathway Analysis and Statistics: 

Proc MIXED and Proc TTEST [MIXED and TTEST Procedures of SAS/STAT, 

2008] in SAS (version 9.2) (SAS, Cary, NC) were used to perform two-sample t-tests on the 
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clinical chemistry and urinary biomarker data.  For the urinary biomarkers, the analytes were 

first normalized to creatinine excretion (uCr) and the differences between each value at each 

interval and the baseline values (-21 days) were compared.  Due to the heterogeneity among 

the groups, the BUN, serum cholesterol and all urinary biomarker values were log 

transformed prior to performing the statistical analysis.  No correction for multiplicity was 

applied. The averaged individual animal data obtained from the iCyte evaluation was 

analyzed with Microsoft Office Excel, 2007 also using a two-sided t-test.   A p < 0.05 was 

considered significant for all of the above evaluations.  

Affymetrix microarray data was analyzed using Array Studio (OmicSoft, Cary, NC). 

Principle component analysis (PCA) revealed significant overlap in the expression patterns 

of tubules and interstitium for 1 control rat, suggestive of contamination of either sample, so 

this rat was not included.  Two analyses were performed on the data from the remaining 

animals.  First, a linear model was used to compare gene expression of control tubules and 

control interstitium to determine tissue-specificity of gene expression in normal rats. In a 

separate analysis, proteinuric versus control rat gene expression was analyzed. Since 2 tissues 

were available per rat, a linear model was constructed to compare tissue specific gene 

expression in control and proteinuric animals at each time point and to examine any 

interactions that may occur between the disease state, time point, and 2 tissues of the rats. As 

expected, proteinuria resulted in the differential regulation of many more tubular than 

interstitial genes. Therefore, we used a relaxed statistical cutoff False Discovery Rate (FDR) 

< 0.2 to identify interstitial transcripts for future study, and we used a more stringent 

statistical cutoff (FDR<0.05) for tubular transcripts.  In order to limit the findings to genes 
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which demonstrated robust differential expression, genes with all means <25   were excluded, 

as were genes displaying < 2 fold-change. Gene Set Enrichment Analysis (GSEA) software 

(Broad Institute, MIT, Boston, MA) was used to compare the current data set to canonical 

angiogenesis pathways as well as curated gene lists of derived from peer-reviewed, published 

angiogenesis, hypoxia, or kidney research.  As suggested by the software, 1000 gene set 

permutations were performed.  A FDR of 0.05 was selected as the cutoff for significantly 

enriched pathways in both compartments. Statistical significance for the RT-PCR data was 

also set at FDR<0.05. 

Results: 

Urinary biomarker and Serum Chemistry Analysis: 

The progression of renal disease was tracked by weekly urinary biomarker assays 

(Figure 2.3). All treated rats had severe glomerular damage 7 days after exposure, as 

evidenced by significant increases in uAlb:uCr (p< 0.0001) and urine total protein:uCr (p < 

0.0001), relative to controls.  No significant elevations in markers of tubular injury were 

present at this time.  Over the course of 35 days, albuminuria and proteinuria remained 

significantly increased in treated rats (p<0.0001 for urine total protein:uCr).  In fact, after day 

7 uAlb:uCr was continually above the upper limit of detection for the assay, even after the 

diluting the sample as suggested by the protocol.  Evidence of tubular injury was first 

detected at 14 days with significantly elevated uKIM-1:uCr (p<0.0001), uOPN:uCr 

(p<0.001), uLCN2:uCr (p<0.0001), and uNAG:uCr (p< 0.0001).  Urinary KIM-1 and LCN-2 

both peaked at 28 days and then slightly decreased at 35 days, whereas uOPN continually 

increased through the course of the study.  Although uNAG peaked at 21 days, it remained 
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significantly elevated over control values (p<0.0001) 35 days.  Treated rats were azotemic, as 

demonstrated by mild but significant increases in serum creatinine (p<0.0001) and BUN 

(p<0.0001). Serum albumin was significantly decreased in treated rats (p<0.0001), whereas 

serum cholesterol was significantly elevated (p<0.0001). 
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Figure 2.3: Box and whisker plots of the urinary biomarkers.  Note that uAlb:uCr and UPC 
were significantly elevated at day 7 (Interval 1) whereas markers of tubular injury were not 
significantly elevated until day 14 (Interval 2).  Additionally, the uAlb in proteinuric rats 
were all above the limit of detection of the assay even following dilution of the urine as 
suggested by the protocol. 
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Necropsy and Histology: 

At necropsy, kidneys from proteinuric animals were enlarged and pale tan.  Ascites 

was present in 2 of 6 treated rats after 3 weeks and 4 of 8 treated rats at 5 weeks.  Pleural 

effusion was only observed after 5 weeks (n=4).  Histopathology revealed mild, multifocal 

glomerular lesions in proteinuric rats 3 weeks after doxorubicin administration.  Scattered 

podocytes contained cytoplasmic vacuoles and were detached from the tuft.  Mild mesangial 

expansion was occasionally present but sclerosis was rare (Figure 2.4 B).  Multifocal tubular 

dilation with intraluminal protein casts and associated mild interstitial inflammation were the 

most common TI findings at this early time point.  Subjectively, PTC were easy to identify 

(Figure 2.3B). There was mild segmental glomerulosclerosis with marked podocyte 

degeneration 5 weeks after treatment (Figures 2.4 C).  Likewise, TI injury had also 

progressed.  Specifically, tubular dilation and tubular protein casts were more frequent. The 

interstitium was multifocally expanded by mild to moderate fibrosis with small aggregates of 

lymphocytes, macrophages and plasma cells (Figure 2.4 D).   
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Figure 2.4: Renal histopathology from a control rat (A) and rats with 3 and 5 weeks of 
proteinuria (B and C, respectively). Histologic glomerular lesions were minimal at 3 weeks 
and some tubules were dilated.  After 5 weeks, podocyte vacuoles and segmental sclerosis 
were present in many glomeruli. (PAS, 400x) (D): TI from a rat with proteinuria of 5 weeks 
duration.  Note the prominent dilated, degenerating tubules, the mild to moderate interstitial 
fibrosis and the scattered inflammatory cells.  (MT, 200x). 
 

CD31 quantification: 

Immunolabeling CD31 allowed identification of PTC endothelial cells on the guide 

slides, which were in series with the same sections used for id-LCM (Figure 2.1).  In order to 

quantitate the fraction of tissue with CD31 staining (areal fraction), laser scanning cytometry 

(iCyte) was used. The areal fraction of CD31 staining was not significantly different from 
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controls after 3 weeks of proteinuria (p <0.25) whereas there was a significant decrease after 

5 weeks (p<0.001).  

Gene Expression Microarray: 

Gene Expression patterns are tissue specific: 

Evaluation of microarray data revealed little overlap in the gene expression pattern 

between tubules and interstitium in control rats.  Specifically, of the 31,099 genes evaluated, 

14,754 genes were significantly differentially expressed by the interstitium and tubules 

(FDR<0.05) (data not shown).  For further validation that separate tissue-types were 

harvested using id-LCM, we compared tubular to interstitial expression of glycine 

amidinotransferase, a proximal tubular enzyme (Gross, 1988).  There was a 250-fold 

difference in the expression.    

Differential regulation of endothelial cell- or angiogenesis-associated transcripts: 

The goal of this project was to identify novel markers of TI remodeling, and 

specifically markers of PTC rarefaction.  In order to generate a workable list of potential 

candidates, the FDR was set at 0.2 for the interstitium.  For comparison, the raw p values 

associated with this FDR cutoff were < 0.0005. This choice resulted in lists of 14 and 50 

genes at 3 and 5 weeks, respectively, and both lists were manually annotated. Specifically, 

literature searches were performed to determine if there was a prior link to endothelial cell 

biology, which was most often in the fields of angiogenesis or vasculogenesis.  Table 2.1 lists 

the 25 differentially regulated interstitial transcripts that have been previously associated 

with either angiogenesis or endothelial cell maintenance.  Two genes, MGP and RNA 

binding motif 3 (Rbm3) were upregulated after 3 weeks and maintained at 5 weeks.  Four 
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genes were upregulated only at 3 weeks whereas 19 genes were changed only at 5 weeks.  

Fourteen transcripts were changed in a manner consistent with promotion of capillary 

survival, 10 transcripts were consistent with capillary loss, and 1 transcript, cathepsin S, has 

been associated with both pro- and anti-angiogenic phenotypes.  

Table 2.1: Differentially regulated interstitial transcripts that have been previously associated 
with endothelial cell maintenance, migration or activation and / or angiogenesis. Genes with 
asterisks are upregulated at both time points.  

Fold change q value 
Annotation Symbol Gene Name 3W          5W 3W             5W Function 

Upregulated interstitial transcripts associated with pro-angiogenic phenotypes  
NM_012862 Mgp* Matrix GLA 

protein 
4.05            4.17 0.06            0.02 Calcium ion binding; 

ECM constituent; cell 
differentiation; 
branching 
morphogenesis of a 
tube 

AI598399 Rbm3* RNA binding 
motif protein 3 

5.01            3.66 0.02            0.05 RNA binding; RNA 
processing; positive 
regulation of 
translation; proto-
oncogene 

NM_013069 Cd74 CD74 7.11 0.09 MHC II protein 
binding; cytokine 
binding; immune 
response; antigen 
presentation 

NM_053867 Tpt1 Fortillin 4.08 0.03 Calcium ion binding; 
transcription factor 
binding; anti-apoptosis 

J04943 Npm1 Nucleo-
phosmin 

2.21 0.14 RNA binding; histone 
binding; unfolded 
protein binding; 
negative regulation of 
cell proliferation; 
response to stress 
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Table 2.1 continued 
BF282228 Ltb Lymphotoxin 

beta  
2.42 0.02 Cytokine activity; 

immune response; cell-
cell signaling 

NM_017196 Aif-1 Allograft 
inflammatory 
Factor 1 

5.09 0.03 Actin binding; calcium 
ion binding; negative 
regulation of apoptosis 
and of cell 
proliferation; positive 
regulation of cell 
migration 

AI071994 Dkk2 Dickkopf2  4.7 0.04 Negative and positive 
regulation of canonical 
Wnt receptor signaling 
pathway depending on 
context 

NM_012950 F2r Thrombin 
receptor 

2.55 0.08 G protein coupled 
receptor; inflammation; 
platelet activation; 
coagulation 

BM390253 Dcn Decorin 3.24 0.11 ECM binding; kidney 
development 

NM_012523 Cd53 Cd53 molecule 2.75 0.15 Signal transduction; 
immune response; 
decreased when 
angiogenesis was 
inhibited 

BI294018 Mrc1 Mannose 
receptor, C 
type 1 

2.62 0.15 Cell binding; mannose 
binding; receptor 
mediated endocytosis 

AI235465 Ccdc80 coiled-coil 
domain 
containing 80 

2.15 0.18 ECM organization; 
fibronectin binding; 
heparin binding 

BI275716 Col3a1 Collagen, type 
3, alpha 1 

3.06 0.18 ECM protein; vascular 
collagen 
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Table 2.1 continued 
Downregulated interstitial transcripts associated with pro-angiogenic phenotypes 
AW253995 Ppap2b Phosphatidic 

Acid Phospha-
tase type 2B  

-3.24 0.02 Integrin binding; lipid 
phosphatase activity; 
blood vessel 
development; canonical 
Wnt receptor signaling 
pathway; positive 
regulation of 
endothelial cell 
migration 

NM_022604 Esm1 Endothelial 
Cell Specific 
Molecule-1 

-5.63 0.03 Growth factor; 
angiogenesis 

BI282755 S1PR3 Sphingosine 1 
receptor 3 

                 -2.25                    0.05 G protein coupled 
receptor; cytokine 
production; 
inflammatory response; 
positive regulation of 
cell proliferation; 
receptor for angiogenic 
sphingosine 1 
(Agraves, 2010) 

BI277433 Amotl1 Angiomotin-
like 1 

-2.7 0.05 Controls endothelial 
cell polarity and cell 
junction stability in 
angiogenesis (Zheng, 
2009) 

AI555744 Fgd5 FYVE, 
RhoGEF and 
PH domain 
containing 5 

-2.59 0.12 Rho guanyl nucleotide 
exchange; regulation of 
Rho protein signal 
transduction; actin 
cytoskeleton 
organization  

Upregulated interstitial transcripts associated with anti-angiogenic phenotypes  
NM_022179 Rpl13a Ribosomal 

protein L13A 
2.93 0.02 Ribosomal component; 

RNA processing; RNA 
stabilization  

AW915925 Syncrip Synaptotagmin
cytoplasmic 
RNA 
interacting 
protein 

2.48 0.08 RNA binding; protein 
binding; RNA splicing; 
mRNA stabilization 
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Table 2.1 continued 
AI145523     3.9 0.15 Decreased in aortic ring 

cultures after 
angiopoietin-1 
treatment 

AI176034 Tnc Tenascin C 2.84 0.17 Cell adhesion; ECM 
binding; positive 
regulation of cell 
proliferation 

AI177403 Cpe Carboxy-
peptidase E 

5.09 0.18 Cell adhesion; 
metallopeptidase 
activity (Hellebrekers, 
2007) 

Differentially regulated interstitial transcripts associated with pro- and anti-angiogenic phenotypes 
NM_017320 Ctss Cathepsin S 3.11 0.08 Lysosomal protease; 

immune response 
 

In the injured tubules, 97 and 74 and genes were differentially regulated after 3 weeks 

and 5 weeks of proteinuria, respectively. Table 2.2 lists 7 differentially regulated tubular 

transcripts that have been previously associated with angiogenesis or endothelial cell 

maintenance.  Three transcripts, OPN, ADAMTS-1, and Gap junction ! 1 (Gja1), were 

upregulated at both examined time points.  Three genes were changed only at the early time 

point and 1 was changed only at the later time point.  There was upregulation of 3 pro-

angiogenic and 2 anti-angiogenic transcripts.  There was downregulation of 1 pro-angiogenic 

and 1 anti-angiogenic transcript. 

Table 2.2: Differentially regulated tubular transcripts that have been previously associated 
with endothelial cell maintenance, migration or activation and / or angiogenesis. Genes with 
asterisks are differentially regulated at both time points.  

