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A MORPHOMETRIC ANALYSIS OF ULTRASTRUCTURAL DYNAMICS IN 

THE MURINE GLOMERULUS FOLLOWING SURGICALLY-INDUCED 

RENAL HYPERTENSION 

JAMES WARE STEVENSON 

ABSTRACT 

 

 Chronic kidney disease (CKD) and end stage renal disease (ESRD) are significant 

causes of adult morbidity and mortality worldwide. Though these conditions are common, 

the mechanisms of pathogenesis in kidney disease are poorly understood. Genetic 

predisposition has been established in the African American population; however this does 

not explain the ubiquity of CKD in the United States and abroad. Diabetes and hypertension 

are the two most frequently occurring co-morbidities in kidney disease and both have been 

identified as putative sources of injury to the delicate filtering structures of the kidney. 

Furthermore, the intrinsic functional relationship between the cardiovascular and renal 

organ systems adds to the plausibility of a hemodynamic cause. In light of this knowledge, 

we aim to explore the roles of genetic predisposition and hypertension in the pathogenesis 

and progression of CKD. 

 The filtering apparatus of the kidney, the glomerulus, is a looping tuft of capillaries 

specialized to allow the passage of water and certain substances from the blood while 

restricting others. Glomeruli at the corticomedullary boundary of the kidney experience 

blood pressures closer to those in systemic arterioles and are subject to similar 
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hemodynamic stresses. To evaluate the role of hypertension in CKD, we employed a well-

known model of hypertensive kidney disease in mice involving uninephrectomy (UNX), 

subcutaneous implantation of a timed-release pellet containing the active aldosterone 

precursor deoxycorticosterone acetate (DOCA), and a high-salt diet. Given the role of 

heritability in human CKD pathogenesis, we applied the DOCA-UNX model in two strains 

of mice with differing susceptibility to kidney damage, the 129S6 and C57BL/6 strains, to 

evaluate the effects of genetic predisposition. Mice were subjected to varying lengths of 

hypertension exposure and their kidneys were subsequently examined by transmission 

electron microscopy (TEM). Ultrastructural lesions of glomeruli were evaluated by a renal 

pathologist and assigned subjective pathology scores based on the extent and severity of 

involvement. 

 We hypothesized that certain glomerular lesions, particularly those involving the 

podocytes of the visceral epithelium, would increase in severity in mice with heritable