Fold change q value 

Annotation Symbol Gene Name 3w         5w  3w                  5w Function 
Upregulated tubular transcripts associated with pro-angiogenic phenotypes 
AB001382 Spp1*  Osteopontin 25.27    12.03 1.17E-10    1.91E-8 Cytokine; ECM 

binding; cell adhesion; 
inflammatory response 
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Table 2.2 contiued 
NM_012603 Myc Myelocyto-

matosis 
oncogene 

4.21 0.007 DNA binding; cell 
proliferation; cell cycle 
arrest; enhances 
angiogenesis in animal 
models of colon cancer 
(Dews, 2006) 

NM-133298 Gpnmb Glycoprotei
n non-
metastatic 
melanoma 
protein B  

3.24 0.008 Integrin binding; cell 
adhesion; negative 
regulation of cell 
proliferation; highly 
expressed membrane 
protein in breast cancer 
epithelial cells and 
cleavage results in 
increased tumor 
angiogenesis (Rose, 
2010)  

Downregulated tubular transcript associated with anti-angiogenic phenotype 
AI179953 Gjb2 Gap junction 

protein, beta 
-4.43 0.014 Cell cell signaling; 

cellular membrane 
organization; involved 
in angiogenesis in 
breast cancer 
(MacLachlan, 2006)  

Upregulated tubular transcript associated with anti-angiogenesis phenotypes 
NM_024400 Adamts-1* ADAMTS-1 3.91     3.95 0.0018         0.0012 Heparin binding; 

metallopeptidase 
activity; kidney 
development; negative 
regulation of cell 
proliferation 

AI411352 Gja1* Gap 
junction, 
protein 
alpha 1 

3.05      4.19 0.003             0.031 Gap junction channel 
activity; protein 
binding; signal 
transduction; ATP 
transport; apoptosis; 
blood vessel 
morphogenesis; 
involved in 
angiogenesis in breast 
cancer (MacLachlan, 
2006) 
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Table 2.2 continued 
Downregulated tubular transcripts associated with pro-angiogenesis phenotypes 
BI296290 Igf2r Insulin-like 

growth 
factor 2 
receptor 

-2.53 0.007 G protein coupled 
receptor; mannose 
binding; IGF binding; 
regulation of apoptosis; 
cleavage of Igf2r 
releases a soluble 
fragment which is 
highly anti-angiogenic 

 
During the manual annotation of transcripts associated with angiogenesis, we were 

surprised to find that many of the transcripts in both compartments have been previously 

linked to acute kidney injury (AKI) but had not been indentified in proteinuric nephropathy.  

Table 2.3 lists the 53 transcripts that have been previously reported to play a role in kidney 

injury, specifically IR, nephrotoxicity, proteinuric nephropathy or obstructive nephropathy.  

Therefore, many of the novel genomic markers of chronic proteinuria identified in these 

experiments are likely involved in mediation of renal injury due to multiple causes.  This 

suggests a striking overlap in the kidney’s transcriptional responses to a wide variety of 

insults.  In the tubules, there was upregulation of many cell cycle, cell stress, apoptosis and 

inflammatory genes with concurrent downregulation of membrane transporters.  Interstitial 

genes were associated with inflammation or ECM production.
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Table 2.3: Differentially regulated transcripts in chronic proteinuria that have also been 
associated with acute kidney disease, such as nephrotoxicity (Tox), IR, or urinary obstruction 
(UUO).  Previously reported involvement in proteinuria (Prot) is also noted. 

 Implicated in: 

Annotation  Gene 
Name 

 
Fold 

change 
  

    
   q value 

Tox IR UUO Prot 

Upregulated tubular transcripts associated with kidney injury 
3w: 
25.27   

3w: 
1.17E-10   

AB00382 OPN 

5w: 
12.03 

5w: 
1.91E-08 

 X (Xie, 
2001, 
Thukral, 
2005, and 
Wang 
2008) 

X (Xie, 
2001, 
Thukral, 
2005, and 
Wang 
2008) 

  X (Dia-
mond, 
1995) 

3w: 
8.09         

3w: 
1.76E-6       

AF035963 KIM- 1 

5w: 
5.24 

5w:  
4.72E-5 

 X  
(Bonventre, 
2009 and 
Rouse, 
2011) 

X 
(Bonventre, 
2009) 

    

AF065147 Cd44 
molecule 

3w: 
2.66 

3w: 
0.0003 

X   (Huang, 
2001 and 
Wang, 
2008) 

X 
(Rouschop, 
2005) 

    

3w: 
6.21         

3w: 
0.0015           

NM_0131
32 

Annexin 
A5 

5w:  
3.88 

5w: 
0.0177 

X (Huang, 
2001 and 
Wang, 
2008) 

      

3w: 
3.91          

3w: 
0.0018          

NM_0244
00 

ADAMTS
- 1 

5w: 
3.95 

5w:  
0.0012 

X  (Yuen, 
2006) 

X (Basile, 
2008) 

    

3w:  
4.3           

3w: 
0.0032           

NM_0311
14 

S100 
calcium 
binding 
protein 
A10 

5w: 
3.14 

5w:  
0.0218 

X (Thukral, 
2005) 

      

NM_0129
12 

Activating 
transcripti
on factor 3 

3w: 
2.1 

3w: 
0.0049 

X (Huang, 
2001 and 
Yuen, 
2006)  

X 
(Schuurs, 
2004 and 
Yuen, 
2006) 

    

AI072045 Fibrinogen 
alpha 
chain 

3w: 
2.3 

3w: 
0.0057 

X (Thukral, 
2005)  

                           

NM_0318
32 

Lectin, 
galatco-
side – 
binding, 
soluble 3 

3w: 
3.07 

3w: 
0.0066 

X (Thukral, 
2005)  

    X (Oka- 
mura, 
2011) 
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Table 2.3 continued 
NM_133298 Glycopro-

tein non-
metastatic 
melanoma 
protein B 

3w: 
3.24 

3w: 
0.0086 

X (Swain, 
2011) 

      

3w: 
5.12        

3w: 
0.01                  

NM_031140 Vimentin 

5w: 
2.21 

5w:  
0.02 

X (Thukral, 
2005 and 
Wang 
2008) 

      

AF314657 Clusterin 3w: 
7.5 

3w: 
0.02  

X (Huang 
2001, and 
Vickers, 
2004) 

X (Kieran, 
2003 and 
Yoshida, 
2002) 

    

M23764 Tropomyo
-sin 1, 
alpha 

3w: 
2.09 

3w: 
0.02 

      X 
(Nazeer, 
2009) 

NM_013144 Insulin-
like 
growth 
factor 
binding 
protein 1 

3w: 
3.66 

3w: 
0.02 

X (Huang, 
2001) 

      

3w: 
3.05         

3w: 
0.03                 

AI411352 Gap 
junction 
protein, 
alpha 1 

5w: 
4.19 

5w:  
0.003 

      X 
(Toubas, 
2011) 

AA892798 Sclerostin 
domain 
containing 
1 

5w: 
5.52 

5w: 
0.002 

X (Tanaka, 
2010) 

    X  
(Yanagit
a, 2006) 

NM_019354 Uncou-
pling 
protein 2 
(mitocho-
ndrial 
proton 
carrier) 

5w: 
4.36 

5w: 
0.005 

X 
(Amerkha-
nov, 2008) 

X 
(Yoshida, 
2002) 

    

XD4280 Calbindin 
1 

5w: 
4.91 

5w: 
0.005 

X (Dieterle, 
2008) 

      

NM_012678 Tropomy-
osin 4 

5w: 
2.46 

5w: 
0.02 

X (Yuen, 
2006) 

      

 AA957335 Growth 
arrest 
specific 6 

5w: 
2.23 

5w: 
0.05 

      X 
(Fiebeler
, 2004) 

BI285141 Cd24 
molecule 

5w: 
2.35 

5w: 
0.05 

X (Thukral, 
2005 and 
Wang 
2008) 
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Table 2.3 continued 
Upregulated interstitial transcripts associated with kidney injury 

NM_173340 Ribosomal 
protein 
L13A 

3w: 
2.93 

3w: 
0.02 

X (Huang, 
2001) 

    X (Naga-
sawa, 
2001) 

NM_053867 Fortilin 3w: 
4.08 

3w: 
0.03 

X 
(Puigmulé, 
2009) 

      

3w: 
4.05         

3w: 
0.06                   

NM_012862 Matrix GLA 
protein 

5w: 
4.17 

5w: 
0.02 

X (Wang, 
2008) 

X (Basile, 
2005) 

    

NM_012992 Nucleo-
phosmin 

3w: 
2.21 

3w: 
0.14 

X 
(Puigmulé, 
2009) 

      

AI406660   5w: 
5.09 

5w: 
0.0005 

  X (Yuen, 
2006) 

    

NM_017196 AIF-1 5w: 
5.09 

5w: 
0.03 

  X 
(Shoskes, 
1998) 

    

NM_017320 Cathepsin S 5w: 
3.11 

5w: 
0.08 

X (Thukral, 
2005) 

      

NM_012950 Coagulation 
Factor II 
(Thrombin) 
receptor 

5w: 
2.55 

5w: 
0.09 

  X (Yuen, 
2006 

    

NM_017154 Xanthine 
dehydro-
genase 

5w: 
2.65 

5w: 
0.11 

  X 
(Yoshida, 
2002) 

    

BM390253 Decorin 5w: 
3.24 

5w: 
0.12 

  X (Alan, 
2011) 

X 
(Schaefer, 
2002) 

  

BI294018 Mannose 
receptor, C 
type  

5w: 
2.62 

5w: 
0.15 

  X (Lee, 
2011) 

    

AI176034 Tenascin-C 5w: 
2.84 

5w: 
0.18 

      X (Harris, 
2004) 

BI 275716 Collagen 
type III, 
alpha 1 

5w: 
3.06 

5w: 
0.18 

X 
(Oleggini, 
2000) 

      

Downregulated tubular transcripts associated with kidney injury 

AI230294 Peroxisome 
proliferation 
activated 
receptor, 
delta 

3w: 
-2.1 

3w: 
2.70E-05 

      X (Yang, 
2011) 
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Table 2.3 continued 
3w: 
-5.19     

3w: 
8.24E-5        
 

Y09945 Solute 
carrier 
family 22, 
member 25 5w: 

-9.67 
5w: 
0.0002 

X (Thukral, 
2005) 

      

3w: 
-10.55 

3w: 
0.0001       

NM_052802 Kidney 
androgen 
regulated 
protein 5w: 

-35.19 
5w: 
1.29E-07 

X 
(Tornavaca, 
2011 and 
Thompson 
2004) 

      

AA849966 Predicted 
Mpv17 
transgene,  

3w: 
-2.96 

3w: 
0.003 

                                   

BE112294 Villin-like 3w: 
-2.45 

3w: 
0.003 

  X (Ongeri, 
2011) 

    

NM_013183 Meprin 1 
beta 

3w: 
-3.37 

3w: 
0.004 

       X (Kieran, 
2003 and 
Ongeri, 
2011) 

    

NM_053524 NADPH 
oxidase 4 

3w: 
-5.5 

3w: 
0.02 

X 
(Thijssen, 
2007) 

X 
(Mkaddem, 
2010) 

    

NM_017163 Solute 
carrier 
family 6, 
member 18 

3w: 
-2.97 

3w: 
0.02 

X (Xu, 
2008) 

      

U63923 Thioredoxin 
reductase 1 

3w: 
-2.14 

3w: 
0.04 

      X(Granq-
vist, 
2010) 

AW914746 Biphenyl 
hydrolase-
like (serine 
hydrolase) 

3w: 
-3.76 

3w: 
0.04 

  X (Kieran, 
2003) 

    

NM_012654 Solute 
carrier 
family 9 (Na 
+/ H+ 
exchanger) 
member 3  

3w: 
-2.8 

3w: 
0.04 

X (Libório, 
2008 and 
Wang 
1997) 

  X (Wang, 
2008) 

  

NM_012600 Malic 
enzyme 1, 
NADP(+)-
dependent, 
cytosolic 

3w: 
-6.6 

3w: 
0.04 

      X (Rud-
nicki, 
2007) 
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Table 2.3 continued 
NM_017224 Solute 

carrier 
family 22 
(organic 
anion 
transporter) 
member 6 

3w: 
-3.58 

3w: 
0.04 

X (Thukral, 
2005) 

  X (Villar, 
2005) 

  

H35736 Solute 
carrier 
family 25 
member 30 

5w: 
-2.19 

5w: 
0.007 

X (Haguen-
auer, 2005) 

      

AF230096 Myo-inositol 
oxygenase 

5w 
-4.96 

5w: 
0.01 

X (Waters 
2005) 

X (Hu, 
2000) 

    

AI179953 Gap junction 
protein, beta 
2 

5w: 
-4.43 

5w: 
0.01 

X (Thukral, 
2005) 

      

NM_017340 Acyl-
coenzyme A 
oxidase 1, 
palmitoyl 

5w: 
-3.97 

5w: 
0.03 

      X (Rud-
nicki, 
2007) 

NM_134380 Integral 
membrane 
transport 
protein  

5w: 
-3.22 

5w: 
0.05 

  X 
(Yoshida, 
2002) 

    

Downregulated interstitial transcripts associated with kidney injury 

BI282755  Sphingosine 
1 receptor 3  

5w: 
-2.25 

5w: 
0.05 

X (Sola, 
2011) 

      

 

Pathway Analysis 

Pathway analysis, using GSEA, allowed comparison of the microarray data to 

canonical pathways and curated gene lists derived from peer-reviewed publications on 

angiogenesis, hypoxia, or kidney injury.  Specifically, 8 angiogenesis pathways were queried, 

4 of which were from the Gene Ontology (GO) pathways and 4 of which were derived from 

the published research of tumor angiogenesis. Although none of the GO angiogenesis 
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pathways were enriched in the current study, one angiogenesis gene list, “Lu Tumor 

Angiogenesis Up” (Lu, 2007) was significantly enriched in the tubules at 3 weeks and 

maintained at 5 weeks.  Two additional angiogenesis-related gene lists, “Hu Angiogenesis 

Dn” (Hu, 2005) and “Hellebrekers silenced during tumor angiogenesis” (Hellebrekers, 2007), 

were enriched in the interstitium and tubules, respectively at 5 weeks.  Although the latter 

pathway was statistically associated with the current data set, it may be pathologically 

irrelevant because that gene list was derived from tumor conditioned endothelial cells 

whereas our microarray results were generated from tubular epithelial cells.  Eight curated 

hypoxia gene lists were examined, and there was consistent upregulation of the “Harris 

hypoxia” pathway (Harris, 2002) in the tubules of proteinuric animals.  No canonical hypoxia 

pathways were upregulated in the current experiment.   

Canonical gene pathways of kidney disease were not available in the GSEA database. 

Instead, 8 curated kidney-related gene lists were used, 4 of which were derived from aged 

human kidneys (Rodwell, 2004) and 4 of which were derived from renal transplant data 

(Flechner, 2004). Seven of the 8 pathways were enriched in the current dataset.  Interestingly, 

tubules from the control animals were enriched in transcripts that are underexpressed in aged 

human kidneys, whereas tubules and interstitium from proteinuric rats were enriched in 

transcripts that are overexpressed in aged human kidneys. Comparison of microarray data 

from the current study to renal transplant recipients also yielded interesting findings.  

Interstitium from proteinuric rats was enriched in transcripts that have been documented to 

be upregulated in renal transplant recipients, irrespective of transplant rejection status. 

Because both stable allografts and allografts undergoing rejection experience some degree of 



 
 
 

 

 

78 

IR during the transplant procedure, the statistically significant similarities between renal 

allografts and the current analysis may be due to correlations between recovered IR and 

proteinuria.  Thus pathway analysis suggest commonalities in the gene expression pathways 

of the TI in the setting of chronic proteinuria, aging and IR.   

Validation of gene expression data 

Significantly increased urinary excretion of KIM-1 and OPN correlated with the gene 

expression data, as they were also the most significantly upregulated transcripts in the 

tubules.  A subset of the transcripts were validated via RT-PCR.  This method revealed 

similar directional regulation of Adamts1, MGP, OPN, esm1, Aif1, tenascin-C and decorin, 

and KIM-1. Endothelin receptor type B was not validated and therefore may represent a false 

positive result. The expression of 2 additional transcripts, VEGF-A and !-SMA, were also 

assessed via RT-PCR and neither were significantly upregulated. Immunohistochemistry was 

performed for MGP, OPN and ADAMTS-1.  The MGP transcript was increased in the 

interstitium, whereas OPN and ADAMTS-1 transcripts were upregulated in the tubules.  In 

the case of MGP, the control rats demonstrated mild interstitial labeling, which was stronger 

in the medulla.  Proteinuric rats retained this staining pattern, as well as having large foci of 

intense labeling in the cortical interstitium  (Figure 2.5 A-B). ADAMTS-1 protein was not 

expressed in control rats but proteinuric rats had moderate interstitial labeling (Figure 2.5 C-

D). OPN was significantly increased in epithelial cells of proteinuric rats (data not shown). 

VEGF-A transcription and IHC 

Because VEGF-A has been repeatedly implicated in models of IR-induced PTC 

rarefaction we wanted to investigate its role, if any, in proteinuria-associated PTC loss.  As 
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noted above, regulation of VEGF-A transcription was not identified via either Affymetrix 

microarray or RT-PCR of whole TI (p<0.4).  Likewise, IHC revealed maintenance of the 

staining pattern observed in control rats, namely strong immunolabeling of collecting ducts 

and distal convoluted tubules and scattered mild labeling of proximal tubules (Figure 2.5 E-

F).  
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Figure 2.5: IHC validation of selected transcriptional events. MGP protein was present in the 
interstitium of control rats (A).  MGP was markedly increased in regions of fibrosis in the 
interstitium of rats with proteinuria of 5 weeks duration (B).  ADAMTS-1 protein was absent 
in control rats (C) but was present in the interstitium of rats with proteinuria of 5 weeks 
duration (D). IHC for VEGF-A strongly labeled distal tubules in both control and proteinuric 
rats.  Proximal tubules were lightly stained in both groups.  (E and F).  Magnification: 400x.  
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Discussion: 

Progressive tubular degeneration and atrophy with concurrent interstitial fibrosis are 

well-recognized sequelae of glomerular proteinuria.  Concurrent with these phenomena, 

PTCs are remodeled.  Although PTC loss is frequently studied in models of IR, less is known 

regarding the pathogenesis of proteinuria-associated PTC rarefaction. In the current study, 

urinary biomarker assays revealed that severe albuminuria preceded excretion of tubular 

injury markers by 1 week, substantiating the theory that DN is a model in which proteinuria 

drives TI injury.  Image analysis of CD31 IHC reveals that although the areal fraction of 

cortical PTC decreased after 3 weeks of proteinuria, the difference was not statistically 

significant until 5 weeks.  This indicates that the examined time points were appropriate for 

investigation of the molecular mechanisms involved in PTC loss.  Notably, virtually all 

glomeruli retained open capillary loops at 5 weeks suggesting that decreased CD31 area 

fraction was not the consequence of glomerular obsolescence resulting in loss of the 

downstream PTC bed.  

Interestingly, VEGF-A transcriptional regulation was not evident at 3 or 5 weeks, and 

IHC revealed similar staining patterns in proteinuric and control animals.  Although this is 

consistent with some previous work (Basile, 2005 and Basile, 2008), it conflicts with the 

findings of decreased VEGF-A protein in human diabetic nephropathy (Lindenmeyer, 2007) 

and in models of IR (Basile, 2001) and remnant kidney (Kang, 2001).  As discussed 

previously, the proposed role of VEGF-A in IR has evolved over the past decade.  Whereas a 

decrease in VEGF-A synthesis was once theorized to drive PTC loss, recent research has 

shown that it is acutely decreased after IR and then rebounds to normal levels, only to be 
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sequestered by ADAMTS-1 (Basile, 2008). The role of VEGF-A becomes even more 

confusing in the setting of diabetic nephropathy where it is reported to be increased in rats 

(Cooper, 1999) but decreased in humans (Lindenmeyer, 2007).   

Two studies that evaluated PTC in chronic proteinuria are extremely relevant to the 

current investigation.  First, cortical microvascular loss and tubular hypoxia were assessed in 

murine doxorubicin nephropathy and linked to decreased VEGF-A protein (Kairaitis, 2005).  

In that study, glomeruli were included in the assessment of cortical microvasculature, 

precluding differentiation between PTC loss and glomerular endothelial cell loss, a feature 

that is expected in glomerulosclerosis.  Furthermore, protein quantification was performed on 

homogenized tissue, which may have been impacted by doxorubicin-induced podocyte death 

as they are a major source of VEGF-A (Pavenstädt, 2003).  Second, Rudnicki et al (2009) 

performed microarray analysis of proximal tubules from renal biopsy tissue of proteinuric 

patients.  That study revealed a decrease in VEGF-A transcription only in patients with 

progressive disease (defined as a decrease in glomerular filtration rate of >30% or 

progression to end stage renal disease within 2 years). Statistically significant 

downregulation of VEGF-A could not be validated wit RT-PCR; however, regulation of 

other transcripts identified via microarray was verified.  Furthermore, statistical analysis of 

the microarray data differed between that study and the current experiments.  Specifically, 

their cutoff for significance was a raw p value of 0.05, whereas our analysis accounted for 

multiplicity as suggested by most biostatisticians (Reiner, 2003). For comparison, our FDR 

cutoff of 0.05 (tubules) and 0.2 (interstitium) correlated with raw p values < 0.0002 and 

<0.0005, respectively.  
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It is important to recognize that while overt differences in VEGF-A mRNA or protein 

were not detected in the current experiments, it is possible that post-translational events could 

inhibit the function of this pro-survival molecule without affecting IHC results. Even if 

VEGF-A is involved in the pathogenesis of proteinuria-associated PTC rarefaction, long-

term treatment with VEGF receptor agonists, which would be needed for chronic glomerular 

diseases, is not desirable.  In fact overexpression of VEGF-A by podocytes induces cellular 

hypertrophy and eventual glomerulosclerosis (Veron, 2010).  Therefore, other mediators of 

PTC rarefaction need to be identified for future investigation.    

In order to identify novel molecular markers of PTC loss, gene expression microarray 

was chosen to provide an extensive, non-biased approach. In the setting of multifocal TI 

injury, id-LCM allowed targeted harvest of injured tubular cells and surrounding interstitium.  

Twenty-five of the 62 differentially regulated interstitial transcripts have been previously 

associated with angiogenesis.  After 3 weeks of proteinuria, 5 of the 6 interstitial genes were 

changed in a manner that would preserve capillaries.  After 5 weeks, there was upregulation 

of 5 anti-angiogenesis transcripts and downregulation of 5 pro-angiogenesis genes.  Nine 

genes changed at this time point have been associated with pro-angiogenic phenotypes and 

the remaining gene has been associated with both pro- and anti-angiogenic phenotypes.  

These data suggest an early attempt at the preservation of PTC, which shifts to a late inability 

to maintain the capillary network.  

The angiogenic roles of many of the regulated interstitial genes are well established.  

MGP, which was upregulated at both 3 and 5 weeks, mediates embryonic renal vascular 

development (Yao, 2011) and promotes capillary tube formation in vitro (Boström, 2004). 
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Interestingly, both excess and absence of MGP have been reported to increase VEGF protein 

levels in endothelial and epithelial cells they support (Yao, 2011 and Boström, 2004).  In the 

current study, MGP upregulation was validated by RT-PCR and IHC.  AIF-1 expression by 

endothelial cells is upregulated in response to inflammation and plays a significant role in 

endothelial cell activation, proliferation, and migration during angiogenesis.  Furthermore, in 

vitro endothelial cell migration towards the chemoattractant VEGF depended on AIF-1 levels 

(Tian, 2009).  Thrombin receptor (F2R) has been implicated in vascular development during 

embryogenesis as well as endothelial cell activation and inflammation-associated 

angiogenesis (Hirano, 2007 and Coughlin, 2000).  Recently, Dickkopf2 was shown to 

enhance in vitro angiogenesis and in vivo neovascularization in ischemic disease models in 

VEGF- and hypoxia-independent manners (Min, 2011).  Two upregulated transcripts, 

nucleophosmin and fortillin, were identified as the 2 major proteins that decreased upon anti-

angiogenic treatment of cancer cells (Jankun, 2007).  Suppression of nucleophosmin by RNA 

interference can repress VEGF translation (Kawagishi, 2010).  Cathepsin S, upregulated at 5 

weeks, can cleave type XVIII collagen to release endostatin, a potent anti-angiogenic agent 

(Veillard, 2011).  Cathepsin S can also degrade ECM during tumor vessel invasion  (Wang, 

2006) and therefore has both pro- and anti-angiogenic activities.  Decorin (Fielder, 2009) and 

COL3A1 (Liu, 1997) are important ECM components that also are involved in angiogenesis.  

Because of the relationship between angiogenesis and cancer metastasis, the former has been 

extensively investigated in tumor models.  Therefore, it is not surprising that many of the 

interstitial transcripts — Mgp (Kuzontkoski, 2010), Rbm3 (Sureban, 2008), CD74 (Veillat, 

2010), Ltb (Hehlgans, 2002), cathepsin S (Wang, 2006 and Veillard, 2011), Mrc1 (Coffelt, 
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2010), Ccdc80 (Marcantonio, 2001 and Pawlowski, 2010), and Cpe (Hellebrekers, 2007) — 

have been implicated in tumor angiogenesis.  

After 5 weeks of proteinuria, there was transcriptional evidence of failure of capillary 

maintenance.  This was either via upregulation of transcripts associated with angiogenesis 

inhibition or via downregulation of angiogenesis promoters. Phosphatidic acid phosphatase 

2B, which was decreased at 5 weeks, is expressed at adherens junction by activated 

endothelial cells in response to VEGF during capillary morphogenesis and its depletion is 

associated with decreased cell-cell adhesion, endothelial cell migration, and formation of 

capillary branching structures (Humtsoe, 2010 and Wary, 2005). Likewise, Esm-1 is 

expressed by endothelial cells at the tip of newly developing blood vessels during retinal 

development and in models of retinal neovascularization (Aitkenhead, 2002, Sarrazin, 2006, 

Strasser, 2010 and Recchia, 2010); it was decreased in the current experiments after 5 weeks 

of proteinuria.  Fgd5, also decreased, has been identified as a novel gene induced during 

zebrafish vasculogenesis in 2 separate studies (Gomez 2009 and Wong, 2009). Notably, the 

study by Wong also demonstrated concurrent upregulation of another transcript that was 

similarly increased in the current study, Mrc1.  Syncrip, increased at 5 weeks, and Rpl13a, 

increased at 3 weeks, are part of a ribosomal complex that blocks VEGF translation (Ray, 

2009). Tenascin-C and the EST A145523 were both downregulated during Angiopoietin-1 

induced angiogenesis in explanted coronary arteries (Aplin, 2006), whereas they were 

upregulated in the current study.  It is important to note that the id-LCM protocol was 

designed to avoid inclusion of myoepithelial cells from the samples in order to identify 

transcriptional changes that occur prior to irreversible interstitial damage.  As myoepithelial 
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cells are anti-angiogenic in breast tissue, their presence in the kidney may exacerbate PTC 

rarefaction (Nguyen, 2000).  

Gene expression microarray of injured tubules also identified transcripts associated 

with capillary maintenance and angiogenesis.  Osteopontin, besides being a marker of kidney 

injury, can induce exposed endothelial cells to proliferate, migrate and form tubes in vitro.  

Furthermore, treatment of the endothelial cells with anti-OPN antibody was more effective 

than anti-VEGF antibody at blocking angiogenesis (Dai, 2009).  Because OPN is a strong 

macrophage chemotaxin in the kidney, it is possible that tubular synthesis of OPN can 

influence other interstitial processes.  ADAMTS-1, which was increased at both time points, 

has been previously linked to PTC rarefaction in IR models where it was shown to sequester 

VEGF protein in tubular epithelial cells.  Gene expression microarray following IR and 

mercuric chloride nephrotoxicity also revealed marked upregulation of this transcript, 

although IHC did not label protein in that study.  This inconsistency may have been due to 

IHC technique.  In our hands, the ADAMTS-1 antibody IHC was successful with acetone 

fixative but not 4% paraformaldehyde.  Interestingly, ADAMTS-1 mRNA was increased in 

the tubules but the protein was present in the interstitium, suggesting transport between 

compartments.  Its transcriptional regulation was also validated with RT-PCR. Expression of 

4 transcripts, myc (Dews, 2006), Gpnmb (Rose, 2010), Gja1 (McLachlan, 2006), Igf2r 

(Leska, 2011) and Gjb2 (Qin, 2003) by neoplastic epithelial cells has been associated with 

tumor angiogenesis.  Thirteen additional tubular transcripts have been associated with 

angiogenesis when investigated in endothelial cells.  These were not included in Table 2 as 



 
 
 

 

 

87 

their roles in angiogenesis have only been demonstrated when they are endogenous to the 

endothelium.   

GSEA allowed comparison of the current data set to other microarray results derived 

from published angiogenesis or kidney research, even though the pathways for those gene 

sets have not yet been entirely elucidated. A diagram of molecular pathways that may be 

involved in proteinuria-induced PTC loss is presented in Figure 2.6.  Pathway analysis 

revealed enrichment of 3 curated gene sets derived from published tumor angiogenesis 

research.  Specifically there was enrichment of gene lists from: Hu tumor angiogenesis dn, 

Lu tumor angiogenesis up, and Hellebrekers silenced during tumor angiogenesis. Because the 

Lu tumor angiogenesis up gene list was enriched at both time points, it may provide a source 

of additional candidate transcripts that can be examined in future investigations. Of note, 

only 4 of the interstitial transcripts and 2 of the tubular transcripts are included in either the 

GO and curated angiogenesis gene lists, compared to the 25 and 7 genes that were noted to 

have angiogenic roles via manual annotation, respectively.  The Human Angiogenesis Array 

from Applied Biosystems contains only 3 of the genes (Adamts1, F2R and CD44) that were 

upregulated in the current experiments. This highlights the importance of manual annotation 

for discovery experiments.
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Figure 2.6: Diagram of possible molecular pathways of tubular epithelial cells and endothelial cells 
in chronic proteinuria at 3 and 5 weeks.  At 3 weeks, most pathways promote angiogenesis, whereas 
later there is activation of more anti-angiogenesis pathways.  Although VEGF may be involved, its 
transcript is not differentially regulated. (+): pro-angiogenic; (-): anti-angiogenic. Red symbol: 
upregulated in current experiment; Blue symbol: downregulated in current experiment.  Red line: 
upregulates target; Blue line: downregulates target; Solid line: affect transcription; Dashed line: 
regulates target post-transcriptionally. 
 

Although we intended to investigate molecular markers of PTC loss, we were 

surprised to find 14 of the 61 differentially regulated interstitial transcripts and 39 of the 150 

tubular transcripts have been previously identified in experiments of kidney injury, most 

often nephrotoxicity and IR. Furthermore, the urinary biomarker analysis showed marked 

excretion of proteins that have been previously thought to be indicative of nephrotoxicity 

(Bonventre 2010).  “Protein toxicity” to the tubular epithelium has been suggested by 

numerous in vitro (Ohse, 2006) and in vivo experiments (Motoyashi, 2008); however, the 

similarities to AKI have not yet been explored in depth. Comparison of the current 

microarray data set to those of AKI suggests the existence of common pathways of TI injury. 
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Pathway analysis also supports this theory because the current data set was enriched in 

transcripts expressed by aged kidneys and renal allografts that had previous IR.     

Unfortunately, few microarray experiments have investigated models of proteinuria.  

Instead most have been designed to identify specific molecular markers of nephrotoxicity.  

Interestingly, one previous microarray study compared multiple tubular toxins to puromycin 

aminonucleoside nephrosis (PAN), another model of severe proteinuria, which uses repeated 

doses of the drug.  Although that study did identify PAN-specific injury via microarray 

analysis of whole kidney homogenates, there was considerable overlap amongst all treatment 

groups.  The interpretation of those data was that puromycin induced tubular toxicity, which 

had been previously unrecognized in PAN.  In light of the current data, it is possible that the 

PAN-specific injury was to the glomeruli, whereas proteinuria drove the TI injury (Amin, 

2004).  

In conclusion, id-LCM and gene expression microarray in proteinuria-associated PTC 

rarefaction have revealed differential regulation of numerous angiogenesis-related 

transcripts.  Identification of genes and proteins that may play a role in PTC remodeling is 

the foundation for further investigations of the pathogenesis of PTC loss. It is clear that 

rarefaction is not a unidirectional process and instead depends on the interaction and balance 

of these molecules. Furthermore, the overlap in urinary biomarker analysis, renal gene 

expression, and PTC loss amongst proteinuric and acute nephropathies support the theory of 

a final common pathway of TI injury.  
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CHAPTER 3 
 

microRNA Regulation in Tubulointerstitial Remodeling Secondary to Proteinuria   

 

Rachel Cianciolo, Lawrence Yoon, Brian Berridge 

Abstract: 

Background: Chronic glomerular proteinuria often incites tubulointerstitial damage, 

eventually leading to end-stage kidney disease.  The role of tubulointerstitial microRNA 

(miRNA) in the regulation of this process has not yet been investigated.   

Methods: Severe proteinuria was induced via a single intravenous injection of doxorubicin.  

Three weeks after injection, histopathology revealed minimal, multifocal podocyte injury; 

tubulointerstitial lesions were limited to mild tubular dilation with rare protein casts and 

scattered inflammatory cell infiltrates.  Laser Capture Microdissection was used to isolate the 

tubulointerstitium and miRNA Taqman array was performed.  

Results: Forty-four miRNAs were identified in the tubulointerstitium of rat kidneys.  Of 

these, 8 miRNAs were significantly decreased and 1 was significantly increased in the 

tubulointerstitium of proteinuric rats compared to control animals.  Interestingly, 

downregulated miRNAs have been associated with the regulation of ECM synthesis, cellular 

proliferation, apoptosis and angiogenesis.  Three of the identified miRNAs, miR-218, miR-

30c, and miR-191, have been previously associated with kidney disease.   

Conclusion: miRNAs associated with the regulation of apoptosis and cell proliferation are 

changed in  proteinuria .  Moreover, ECM synthesis and maintenance of the interstitial 

vasculature may also be influenced by miRNAs.  Interference in these miRNA pathways may 
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be a viable option for blocking the progression of proteinuria-induced tubulointerstitial 

disease.  

Introduction: 

Chronic proteinuria is a common cause of progressive tubulointerstitial (TI) injury. 

The molecular mechanisms of proteinuria-induced TI damage have not been entirely 

elucidated but gene expression analysis has identified activation of inflammatory, apoptosis, 

cell cycle and angiogenesis pathways (Rudnicki, 2007 and Amin, 2004). Upregulation of 

these pathways has been associated with the histologic phenotype of tubular epithelial cell 

degeneration, apoptosis and regeneration as well as interstitial inflammation and fibrosis.  

Identification of mechanisms that are involved in the regulation of gene expression patterns 

during proteinuria-induced TI injury is of great interest, and miRNA are likely candidates for 

regulation of these processes.    

miRs are short (~20-22 nucleotides in length), non-coding RNAs that contain seed 

sequences which are complementary to regions in the 3’UTR of their target mRNAs.  

Interaction between a miRNA and its target mRNA results in mRNA degradation or 

translational repression in scenarios of complete or incomplete sequence complementarity, 

respectively (Li, 2010 and Meister, 2007).  Previous investigations of the role of miRNAs in 

kidney disease have focused on lupus nephropathy (Dai, 2009), ischemia reperfusion injury 

(Shapiro, 2011), diabetic nephropathy (Kato, 2007), interstitial fibrosis in remnant kidney 

models (Sun, 2011), IgA nephropathy (Dai, 2008 and Wang, 2010), renal allograft rejection 

(Sui, 2008), unilateral ureteral obstruction (Zarjou, 2011) and polycystic kidney disease 

(Saal, 2009) in vivo.  These studies have been limited by their use of whole kidney 
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homogenates for analysis, wherein changes in glomerular miRNA expression may mask or 

confound interpretation of changes in TI miRNAs.  Furthermore, the role of miRNAs in the 

setting of chronic proteinuria has not yet been interrogated.  Therefore, we induced a model 

of chronic proteinuria in rodents, Doxorubicin Nephropathy, to investigate changes in 

miRNAs within the tubulointerstitium. 

Materials and Methods: 

Animals: 

This study was conducted after review by the GlaxoSmithKline (GSK) Institutional 

Animal Care and Use Committee and in accordance with the GSK Policy on the Care, 

Welfare and Treatment of Laboratory Animals.  Of note, the rats in this study were a subset 

of animals used previously for investigation of urinary biomarkers and gene expression 

analysis, the results of which have been reported previously. Doxorubicin Nephropathy was 

induced in 5 male 13-week old Sprague Dawley rats [Crl:CD(SD) Charles River, Raleigh, 

NC] after a 4 week acclimatization period via a single 7.5mg/kg of doxorubicin 

hydrochloride injection (Sigma-Aldrich Co., LLC, St Louis, MO) into the tail vein.  Five 

control rats received equivalent amounts of 0.9% saline vehicle.  Urinary biomarker analysis 

verified the presence of proteinuria in treated rats and results have been reported previously.  

Three weeks after exposure to doxorubicin, rats were euthanized under isoflurane anesthesia, 

and the kidneys were immediately harvested.  Coronal slices were embedded in Optimal 

Cutting Temperature (OCT) compound (TissueTek, Netherlands) and frozen in a mold 

floating in an isopentane-dry ice slurry.  Samples were kept frozen at -80°C until 
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cryosectioning.  Other slices of kidney were placed in 10% neutral buffered formalin for 

routine histology.  

Tissue Preparation: 

Samples for histology were processed routinely, sectioned at 3µm thickness, and 

stained with hematoxylin and eosin (H&E), Periodic Acid Schiff’s reagent, and Masson’s 

trichrome.  OCT embedded samples were cut at 10µm thickness onto Laser Capture 

Microdissection (LCM) membrane slides (MicroDissect GmbH, Herborn, Germany).  

Cryosectioned slides were returned to -80°C until LCM and were dissected within 5 days of 

cryosectioning.  

Laser Capture Microdissection: 

An abbreviated H&E protocol was used to stain the membrane slides as described 

previously (Cullen, 2010) with the slight modification of performing all steps at 4°C. After 

staining the slides, the TI was harvested using CellCut software (Molecular Machines & 

Industries Zurich, Switzerland) on a Nikon Eclipse Microscope.  The dissected portion of the 

membrane slide adhered to the caps of LCM collection tubes (MicroDissect GmbH, Herborn, 

Germany) and samples were incubated at 42°C with 50µl of lysis buffer for 30 minutes.  

Following lysis, each tube was stored at -80°C until all membrane slides were dissected.  

microRNA Isolation  and Amplification: 

Isolation of miRNA was performed using the Ambion RNaqueous-Micro kit (Applied 

Biosystems, Carlsbad, CA).  As suggested in the protocol, 100% ethanol was used to harvest 

small RNA species.  Specimen quality was assessed with the Agilent Bioanalyzer and the 

Agilent RNA 6000 Pico kit (Agilent, Palo Alto, CA) and deemed adequate.  microRNA 
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expression was analyzed via RT-PCR using the pre-amplification protocol.  Briefly, reverse 

transcription (RT) of miRNAs was performed by adding Megaplex Primer Pool A (0.8!L), 

100mmol/L dNTPs (0.2!L), MultiScribe Reverse Transcriptase (1.5!L), 10X reverse 

transcriptase buffer (0.8!L), MgCl2 (0.9!L), RNase inhibitor (0.1!L) and nuclease free water 

(0.2!L) to 3!L of total RNA from each sample. (Applied Biosystems, Carlsbad, CA).  The 

thermocycler was programmed as follows: 16° C for 2 mins, 42° C for 1 min, and 50° C for 

1sec for a total of 40 cycles. This was followed by an incubation at 85° C for 5 mins.  After 

the RT reactions, pre-amplification was performed by adding 2X TaqMan Master Mix 

(12.5!L), Megaplex PreAmp Primers (2.5 !L) and nuclease free water (7.5!L) to the 2.5!L 

of the RT product (Applied Biosystems, Carlsbad, CA). The pre-amplification thermocycler 

protocol entailed a 10 min incubation at 95° C, a 2 min incubation at 55° C, a 2 min 

incubation at 72° C, followed by 12 cycles of 95° C for 15 sec and 60° C for 4 min.  Finally, 

a 99° C incubation for 10 minutes was used.  Pre-amplification products were diluted to 100 

!L in TE.  Then the PreAmp product (9!L) was combined with the TaqMan Universal PCR 

Master Mix (450!L) and 441!L of nuclease free water and loaded into Taqman Array 

Rodent microRNA A Cards v2.0  (Applied Biosystems, Carlsbad, CA). The array contains a 

U6 snRNA assay, repeated 4 times on each card, for an endogenous control.  Also inclusion 

of a non-mammalian miRNA is used as a process control.  The fluidic card was centrifuged 

and sealed.  The Applied Biosystems 7900 HT thermocycler was used for quantitative PCR, 

following the manufacturer’s protocol.  The amplification plots, expression data, and ""CT 

values were provided by the software.  A 2 sample t test was used to compare miRNA 
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expression of control vs proteinuric rats; a p value of less than 0.05 was considered 

significant.   

Differentially regulated miRNAs were manually annotated using current peer-

reviewed literature. Additionally, potential mRNA targets were identified with miRanda 

(http://www.microrna.org/) and were compared to the gene expression microarray data, 

which has been published previously. Notably, a new statistical analysis had to be performed 

on the Affymetrix data because the original data set included 2 separate time points, whereas 

we only investigated the involvement of miRNAs at the earlier time point (3 weeks).  To 

reanalyze the data, Array Studio (Omicsoft, Cary, NC) was employed, and 2-way ANOVA 

was used to compare the tissue-specific effect of proteinuria as well as examine interactions 

between the two factors.  A p-value of less than 0.05 was used to determine if there was 

differential regulation of the targeted mRNAs.    

Results: 

Histology: 

 The histologic lesions have been reported previously.  Briefly, podocyte vacuolation 

and detachment were occasionally present but glomerulosclerosis was rare at this early stage 

of disease.  TI injury (Figure 3) was also multifocal and consisted of tubular dilation with 

rare intraluminal protein casts.  There were scattered inflammatory cells infiltrates in the 

interstitium.  Overt interstitial fibrosis was absent (Figure 3.1).  
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Figure 3.1: Photomicrographs of kidneys from a control (A) and proteinuric rat (B).  After 3 
weeks of severe proteinuria, tubules were mildly dilated and some contained foamy 
proteinaceous fluid.   Interstitial inflammation was minimal to mild and patchy.  Fibrosis was 
not present.   (Masson’s trichrome stain, 200X) 
 

MicroRNA analysis 

 Of the 384 miRs analyzed, 44 were detected in the TI of rat kidneys.  Table 3.1 lists 

the 9 miRs that were differentially expressed in the TI of proteinuric rats compared to control 

rats.  Eight miRNAs were significantly decreased and 1 was significantly increased.  

Interestingly, 3 of the 9 (miR-30c, miR-191, and miR-218) have been previously documented 

to be differentially regulated in kidney disease models (Zarjou, 2011 and Zager, 2009).  

Three miRNAs, were regulated in a way to promote ECM synthesis: miR-29c (Sengupta, 

2008 and van Rooij, 2008), miR-30c (Duisters, 2009) and miR-106b (Petrocca, 2008).  

Downregulation of miR-126 has been previously shown to inhibit angiogenesis and promote 

inflammation (Fish, 2008 and Harris, 2008).  Two miRNAs – mmu-miR-191 (He, 2011) and 

mmu-miR-218 (Tie, 2010) – were regulated in a manner to promote cell proliferation and / or 

cell cycle progression, albeit in tumor models.  Three miRNAs have been previously 

associated with metastasis.  miR-106b and miR-30b have been associated with apoptosis or 
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cell cycle arrest (Petrocca, 2008, and Li, 2011, respectively).  miR-367 plays a role in 

maintenance of stem cells (Barroso-delJesus, 2008).  

Table 3.1: List of 9 differentially regulated miRNAs in proteinuric rats.   
 

miR 

Fold change 

(log2) 

 

p value 

 

Annotation 

mmu-miR-218 -1.81 0.001 Tumor metastasis; cellular proliferation 

mmu-miR-367 -1.77 0.002 Maintenance of stem cells 

mmu-miR-872 -1.9 0.004 No functions reported 

mmu-miR-29c -1.2 0.008 ECM synthesis 

mmu-miR-30c -0.74 0.01 Regulation of CTGF 

mmu-miR-30b -0.76 0.02 Tumor metastasis; apoptosis 

mmu-miR-126 -0.68 0.03 Angiogenic signaling, vascular integrity, 

inflammation 

mmu-miR-106b -0.79 0.04 Cell cycle regulation; tumor metastasis; 

regulation of TGF-!; !"#$%&'"()*+,-)

'!&.(%&'/0. 

mmu-miR-191 1.37 0.01 Cellular proliferation; upregulated by VEGF  

 

Discussion: 

TI remodeling is a common sequela of chronic proteinuria.  Prior to morphologic 

evidence of irreversible damage (tubular atrophy and interstitial fibrosis) there are numerous 

interacting molecular pathways that promote disease progression.  Changes in miRNAs are 
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likely part of this network.  To investigate the involvement of miRNA in a model of 

proteinuria-induced TI injury, we used laser capture microdissection to isolate TI in 

Doxorubicin Nephropathy.  Histologically, there was mild tubular disease and mild, patchy 

interstitial inflammation but neither tubular atrophy nor fibrosis was present. We identified 

44 miRNAs present within the TI of rats, 9 of which were differentially regulated in 

proteinuric rats.   

Interestingly, 3 of the 9 miRNAs have been previously associated with renal disease.  

Specifically, miR-218 was downregulated in interstitial fibrosis secondary to unilateral 

ureteral obstruction (UUO) (Zarjou, 2011), whereas miR-30c and miR-191 were 

downregulated in HK-2 cells exposed to a uremic culture medium (Zager, 2009).  Notably, 

both miR-218 and miR-30c were changed in similar directions in the current experiment but 

miR-191 was regulated in the opposite direction.   

Surprisingly, miR-192 and miR-21 were not increased in our model. Both of these 

miRNAs have been recently identified as prominent drivers of renal interstitial fibrosis.  

However, miR-192 is increased at a time when interstitial fibrosis was already evident by 

light microscopy, suggesting that it may be involved in the later stages of disease (Zarjou, 

2011).  miR-21 was upregulated within 6 hours of UUO with concurrent differential 

regulation of 7 other miRNAs, including downregulation of miR-218, as mentioned above.  

The investigators demonstrated that blocking miR-21 decreased interstitial fibrosis in UUO 

rats, suggesting that it may be an important mediator of that process.  Although homogenized 

tissue was used for the microarray analysis, in situ hybridization facilitated localization of 

miR-21 to the collecting ducts and distal nephrons where it can easily respond to increased 
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tubular pressure (Sun, 2011).  Because our samples were harvested from the cortex, it is 

possible our failure to detect increases in miR-21 was due to a difference in sampling.  The 

remainder of the investigations of the involvement of miRNA in kidney disease has also been 

performed on homogenized tissue and therefore represents miRNA regulation in multiple 

tissue types.   

Many of the miRNAs identified in this study have been previously associated with 

neoplasia.  Because the majority of the previous research of miRNA has revolved around 

cancer, it is not surprising that much of what is known regarding these miRNAs is related to 

their roles in cell proliferation, cell cycle progression, apoptosis or metastasis. miR-191, 

which was the only transcript increased in the current experiment, is upregulated in many 

different cancers and can promote cell proliferation.  It was recently demonstrated to promote 

epithelial to mesenchymal transition in hepatocellular carcinoma (He, 2011).  Whether it 

plays a similar role in the renal tubulointerstitium warrants further investigation.  miR-218 is 

a tumor suppressor and its downregulation promotes cell proliferation in gastric cancer (Tie, 

2010).  Because renal tubular epithelial cell injury can lead to death and eventual tubular 

regeneration, these 2 miRNAs may be involved in the latter process.  miR-367 has been 

shown to play a role in maintenance of stem cells (Barroso-delJesus, 2008).  In fact, Sox4, an 

important mediator of renal development, is a predicted target for miR-367 and was 

increased 1.3 fold in the tubules of proteinuric rats (p=0.01).  Thus the downregulation of 

miR-367 may be involved in tubular regeneration and associated cellular differentiation. 

There was also evidence for miRNA regulation of apoptosis and cell cycle blockade.  

miR-106b suppresses the cell cycle inhibitor p21/CDKN1A in multiple tumor types, 
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including renal cell carcinoma (RCC) (Ivanovska, 2008 and Slaby, 2010).  Its 

downregulation in the current setting suggests that it would promote cell cycle arrest.  miR-

30b, which was decreased in the current experiment, can directly repress the translation of 

p53.  In models of cellular oxidative stress, miR-30b is decreased with concurrent increases 

in p53 and apoptosis (Li, 2010). As in any complex pathophysiologic process, there are likely 

multiple interacting pathways such that some tubular epithelial cells are undergoing 

apoptosis, while others are proliferating to replace lost cells. Therefore it is not surprising 

that the current experiments have revealed regulation of miRNAs that would promote both 

apoptosis and cellular proliferation.   

The regulation of 3 miRNAs may promote interstitial matrix accumulation either 

directly (miR-29c) or indirectly, via regulation of important cytokines.  The first of these, 

miR-29c, is of noteworthy because its downregulation in the heart resulted in increased 

cardiac fibrosis after IR injury (Sengupta, 2008).  This suggests a common mechanism of 

interstitial remodeling in the 2 organs. The second miRNA associated with interstitial matrix 

accumulation is miR-30c.  Inhibition of miR-30c has been shown to increase the expression 

of connective tissue growth factor (CTGF) (Duisters, 2009), a molecule that also plays a 

significant role in renal interstitial fibrosis.  Indeed, CTGF was also increased in interstitium 

in the current study (p=0.008). Finally, TGF-!, a potent pro-fibrotic cytokine, has been 

associated with decreased miR-106b levels (Petrocca, 2008).  The involvement of 4 genes in 

cancer metastasis also emphasizes the roles that these transcripts can play during the 

remodeling of tissue stroma.  It is important to emphasize that regulation of these miRNAs 
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occurs prior to light microscopic evidence of fibrosis or tubular atrophy and therefore 

represent potential primary mediators of these irreversible lesions.  

As mentioned previously, Affymetrix gene expression microarray was also performed 

on tubules and interstitial cells which were isolated via LCM.  Comparison of predicted 

mRNA targets (derived from miRanda mirSVR scores) to the transcriptional changes 

revealed that decreases in miR-30b and -30c may be involved in the significant upregulation 

of Ankryin Repeat Family A protein 2 (Ankra2) mRNA (1.33 fold change, p=0.007).  

Ankra2 encodes a protein that has been implicated in the localization of megalin to the 

cytoskeleton and facilitate endocytosis (Rader, 2006).  Because megalin is involved in 

tubular reabsorption of protein, it is possible that these miRNAs facilitate the increased 

workload. Additionally, miR-872 is predicted to target clathrin heavy chain; however, 

expression of this transcript was only increased in the interstitium (p=0.003) and not in the 

tubules.  Therefore its relationship to proteinuria is uncertain.  Lastly, Toll-like receptor 4 

(TLR4) and TLR4 interactor with leucine-rich repeats (TRIL) are potential targets of both 

miR-30b and -30c.  TLR4 was significantly increased in the tubules (p=0.04) and mediates 

inflammation following renal IR (Wu, 2007). TRIL was increased in the interstitium 

(p=0.03) and is involved in TLR-mediated immune response (Carpenter, 2009).   

The final transcript, miR-126, is of great interest because of its role in inflammation, 

angiogenesis and maintenance of vascular integrity.  miR-126 is an endothelial cell specific 

miRNA and is highly expressed by the cardiovascular system, lung, and at lower levels in 

brain, liver and kidneys (Harris, 2008).  Its expression is regulated by both ETS-1 and 2, both 

of which belong to a family of transcription factors that are extremely important in 
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angiogenesis during embryogenesis and inflammation (Harris, 2010).  It regulates endothelial 

expression of vascular cell adhesion molecule 1 (VCAM-1) and thereby plays a role in 

vascular inflammation.  In that particular study, miR-126 acted as a translational repressor 

but not a facilitator of transcript degradation.  Therefore, the half-life of VCAM-1 transcripts 

was not affected (Harris, 2008).  In the current experiment, decreased expression of miR-126 

may release the repression of VCAM-1 translation, allowing a pro-inflammatory phenotype. 

Interestingly, gene expression microarray revealed a 2.3 fold increase in VCAM-1 mRNA in 

the interstitium of proteinuric rats (p=0.003).  Notably, histology revealed only mild scattered 

inflammatory infiltrates in proteinuric rats, suggesting that miR-126’s involvement in 

interstitial inflammation may occur early in the process.  A recent study demonstrated the 

presence of miR-126 in vesicles shed from endothelial cells where it is maintained in the 

plasma.  In that study, plasma levels of miR-126 were significantly decreased in diabetic 

human patients.  This particular miRNA was also significantly associated with diabetes-

induced peripheral vascular disease (Zampetaki, 2010).   Furthermore, knockdown of miR-

126 has been shown to decrease endothelial responses to vascular endothelial growth factor 

(VEGF) and is associated with the development of leaky vessels, which collapse and 

degenerate early in embryonic development (Harris, 2008).  Two other miRNAs that were 

differentially regulated in the current study are also involved in VEGF network.  Specifically, 

miR-191 has been shown to be increased by VEGF (Suárez, 2008), whereas miR-106b can 

bind to VEGF and may be involved in translational repression of this growth factor (Hua, 

2006). 
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The above discussion regarding angiogenesis is noteworthy because our previous 

research demonstrated decreased fractional area of capillary endothelial staining.  Stereologic 

analysis of kidneys from a different set of proteinuric rats induced by the same model 

revealed a significant decrease in the number of peritubular capillaries as well as a decrease 

in their relative area.  Rarefaction of these peritubular capillaries has been associated with 

progression of kidney diseases in many scenarios (Basile, 2005); therefore, identification of a 

microRNA mediator of this process is of great interest.  Involvement of these 3 miRNAs in 

other models of rodent kidney disease is a goal for future experiments.  If they are 

consistently downregulated early in the progression of many types of TI injury, they may 

represent novel therapeutic targets for the preservation of peritubular capillaries.  

In conclusion, analysis of TI miRNA expression in a model of chronic proteinuria 

indicates that these molecules are involved in cellular apoptosis, proliferation as well as ECM 

synthesis and peritubular capillary loss.  More importantly, the differential regulation of these 

miRNAs occurs prior to irreversible TI injury.  
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CHAPTER 4 
 

Stereologic Evaluation of Peritubular Capillaries in Chronic Proteinuria 

 

Rachel Cianciolo, Rosanna Mirabile, David Krull, Mary Keener, Alan Stokes, Brian Berridge 

Abstract: 

Tubulointerstitial remodeling is a common sequela of chronic proteinuria.  During this 

process, tubules degenerate and atrophy while the interstitium expands due to fibrosis and 

inflammation.  This results in loss of the intimate association between tubules and their blood 

supply, the peritubular capillaries.  Loss, or rarefaction, of this capillary network has been 

demonstrated in human patients and in animal models via immunohistochemistry and image 

analysis; however, designed-based stereology has not been used to evaluate this 

phenomenon.  Therefore, we induced a rodent model of chronic proteinuric nephropathy to 

better characterize this process.  Doxorubicin Nephropathy was induced in 6 13-week-old 

male Sprague-Dawley rats by intravenous administration of 5mg/kg doxorubicin; 6 control 

rats received equivalent amounts of saline.  After 5 weeks, rats were humanely euthanized 

and the left kidney was used to determine the number density of peritubular capillaries.  

Evaluation of peritubular capillary volume fraction was performed on core biopsy samples 

from the right kidney.  Both assessments revealed significant rarefaction of peritubular 

capillaries.  These experiments suggest that remodeling of peritubular capillaries is a feature 

of proteinuria-induced tubulointerstitial disease, and evaluation of these structures on renal 

biopsy samples may provide additional information regarding the severity of 

tubulointerstitial disease.  
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Introduction: 

Remodeling of the renal tubulointerstitium (TI) is a well-recognized sequela of 

protein-losing glomerulonephropathies.  In fact, the health of the TI compartment in renal 

biopsy specimens is more closely associated with progression to end-stage renal disease than 

is the degree of glomerular injury (Mimura, 2010).  The pathogenesis of proteinuria-induced 

TI injury has been extensively studied and is a culmination of many interacting processes.  

Loss of glomerular permselectivity allows albumin and associated lipids, as well as other 

medium-and high-molecular weight proteins, to leak into the urinary space (Salmon, 2007 

and Liu, 2003).  In response to increased protein / lipid in the urinary filtrate the proximal 

tubules upregulate protein retrieval pathways, thereby increasing the tubular epithelial cell 

workload.  Moreover, experimental evidence suggests that the reabsorbed proteins and lipids 

are directly cytotoxic at high concentrations (Motoyoshi, 2008). Furthermore, the blood 

supply of the tubules, the peritubular capillaries (PTC), is derived from the efferent arteriole.  

Therefore, glomerular damage impacts the tubular portion of the nephron via decreasing 

blood flow and oxygen delivery.  As a result, the tubular epithelial cells may experience 

decreased vascular perfusion at a time of increased oxygen demand.   

Rarefaction, or loss, of the PTC has been repeatedly demonstrated in animal models 

of ischemia-reperfusion (IR) injury, and this phenomenon has been proposed to be an integral 

step in the development of chronic kidney disease (CKD).  Of note, the IR model has often 

been used to study the pathogenesis of PTC rarefaction because of its similarity to the type of 

injury that occurs during renal transplantation.  In that scenario, however, the entire kidney, 

including the PTC endothelial cells, undergoes IR, and this may influence the molecular 
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mechanisms that mediate this process.  PTC rarefaction has also been documented in animal 

models of obstructive nephropathy (Ohashi, 2002), anti-glomerular basement membrane 

disease (Ohashi, 2000), glomerulosclerosis (Kairaitis, 2005), diabetic nephropathy (Maric-

Bilkan, in press) and cyclosporine toxicity (Kang, 2001).  Additionally, it is reported to occur 

during chronic progressive nephropathy of rats (Thomas, 1998).  In human renal biopsy 

samples, the relative area of peritubular capillaries was less in patients with CKD, 

irrespective of cause (Bohle, 1996).   Lastly, PTC and vasa rectae were assessed in a 

developmental model of angiotensin II type 1 receptor inhibition in fetal rats.  Because 

angiotensin II is critical for the proper development of tubules, PTC and vasa rectae, 

blocking this receptor resulted in decreased capillary length, volume and surface area and a 

concordant increase in the area perfused by each capillary (Madsen, 2010). 

With the exception of the developmental model, the measurements of PTC have been 

based on evaluation of immunostained endothelial cells using image analysis or 

morphometric software programs (Thomas, 1997, Kang, 2001, Kairaitis, 2005, Ohashi, 2000 

and Ohashi, 2002).  These analyses have often assessed relatively small portions of the 

organ, usually only a single coronal midhilar section.   Moreover, some studies are 

complicated by the inclusion of glomerular capillaries in the evaluation (Kairaitis, 2005 and 

Maric-Bilkan, in press).  Because TI remodeling can be multifocal in certain diseases (e.g. 

proteinuria-induced TI injury), it is essential that the entire organ be evaluated.  PTC 

rarefaction is likely a progressive lesion, with changes in endothelial cell volume and 

capillary luminal diameter occurring prior to capillary loss.  Therefore, many of the studies 

based solely on morphometric analysis of immunolabeled endothelial cells have actually only 
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quantified the area of endothelial cell profiles, which can be impacted both by capillary 

number as well as changes in endothelial cell volume. 

 Using design-based stereology, Madsen et al was the first to provide a robust 

assessment of PTC architecture in a developmental model of kidney disease. Briefly, 

stereology is the use of systematically harvested 2 dimensional (2D) samples in order to 

quantitatively assess 3 dimensional (3D) structures.  For a detailed review of its uses in 

histopathologic evaluation of tissues, the reader is referred to Boyce et al 2010.   While there 

are multiple ways to evaluate PTC, we chose 2 methods – stereologic analysis of PTC 

number density (Ncapillary) and a non-stereologic approach of assessing PTC volume fraction 

(Vv).   Each method provides different but complementary information.  Specifically, 

because PTC remodeling could involve loss of capillaries with concurrent dilation of the 

remaining ones, both the number and fractional area of capillaries were of interest to us.   

In order to assess PTC Ncapillary, the 3D structure of the capillary bed must be taken 

into account.  Using a single 2D section to assess capillary number is inherently flawed. 

Counting multiple cross sections, or profiles, of a tortuous structure will clearly result in the 

overestimation of structure number.  Furthermore, capillaries do not exist in isolation.  In 

other words, every capillary branches from a larger vessel and eventually this network will 

coalesce again. Therefore, assessment of “capillary number” is actually an evaluation of the 

degree of branching and rejoining.  This index of arborization, referred to as “connectivity”, 

can be determined by comparing 2 serial sections of known thickness and use Equation 1:  

!=(islands + holes)-bridges 
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In this equation, the Euler number (!) is equal to the number of newly encountered 

structures (referred to as holes and islands) minus the number of connections (bridges).  An 

island is defined as the presence of capillary lumen in only 1 of the 2 serial sections (Figure 

4.1A).  The presence of 2 separate capillary lumens in one section that are connected in the 

serial section is scored as a bridge (Figure 4.1B).  A hole, which is a rare event in capillary 

connectivity is the presence of a capillary lumen in one section and a lumen that contains an 

isolated focus of non-lumen in the serial section (Figure 4.1C). A counting frame (Figure 4.1) 

is used for the comparison of 2 serial sections; the serial sections are also referred to as 

“disector pairs”.  The left and bottom lines of the frame are “exclusion lines,” and any 

structure that touches / crosses either of the 2 lines is not counted.  Conversely, the right and 

the top lines are “inclusion lines” and structures that cross them are counted (Nyengaard, 

1999).  
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Figure 4.1: Diagrams of counting frames (red and green lines), Islands (A), Bridges (B) and 
Holes (C).  Structures within the frame or crossing the green line are counted, whereas 
structures touching the red lines are not.  It is important to remember that the lumen is the 
structure of interest.  In A, the only Island which is counted is the profile at the top left, 
which is solid on the left section and contains a lumen on the serial section.  The lumen at the 
bottom is not counted because it is on the exclusion line.  In B, the lumens on the left are 
connected in the serial frame; this is a Bridge.  The lumens of the other 2 profiles are not 
connected (only the walls connect) and this structure is not a Bridge. The rare Hole is seen in 
C, where a central portion of non-lumen appears within a previously empty lumen.   
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To assess PTC Vv, we made use of the DeLesse principle, which states that the 

volume fraction of a structure is proportional to its areal fraction (Nyengaard, 1999).  This 

methodology is not as sensitive for the detection of differences due to treatment as Ncapillary.  

Furthermore, although there may be a difference between the Vv of the PTC of control versus 

proteinuric rats, this could be due to a decrease in PTC volume, an increase in the volume of 

other tissue components, or some degree of both.  Although this method is not as sensitive or 

as specific as calculation of Ncapillary, we wanted to determine if any change in PTC areal 

fraction could be discerned from renal biopsies of proteinuric rats.  If so, the Ncapillary derived 

from the left kidney would allow us to conclude that the change in capillary volume was at 

least partially due to capillary loss.  

Materials and Methods: 

Animals: 

This study was approved by the GlaxoSmithKline (GSK) Institutional Animal Care 

and Use Committee and conducted in accordance with the GSK Policy on the Care, Welfare 

and Treatment of Laboratory Animals.  Twelve male 13-week-old Sprague-Dawley rats 

[Crl:CD (SD), Charles River, Raleigh, NC] were acclimated for two weeks and housed in 

pairs.  Food (Lab Diet! brand Certified Rodent Diet 5002, PMI! Nutritional International, 

Richmond, IN) and water were available ad libitum.  Animals were kept on a 12-hour 

light/dark cycle (lights on at ~0600). Temperature and relative humidity were maintained at 

64-79°F and 30-70%, respectively.  Rats were observed twice daily for signs of illness.  Rats 

were weighed weekly.  After acclimatization, proteinuria was induced in 6 rats via a single 

intravenous injection of 5mg/kg doxorubicin hydrochloride (Sigma-Aldrich Co., LLC, St. 
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Louis, MO) via the tail vein. Six control rats received equivalent amounts of 0.9% saline 

vehicle.   

Clinical Pathology: 

Urine total protein was assessed 2 weeks after dosing to verify the model worked 

appropriately and one day prior to euthanasia at 5 weeks after exposure.  Briefly, rats were 

placed in individual metabolic cages for 24-hour urine collection. Urine total protein was 

measured colorimetrically.   Urinary creatinine was assessed by a kinetic modification of the 

Jaffe procedure using the Beckman Coulter AU640 chemistry analyzer (Beckman Coulter, 

Brea, CA). 

Necropsy: 

Rats were euthanized via thoracotomy under isoflurane anesthesia 5 weeks after 

exposure to doxorubicin.  Because the heart was needed for mRNA analysis as part of a 

separate investigation, the animals were not perfusion-fixed in vivo.  Instead, immediately 

after death the heart was removed, and a 22guage needle connected to a fluid bag of 1% 

heparin saline flush, which was suspended 1m above the animal, was inserted into the left 

renal vein. The aorta was cut to allow outflow of the perfusate and the organ was examined 

for pallor, which occurred within 15 to 30 seconds.  Then the perfusate was switched to 10% 

formalin and the kidneys were fixed retrogradely for approximately 5 minutes.  The left 

kidneys were then removed and placed into formalin.  Next, the right kidney was removed 

from the animal and weighed prior to biopsy.  Three core biopsies were harvested using a 

Bard Monopty Disposable core biopsy instrument (Bard Peripheral Vascular, Inc. Tempe, 
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AZ).  Biopsies of the renal cortex with the needle in a caudo-cranial direction were examined 

to determine presence of glomeruli before placing them in 10% formalin.  

Estimation of peritubular capillary number: 

PTC were assumed to be isotropically distributed.  Vasa rectae, also known as 

vascular bundles, were not included in the analysis because they are anisotropic and their 

spatial relationship to the tubule differs from that of PTC. 

After 24 hours of immersion fixation, the left kidney was coronally sectioned into 2 

mm thick slabs, using a metal tissue matrix that has guides for blade placement (Rodent 

Tissue Matrix, ASI Instruments, Warren, MI, US).  Starting with a randomly chosen first or 

second slab, every other slab was selected for stereologic analysis, resulting in 5 to 6 slabs 

per kidney.  Following routine tissue processing, the slabs were stacked along their cut 

surfaces and held together firmly to prevent any gaps between the slabs.  The dorsoventral 

length of the re-formed kidney was measured prior to paraffin embedding.  The re-formed 

organ was embedded such that the cut surfaces between the slabs were perpendicular to the 

face of the paraffin block.  In other words, slabs were rotated 90° before embedding so that 

microtomy proceeded from the dorsal to the ventral surfaces (or vice versa) of the kidney. 

Blocks were sectioned entirely on a Leica RM 2255 automated microtome (Leica Biosystems 

Richmond Inc., Richmond, IL, US).  Based on a pilot study, a disector height of 4µm was 

deemed appropriate.  This section thickness provided approximately 1 event (either a Island, 

Bridge or Hole) per sampling positioning.  Disector pairs were collected with a section 

sampling period of 1/188 (i.e. 1 disector pair was collected every 188th section), and the first 

section was randomly chosen from a random number table.  Blocks were not “faced” prior to 
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sectioning.  Instead, blocks were trimmed until the tissue was reached, and section counting 

began at that point.  Additionally, once placed into the chuck of the microtome, blocks were 

not removed. Prior to harvesting a disector pair, the microtome blade was replaced, and a 

small piece of damp gauze (at room temperature) was draped over the block for 1 to 2 

minutes to wet the paraffin.  Ribbons of paraffin were placed into a hot water bath (43°C) 

and 2 serial sections were carefully guided onto positively charged glass slides.  Sections 

were allowed to air dry for 2 days prior to immunostaining.  

Immunohistochemistry: 

Endothelial cells were labeled using a polyclonal rabbit anti-rat CD31 primary 

antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at 1:100 dilution, followed by 

application of the rabbit AP polymer (Biocare Medical Sciences, Concord, CA) and DAB 

chromagen.  This antibody strongly labeled endothelial cells of PTC, glomerular capillaries, 

vasa rectae and interstitial veins and arteries.  In proteinuric animals there was mild to 

moderate background staining of protein reabsorption droplets within the tubules; however, 

the PTC could be clearly distinguished based on shape and location.   

Stereologic Technique: 

Immunostained slides were scanned on the Aperio ScanScope (Aperio, Vista, CA) 

and imported into the Visiopharm Integration System (VIS) (Visiopharm, Hoersholm, 

Denmark).  The Autodisector module was used to register and capture high magnification 

(40X), high resolution image-matched fields from each disector pair.  A known “area 

sampling fraction” (ASF) was designated and systematic uniform random image fields were 

selected and captured.  An unbiased counting frame with a guard area equal to 1.5X the area 
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of the counting frame was superimposed on the images.  The images and associated counting 

frames were stored in newCAST module.  Paired images were examined, and the appearance 

or disappearance of bridges, islands and holes in each image field were counted as defined by 

above. The Euler number (!) was calculated with Equation 1 and total capillary number (N) 

was estimated using the following equation (Equation 2): 

N(capillary / kidney) = !"cap!/ total sampling fraction  

where the total sampling fraction (SF) (Equation3): 

  Total SF = organ SF x section SF x ASF   

For this experiment, the organ SF was 2, because every other slab was sampled; the section 

SF was 0.0002, which is equal to the tissue section thickness divided by the slab thickness 

(4µm/2000µm); and the ASF was measured by the software as the fraction of tissue that was 

“captured” by the paired counting frames.  

Volume fraction of peritubular capillaries: 

Assessment of volume fraction does not require a stereologic approach. The core 

biopsy specimens were processed routinely, embedded, and sectioned at 3µm thickness.  

Sample preparation was identical to that of diagnostic renal biopsy specimens.  Sections were 

stained with Periodic Acid Schiff by the Texas Veterinary Renal Pathology Service and also 

scanned with the Aperio Slide Scanner.  Entire sections were exported digitally as jpeg 

images.  Using Adobe Photoshop, a point grid was superimposed over the image.  Intercepts 

which were within a capillary lumen or on endothelial cells that enclosed a patent PTC were 

counted (p(capillary)) as were points that overlied tissue (p(tissue)).  Vv was calculated by 

Equation 4: 
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Vv = p (capillary) / p (tissue) 

Statistical Analysis: 

Clinical data are presented as mean ± standard deviation.  Unpaired, 2 -tailed t tests 

with a level of significance of 0.05 was used to compare proteinuric and control animals for 

clinical parameters, PTC number and PTC volume fraction.  For capillary number, 

coefficient of variance (CV) and coefficient of error (CE) were calculated as described 

previously (Kroustrup, 1983). In stereologic studies, the precision of the estimate can be 

calculated (CE) and its contribution to CV total can be determined by the following equation 

CV2 total = CV2 biology + CE2 stereology 

where CV2
biology is “biological variance.”  The investigator can impact total variance by 

designing a study that minimizes CE2
stereology whereas biological variance cannot be 

controlled. 

Equation 6 evaluates the efficiency and precision of the study design: 

 0.2 < (CE2 stereology / CV 2total) <0.5  

If this ratio is greater than 0.5, the data set would be more accurate with a better study design.  

Alternatively, if this ratio is <0.2, the investigator may have worked too hard.  CV and CE 

for capillary volume fraction were calculated using the following equations: 

CV = standard deviation / population mean 

CE = CV/!sample size 

Results: 

Clinical Pathology and Necropsy: 
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As expected, doxorubicin exposure resulted in severe proteinuria as indicated by 

significantly elevated UPCs after exposure to doxorubicin.  Specifically, the mean UPCs of 

control rats were 1524.8 ± 649.9 and 1334.3 ± 503.7 at 2 and 5 weeks respectively whereas 

the mean UPCs of proteinuric rats was 6100.5 ± 3304.4 (p=0.02) and 67365.5 ± 10857.9 

(p<0.0001).  This represents a 4-fold and 50-fold increase in urinary protein loss in treated 

rats compared to controls at 2 and 5 weeks.  Additionally, proteinuric rats lost weight over 

the course of the study whereas control rats gained weight, resulting in a -1.5-fold change in 

weight in proteinuric rats (p<0.00001).  At necropsy, kidneys from proteinuric animals were 

pale tan and enlarged, with a significantly increased kidney weight to body weight ratio 

(p<0.00001).  Of note, only one kidney was weighed because the other kidney was fixed in 

situ.  Histology revealed moderate multifocal segmental glomerulosclerosis with podocyte 

degeneration (Figure 4.2 B). Tubulointerstitial disease was multifocal and consisted of 

tubular dilation, degeneration and atrophy with occasional protein casts (Figure 4.2 D).  

There was moderate inter-animal variation in the magnitude and distribution of interstitial 

fibrosis and lymphohistiocytic inflammation.  These data confirm that the histologic changes 

were consistent with those previously reported in doxorubicin nephropathy, and that the TI 

lesions are multifocal, similar to other types of proteinuric glomerulonephropathies. 
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Figure 4.2: Photomicrographs of glomeruli from a control (A) and proteinuric rat (B).  After 
5 weeks of severe proteinuria, there was multifocal segmental glomerulosclerosis (*). 
Tubulointerstitium of a control and proteinuric rat are shown in (C) and (D), respectively.  
Proteinuria resulted in mild tubular dilation, rare protein casts and scattered inflammatory 
cell infiltrates. (Periodic Acid Schiff stain, 40X A and B; Masson’s trichrome, 20X C and D).     
 

Peritubular Capillary Number: 

The Ncapillary of peritubular capillaries was significantly decreased in proteinuric 

animals (p< 0.001).  Table 4.1 lists the mean PTC Ncapillary and associated CV and CE of the 

study.  Subjectively, the PTC of proteinuric rats were not only rarer, but also compressed (i.e. 

not patent).  This resulted in fewer islands in proteinuric rats, whereas they were more 

common than bridges in control animals.  As described above, the CE2 stereologic was small 
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compared to the biologic variance, indicating that the total CV2 was dominated by inter-

animal variation.  Additionally, the ratio between CE2 stereologic and CV2 total suggests that 

similar data could have been obtained with less effort. 

Peritubular Capillary Volume Fraction: 

In the biopsy specimens, the Vv was similarly decreased in proteinuric rats 

(p<0.0001).  Table 4.1 also lists the mean PTC Vv and the respective CV for this assessment. 

In this data set, the CE was similar to the biological variance, suggesting that the much of the 

observed variance was due to study design.  Because the CE2
 / CV2 total was between 0.2 and 

0.5, the study design was efficient.  

Table 4.1: The estimates of PTC number density and volume fraction with the associated CV 

and CE. 

Treatment Group Number  CV2 total CE2 stereology CV2 biology CE2
stereology/CV2

total 

Control 2,382,790 0.13 0.006 0.12 0.05 

Proteinuric 429,874 0.50 0.007 0.49 0.01 

Treatment Group 
Volume 

Fraction 
CV2 total CE2 CV2 biology CE2/CV2

total 

Control 0.08 0.05 0.02 0.04 0.33 

Proteinuric 0.05 0.05 0.02 0.03 0.33 

 

Discussion: 

 Tubulointerstitial remodeling occurs secondary to chronic proteinuria, and PTC loss 

is a feature of the remodeling process.  Rarefaction of PTC results in decreased perfusion of 

the tubules, which in the case of proteinuria, have an increased metabolic demand.   The 
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molecular mechanisms of PTC rarefaction have not been entirely elucidated although our lab 

demonstrated dysregulated expression of angiogenesis-associated genes both 3 and 5 weeks 

after exposure to Doxorubicin.  

Most investigations that have reported PTC rarefaction have been limited by both the 

lack of a comprehensive evaluation of the PTC and occasionally the inclusion of other 

capillary beds in their assessments.  Specifically, many studies do not differentiate between 

microvasculature of PTC from that of glomerular capillaries or vasa rectae (Kairaitis, 2005 

and Maric-Bilkan, in press). In order to obtain quantitative data regarding a subset of 

capillaries, use of an antibody specific for PTC endothelium is required and, to our 

knowledge, no such antibody exists.  However, pathologists can quickly discern whether or 

not a capillary is glomerular, peritubular or part of the vasa rectae.  Therefore the methods 

used in the current study are more precise than those from previous studies.  In addition to 

lack of precision, most of the analyses have been based on single sections and not the entire 

organ. Lastly, studies that use only image analysis of immunostained endothelial cells 

actually measure the fraction of tissue occupied by endothelial cell cytoplasm, the size of 

which can vary in disease.   

It is possible PTC volume or even number may be correlated with endothelial cell 

measurements but this has not yet been demonstrated.  Therefore, the current study was 

performed using a stereologic design on one kidney and these data were compared to those 

derived from a non-stereologic assessment of fractional area of PTC in biopsies from the 

other kidney.  Specifically, design-based stereology and the Con Euler method were used to 

demonstrate that PTC number was significantly decreased in proteinuric rats.  Design-based 
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stereology is considered to be the gold standard in the evaluation of 3D structures because 

systematic uniform random sampling allows efficient assessment of entire organs.  The Con 

Euler method has been used to evaluate a wide variety of connected structures, such as bone 

trabeculae (Gundersen, 1993), pulmonary alveoli (Hyde, 2004) and rodent glomerular 

capillaries (Nyengaard, 1993).  Interestingly, evaluation of glomeruli in a rodent model of 

diabetes demonstrated increased capillary branching resulting in a - !capillary value.  In that 

study, 1- !capillary was used to report a positive number of capillaries.   In the current study, the 

majority of events in the control animals were newly opened lumens, resulting in a positive 

!capillary value.  Conversely, with chronic proteinuria there were fewer patent capillary lumens 

(fewer Islands).  Because Islands were rarer, !capillary was less than that of control animals 

with 5 of 6 of the rats having negative values and 1 having a value of +1.  In order to account 

for the  -!capillary values in treated rats and positive values in control rats, a slight modification 

to the calculations was required in order to avoid reporting a negative number of capillaries.  

Specifically, the absolute value of the !capillary was used in the calculation of Ncapillary.  

The second method to assess PTC rarefaction was a simple ratio between the area 

occupied by capillaries and the area of the biopsy tissue.  This method, which also avoided 

the pitfalls of some previous studies by assessing only patent PTC, demonstrated a significant 

decrease in the Vv.  Not only do these data support the Ncapillary findings, but they also 

demonstrate that meaningful data regarding PTC architecture can be obtained through 

analysis of diagnostic biopsy samples.  While a similar assessment of patient biopsies would 

be a tedious addition to a routine diagnostic workflow, it may be a useful marker of 

irreversible injury in certain situations.  For example, severe kidney injury (i.e. 
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membranoproliferative glomerulonephritis) may resolve if PTC remain patent, while a 

similar degree of injury with effacement of PTC may warrant a worse prognosis.  In the very 

least, the fact that significant changes in PTC areal fraction could be detected in renal 

biopsies suggests that these structures should be subjectively evaluated.  Similar assessment 

of Vv of PTC from diagnostic canine renal biopsy specimens is currently underway.    

In general, interpretation of Vv is somewhat precarious because the calculation is 

merely a ratio.  Changes in the ratio could be due to changes in either the profile of interest 

(the numerator) or the total area examined (denominator) or both.  Given that the renal 

biopsy specimens provided similar data to the stereologic assessment, it is likely that the 

decrease in Vv is at least partially due to decreased number and compression of PTC.   The 

higher CE observed with this method was expected because of the variability in the location 

of the biopsy cores.  Evaluation of more tissue would have helped decrease this value.   

Notably, one of the major differences between the current study and previous studies 

based solely on morphometric analysis is that non-patent capillaries were not counted in the 

former but were likely included in the latter data sets.   Capillary compression, which can 

occur secondary to the presence of tubular dilation or edema, fibrosis or inflammatory cell 

aggregates in the interstitium, may have a similar impact on tubular perfusion as the actual 

loss of PTC; however, assessment of tubular hypoxia in a similar set of experiments is 

needed to verify this theory.  The current study demonstrates that PTC collapse is frequent 

after 5 weeks of severe proteinuria. Whether or not this collapse is irreversible or not is 

unknown.  Further investigations using a longer period of proteinuria may help elucidate the 

progression of PTC compression and loss in this model.  Moreover, this model will likely be 
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a useful tool in the evaluation of therapeutic regimens developed to maintain PTC 

architecture.     

In conclusion, PTC rarefaction occurs in chronic severe proteinuria and is likely a 

staged process, which involves first collapse of the capillary lumens followed by their loss.  

Moreover, design-based stereology provided a robust 3D assessment of PTC Ncapillary and 

utilized the abilities of the investigator to differentiate amongst different types of capillaries, 

a task which is difficult to for image analysis software. Finally, use of 2 separate 

methodologies enhanced the interpretations derived from each data set alone, and they 

warrant investigation of PTC Vv in diagnostic renal biopsy specimens.      
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CHAPTER 5:  

Discussion and Conclusion 

Rarefaction of PTC is a commonly frequent feature of TI remodeling in CKD. 

Although PTC has been demonstrated in human renal biopsies and in animal models of 

kidney disease, its pathogenesis is still poorly understood.  Even within a single model of 

kidney disease, IR, the data regarding the molecular mediators of PTC loss is conflicting.  

While many studies have shown decreased VEGF protein or downregulation of VEGF 

transcription, other studies have demonstrated a rapid return to normal protein levels (Basile, 

2005) or even increased levels (Cooper, 1999).  Even if VEGF is a primary mediator of PTC 

loss, treatment with VEGF agonists is not a viable treatment option (Nagy, 2007 and Veron, 

2010).   Therefore novel molecular mediators need to be identified to add to the ever 

evolving arsenal of biomarkers of renal disease.  Moreover, certain pathways or gene 

products may serve as better therapeutic targets for slowing the progression of CKD.  

The model selected for all of the experiments was DN, because the progression of 

morphologic injury is well-characterized.  Ultrastructural changes develop within hours, 

proteinuria within 1 week, and GS and TI injury within 1 month.  More importantly, there is 

maintenance of glomerular capillary patency with obsolescence being a late event.  This 

latter feature ensures that the PTC rarefaction is not merely the result of shunting blood away 

from effete glomeruli.     

Chapter 2 tested the hypothesis that transcriptional events in the TI compartment are 

tissue-specific and that assessing gene expression will reveal early regulation of genes 

associated with tubular injury and PTC remodeling.  Urinary biomarkers were first used to 
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track the progression of glomerular and tubular injury and demonstrated that glomerular 

injury, as indicated by elevated UPC and uAlb, preceded tubular injury by 1 week.  Using id-

LCM, injured tubules were identified by KIM-1 staining and harvested separately from the 

surrounding interstitium.   Gene expression microarray revealed regulation of numerous 

molecular mediators of endothelial cell biology and angiogenesis.  In fact, over 1/3 of the 

genes identified in the interstitium have roles in angiogenesis.  Interestingly, after 3 weeks of 

proteinuria, the differentially expressed genes are consistent with a pro-angiogenic 

phenotype.  Evaluation of the fractional area of CD31 positive cells was not significantly 

changed at this early time point.  Notably, one anti-angiogenic mediator, ADAMTS-1 was 

increased at the transcriptional and protein level at 3 weeks.  Two weeks later, CD31 

fractional area was significantly lower than control rats.  Concordantly, ADAMTS-1 

remained increased, and there was also upregulation of other anti-angiogenic mediators as 

well as downregulation of pro-angiogenic ones.  Together these data suggest an early attempt 

to preserve PTC followed by eventual failure to do so.   

Interestingly, VEGF was not differentially regulated at the transcriptional level via 

both microarray and RT-PCR.  Therefore these experiments suggest that downregulation of 

VEGF transcription does not appear to mediate PTC loss in chronic proteinuria.  Importantly, 

post-transcriptional regulation of VEGF may be involved in the pathogenesis, either via 

sequestration by ADAMTS-1 or via translational repression by the GAIT complex, 2 

members of which were upregulated in the interstitium. IHC revealed similar staining 

patterns in proteinuric and control animals: it is strongly expressed in distal tubules with very 

light staining in proximal tubules in both groups.  Protein was not quantified because in order 



 
 
 

 

 

144 

generate data relevant to the gene expression analysis, proximal tubules would have to be 

isolated for the assay.  Because ADAMTS-1 was upregulated at both time points and has 

been shown to be upregulated in other forms of kidney injury, it is an extremely interesting 

molecule for future studies.  As its regulation of VEGF is post-transcriptional, its inhibition 

may allow endogenous VEGF to retain functionality.  

Lastly, both manual annotation of transcriptional changes and gene pathway analysis 

demonstrated marked similarity to acute kidney injury models such as IR and nephrotoxicity.  

This is important because it suggests that molecular mediators of CKD progression may play 

important roles in multiple scenarios.  Moreover, therapies designed to mitigate TI injury in 

proteinuria may be useful in other diseases as well.  

Chapter 3 extended the findings of Chapter 2 to identify possible roles of miRNA in 

PTC loss and TI remodeling.  In these experiments, we performed Taqman microarray on 

isolated TI from the rats after 3 weeks of severe proteinuria, a time point where the lesions 

consisted of distal tubular protein casts and scattered interstitial inflammation.  Notably, 

interstitial fibrosis was not a feature at this early time point.  These experiments revealed 

downregulation of miR-29c, which has been previously associated with blocking ECM 

matrix production in the heart. Downregulation of miR-30c may increase the expression of 

connective tissue growth factor.  Furthermore, downregulation of miR-126, which has been 

tied to developmental angiogenesis, suggests that miRNAs may also be involved in PTC loss.  

The miRNAs identified in these experiments may serve as genomic markers of TI injury, as 

miRNAs are typically more resistant to degradation than the longer mRNAs.  Furthermore, 
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the advent of microRNA-based therapy is just beginning and exogenous administration of 

miR-126 may be a therapeutically viable option.     

Admittedly, our correlation of molecular mediators of angiogenesis and PTC loss in 

the first 2 experiments was limited by the methodology used to assess PTC morphology.  

Although our analysis is similar to those previously reported for PTC rarefaction, it is not an 

ideal assessment of PTC number.  In fact, we only determined the fractional area of CD31 

positivity.  It stands to reason that this would directly correlate with PTC loss but there are 

many possible factors that could confound this relationship. First, the important event to 

assess is the capillary lumen and not the endothelium per se.  As we demonstrated in Chapter 

4, many CD31 positive PTC did not have patent lumens throughout an 8µm thickness.  These 

structures would be included in the data provided by traditional image analysis software.  

Second, endothelial cells often undergo hypertrophy when activated, and this may result in a 

falsely elevated measurement.  Lastly, many previous experiments assessed PTC rarefaction 

based on endothelial cell labeling and often included glomerular endothelium and / or vasa 

rectae, 2 structures that can be easily excluded with manual methods.  Comparison of data 

from design-based stereology to fractional area determined from renal biopsy specimens 

demonstrated that both specimens provide estimates of decreased PTC.  Furthermore, these 

data suggest that while estimation of fractional area from biopsy specimens is associated with 

a higher CE, it may still be worthwhile for prognostication.  Thus, the experiments in Chapter 

4 aid in the validation of the use of fractional area for assessment of PTC rarefaction, a 

concept that was previously assumed but never before tested. 
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In conclusion, the experiments presented here have identified multiple novel markers 

of proteinuria-induced TI injury and specifically PTC loss.  These mediators should be the 

focus of future investigations using other animal models of CKD, and their viability as 

therapeutic targets need to be assessed.  Because design-based stereology provided a robust 

assessment of PTC number, which correlated with fractional area, it is likely that the latter 

will serve as an adequate phenotypic marker of PTC loss in future experiments.     
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APPENDICES 
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Appendix A: 
Upregulated (>2 fold) interstitial 

transcripts       
(3 weeks) q value 

Downregulated (<-2 fold) 
interstitial transcripts  

(3 weeks)  q value 
Ribosomal protein L13A Rpl13A 0.02 Nucleoprin like 1 Nupl1 0.03 

Lysozyme 2* Lyz2 0.02 
Zinc finger 
protein 40 Zfp40 0.08 

RNA binding motif 
(RNP1, RRM) protein 3* Rbm3 0.02       
Fortillin Tpt1 0.03       
Ribosomal protein L3 Rpll3 0.03       
Matrix gla protein* Mgp 0.06       
CD74, MHC Class II 
invariant chain CD74 0.09       
Fc fragment of IgG, low 
affinity Iia Fcgr2a 0.09       
Nucleophosmin Npm1 0.14       
histocompatability 2, 
Class II antigen E alpha H2-Ea 0.17       
LOC498750   0.17       
Lipoprotein Lipase Lpl 0.17       

 

Upregulated (>2 fold) tubular 
transcripts (3 weeks) q value 

Downregulated (<-2 fold) 
tubular transcripts (3 weeks)  q value 

Osteopontin* Spp1 
1.17E-

10 

N-
acetyltransferase 
8B Nat8b 0.00003 

Kidney Injury Molecule-
1* KIM-1 1E-6 

Peroxisome 
proliferator-
activated 
receptor delta Ppard 0.00003 

CD44 molecule CD44 0.0003 

Solute carrier 
family 22, 
member 25* Slc22a25 0.00008 

Reticulocalbin 1, EF-
hand calcium binding 
domain Rcn1 0.0005 

Kidney androgen 
regulated 
protein* Kap 0.0001 

Annexin A5* Anxa5 0.0015 

NADH 
deydrogenase 
(ubiquinone) 1, 
subcomplex 
unknown, 1 Ndufc1 0.0002 
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A distintegrinase and 
metallopeptidase with 
thrombospondine motifs 
type 1* 

Adamts
1 0.0018 

Serum / 
glucocorticoid 
regulated kinase 
2 Sgk2 0.0003 

BG77427   0.0028 

Sortilin-related 
receptor, LDR 
class A repeats-
containing Sorl1 0.0006 

Complement component 
4, gene 2* C4-2 0.0032 

Acetyl-coenzyme 
A 
acetyltransferase 
1 Acaa1 0.0021 

S100 calcium binding 
protein A10* 

S100a
10 0.0032 

Mpv17 
transgene, 
kidney disease 
mutant-like 
(predicted) like Mpv17 0.0032 

Activating transcription 
factor 3 Atf3 0.0049 

Aldo-keto 
reductase family 
1, member C12* Akr1c12 0.0032 

Fibrinogen alpha chain Fga 0.0057 AA848795   0.0033 
Lectin, galactoside-
binding, soluble, 3 Lgals3 0.0066 Villin-like Vill 0.0034 
Myelocytomatosis 
oncogene Myc 0.007 Meprin 1 beta Mep1b 0.0037 

Schlafen 8* Slfn8 0.007 
Iodotyrosine 
deiodinase Iyd 0.0037 

Glycoprotein 
(transmembrane) nmb 

Gpnm
b 0.0086 Thioredoxin 2 Txn2 0.0054 

Complement factor I* Cfi 0.0086 
Syntrophin, 
acidic 1 Snta1 0.0055 

Vimentin* Vim 0.0104 
Short coiled-coil 
protein Scoc 0.0056 

Nuclear factor of kappa 
light polypeptide gene 
enhancer in B cells 
inhibitor, zeta* Nfkbiz 0.0133 BF561546   0.0058 

Clusterin Clu 0.0201 

Solute carrier 
family 22 
(organic 
anion/urate 
transporter) 
member 12 Slc22a12 0.0058 

Tropomyosin 1, alpha* Tpm1 0.0227 

Golgi SNAP 
receptor complex 
member 2 Gosr2 0.007 

S100 calcium binding 
protein A11 (calizzarin)* 

S100a
11 0.0227 AA891943   0.007 
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Proteosome (prosome, 
macropain) subunit, 
beta type 8 (large 
multifunctional 
peptidase 7) Psmb8 0.023 

Metallophosphoe
sterase domain 
containing 1 Mpped1 0.007 

Insulin-like growth 
factor binding protein 1 Igfbp1 0.023 AI071024   0.007 
Gap junction protein, 
alpha 1* Gja1 0.0308 Meprin 1 alpha Mep1a 0.0074 

Rac GTPase-activating 
protein 1 

Racga
p1 0.0348 

Insulin-like 
growth factor 2 
receptor Igf2 0.0074 

Similar to limb-bud and 
heart   0.0445 

Transmembrane 
protein 24 Tmem24 0.0084 

Polymerase (DNA 
directed), epsilon 2(p59 
subunit) Pole2 0.0448 

Low density 
lipoprotein 
receptor-related 
protein 3 Lrp3 0.0086 

      

UDP 
glucuronosyltran
sferase 2 family, 
polypeptide B36* Ugt2b36 0.0086 

      Esterase 22 Es22 0.0086 
      Ketohexokinase Khk 0.0086 

      

ATPase, H+ 
transporting, 
lysosomal 
accessory protein 
2 Atp6ap2 0.0116 

      

Regucalcin 
(senscence 
marker protein-
30)* Rgn 0.0166 

      AA859652   0.017 

      
Thyroid hormone 
receptor beta Thrb 0.017 

      

Ral guanine 
nucleotide 
dissociation 
stimulator, -like 
1 Rgl1 0.0178 

      BG669441   0.0219 

      

Cytochrome 
p450, family 2, 
subfamily d, 
polypeptide 2 Cyp2d2 0.0227 

      
Peptidylprolyl 
isomerase C Ppic 0.0227 
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Calcium channel, 
voltage-
dependent, 
gamma subunit 5 Cacng5 0.0227 

      
Lactation 
elevated 1 Lace 1 0.0227 

      
RIM binding 
protein 2 Rimbp2 0.0227 

      NADPH oxidase 4 Nox4 0.023 

      

Soute carrier 
family 6, 
member 18 Slc6a18 0.0235 

      

Vacuolar protein 
sorting 36 
homolog (S. 
cerevisiae) Vps36 0.0235 

      

Glutamate-
cysteine ligase, 
catalytic subunit Gclc 0.0247 

      

Glycine C-
acetyltransferase 
(2-amino-3-
ketobutyrate-
coenzyme A 
ligase)  Gcat 0.0438 

      

Kynurenine -3- 
monooxygenase 
(kynurenine 3-
hydroxylase)* Kmo 0.0251 

      
Phospholipase 
A2, group XVI Pla2g16 0.0286 

      
Rogdi homolog 
(Drosophila) Rogdi 0.0297 

      
Homolog of 
zebrafish ES1   0.0304 

      

Glycine 
dehydrogenase 
(decarboxylating
)* Gldc 0.0304 

      
A kinase (PRKA) 
anchor protein 2 Akap2 0.0308 

      

Dicarbonyl L-
xylulose 
reductase Dcxr 0.0322 

      
Ureidopropionase
, beta Upb1 0.0322 
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Solute carrier 
family 37 
(glucose-6-
phosphate 
transporter), 
member 4 Slc37a4 0.0351 

      Arylformamidase Afmid 0.0351 

      
Thioredoxin 
reductase 2 Txnrd1 0.0359 

      

Eukaryotic 
translation factor 
1B Eif1b 0.0367 

      

Acetylgalatosami
nyl-transferase 
11 Galnt11 0.0367 

      

Biphenyl 
hydrolase-like 
(serine 
hydrolase)* Bphl 0.0383 

      

Dehydrogenase 
/reductase (SDR 
family) member 
7 Dhrs7 0.0383 

      

Solute carrier 
family 9 (sodium 
/ hydrogen 
exchanger), 
member 3 Slc9a3 0.0388 

      AW528010   0.0415 

      

Aldo-keto 
reductase family 
7, member A3 
(aflatoxin 
aldehyde 
reductase) Akr7a3 0.0417 

      

Malic enzyme 1, 
NADP(+)-
dependent, 
cytosolic Me1 0.0418 

      
c-Maf-inducing 
protein Cmlp 0.042 

      

Ankyrin repeate 
and SOCS box-
containing 13 Asb13 0.042 

      Syndecan 2 Sdc2 0.0421 

      

Solute carrier 
family 22 
(organic anion 
transporter) Slc22a6 0.0447 
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member 6 

      
Prolactin 
receptor Prlr 0.0448 

 

 

Upregulated (>2 fold) interstitial 
transcripts (5 weeks) q value 

Downregulated (<-2 fold) 
interstitial transcripts (5 

weeks)  q value 

L22655   4E-7 

Phosphatidic acid 
phosphatse type 
2B Ppap2b 0.0174 

AI406660   0.0005 AI78343   0.0271 

AI408351   0.0018 
Endothelial cell 
specific molecule Esm1 0.276 

BF417625   0.0038 

sphingosine-1-
phosphate 
receptor 3 S1pr3 0.0459 

Lymphotoxin beta Ltb 0.0174 Angiomotin-like 1 Amot1 0.0515 
Matrix gla protein* Mgp 0.023 BF389666   0.0812 

Allograft inflammatory 
factor 1 Aif1 0.0271 

FYVE, RhoGEF 
and PH domain 
containing 5 Fgd5 0.1184 

Dichhopf homolog 2 
(Xenopus laevis) Dkk2 0.0405 

Endothelin 
receptor type B Ednrb 0.1767 

Immunoglobulin heavy 
chain, alpha Igha 0.0423       
RNA binding motif 
(RNP1, RRM) protein 3* Rbm3 0.0481       
Sialic acid binfing Ig-like 
lectin 5 

Siglec
5 0.057       

Membrane-spanning 4-
domains, subfamily A, 
member 11 

Ms4a1
1 0.0686       

Synaptotagmin binding, 
cytoplasmic RNA 
interacting protein 

Syncri
p 0.0686       

DnaJ(HSP40) homolog 
subfamily B, member 6 

Dnajb
6 0.0686       

Sp110 nuclear body 
protein Sp110 0.0812       
Cathepsin S Ctss 0.0812       
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Coagulation factor II 
(thrombin) receptor F2r 0.0863       
Rho, GDP dissociation 
inhibitor (GDI) beta 

Arhgdi
b 0.0863       

Xanthine 
dehydrogenase Xdh 0.1089       
Decorin Dcn 0.1184       
Colied-coil domain 
containing 47 

Ccdc4
7 0.1347       

Fc fragment of IgG, high 
affinity Ia, receptor  Fcgr1a 0.1347       
BG670822   0.1348       
AI030314   0.1451       
CD53 molecule CD53 0.1511       
AI145523   0.1511       
Mannose recptor, C type 
1 Mrc1 0.1531       
BG670822   0.1531       
Ribosomal protein L35 Rpl35 0.1544       
Schlafen 8 Slfn8 0.1622       
BF393473   0.1622       
Coiled-coil domain 
containing 80 

Ccdc8
0 0.1763       

Protein kinase inhibitor 
beta, (cAMP-dependent, 
catalytic) inhibitor beta Pkib 0.1767       
Tenascin C Tnc 0.1767       
Similar to RIKEN cDNA 
5730454B08   0.1767       
Immunoglobulin joining 
chain Igj 0.1767       
Lysosyme 2* Lyz2 0.1817       
Collagen, type III, alpha 
1 

Col3a
1 0.1817       

BE098739   0.1817       
Carboxypeptidase E Cpe 0.1817       
Hypothetical protein 
LOC497796    0.1817       

 

Upregulated (>2 fold) tubular 
transcripts (5 weeks) q value 

Downregulated (<-2 fold) 
tubular transcripts (5 weeks)  q value 

Osteopontin* Spp1 2E-08 

Kidney androgen 
regulated 
protein* Kap 

0.00000
0129 
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Kidney Injury Molecule-
1* KIM-1 5E-5 

Solute carrier 
family 22, 
member 25* Slc22a25 0.0002 

Solute carrier family 12 
(sodium / chloride 
transporters), member 
3 

Slc12a
3 7E-5 

UDP 
glucuronosyltrans
ferase 2 family, 
polypeptide B36* Ugt2b36 0.0013 

A distintegrinase and 
metallopeptidase with 
thrombospondine motifs 
type 1* 

Adamt
s1 0.0012 

Alcohol 
dehydrogenase 1 
(class I) Adh1 0.0033 

Sclerostin domain 
containing 1 

Sostdc
1 0.0016 

Tumor necrosis 
factor, alpha-
induced protein 8 Tnfaip8 0.0037 

Tropomyosin 1, alpha* Tpm1 0.0033 

Glycine 
dehydrogenase 
(decarboxylating)
* Gldc 0.0054 

Gap junction protein, 
alpha 1* Gja1 0.0033 

Serologically 
defined colon 
cancer antigen 10 Sdccag10 0.0071 

Uncoupling protein 2  Ucp2 0.005 

Solute carrier 
family 25, 
member 30 Slc25a30 0.0071 

Calbindin Calb1 0.0054 
Myo-inositol 
oxygenase Miox 0.0135 

Tripartite motif 
containing 2 Trim2 0.0071 

Gap junction 
protein, beta 2 Gjb2 0.0135 

Tetraspanin 12 
Tspan
12 0.0077 

SET domain 
containing 3 Setd3 0.0141 

AHNAK nucleoprotein Ahnak 0.0079 BE108415   0.0141 
Similar to liver-specific 
bHLH-Zip transcription 
factor   0.0079 

Aldo-keto 
reductase family 
1, member C12* Akr1c12 0.0147 

S100 calcium binding 
protein A11 (calizzarin)* 

S100a
11 0.0122 

Xylulokinase 
homolog (H. 
influenzae) Xylb 0.0177 

Vimentin* Vim 0.0177 BF546770   0.0186 

Complement factor I* Cfi 0.0177 

Kynurenine -3- 
monooxygenase 
(kynurenine 3-
hydroxylase)* Kmo 0.0188 

Platin 3 (T-isoform) Pls3 0.0177 

Similar to RIKEN 
cDNA 
1810022C23   0.0198 

Annexin A5* Anxa5 0.0177 

Biphenyl 
hydrolase-like 
(serine Bphl 0.0199 
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hydrolase)* 

Hypothetical protein 
LOC500956   0.0177 

Sushi domain 
containing 2 Susd2 0.0199 

Similar to Myosin 
regulatory light chain 2-
A, smooth muscle 
isoform   0.0183 

Solute carrier 
family 17 (sodium 
phosphate), 
member 3 Slc17a3 0.0209 

WNK lysine deficient 
protein kinase 1 Wnk1 0.0186 

Carboxymethylen
e-butenolidase 
homolog 
(Pseudomonas) Cmbl 0.0231 

Schlafen 8* Slfn8 0.0188 

Kynurenine 
aminotransferase 
III Kat3 0.0231 

Complement component 
4, gene 2* C4-2 0.0201 BI293434   0.028 
Tropomyosin 4 Tpm4 0.0212 BF390386   0.029 

S100 calcium binding 
protein A10* 

S100a
10 0.0218 

Regucalcin 
(senscence 
marker protein-
30)* Rgn 0.0297 

Proteolipid protein 2 
(colonic epithelium-
enriched) Plp2 0.0302 

acyl-Coenzyme A 
oxidase 1, 
palmitoyl Acox1 0.0313 

Glycogenin 1 Gyg1 0.0318 

Sulfotransferase 
family, cytosolic, 
1C, member 2 Sult1c2 0.0318 

Nuclear factor of kappa 
light polypeptide gene 
enhancer in B cells 
inhibitor, zeta* Nfkbiz 0.0355 BG378730   0.0318 
Partner of NOB1 
homolog (S. cerevisiae) Pno1 0.0379 

M-phase 
phosphoprotein 8 Mphosph8 0.032 

BI291848   0.0426 AI169347   0.032 

Growth arrest specific 6 Gas6 0.0477 
Pregnancy zone 
protein Pzp 0.0364 

CD24 molecule CD24 0.0488 

Similar to RIKEN 
cDNA 
C630028N24 
gene   0.0375 

      Cyclin T2 Ccnt2 0.0409 

      
Homogentisate 1, 
2-dioxygenase Hgd 0.0431 

      

RAB7, member 
RAS oncogene 
family-like 1 Rab7l1 0.0462 
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Integral 
membrane 
transport protein 
UST5r Ust5r 0.0467 

      AA945938   0.0467 

      
Aminoadipate 
aminotransferase Aadat 0.0472 

      

Debranching 
enzyme homolog 
1 (S. cerevisiae) Dbr1 0.0488 

      

Hydroxyacyl-
Coenzyme A 
dehydrogenase Hadh 0.0488 

      

Solute carrier 
family 17 
(anion/sugar 
transporter), 
member 5 Slc17a5 0.0498 

      

Leucine rich 
repeat containing 
8 family, member 
D Lrrc8d 0.0498 

 

 


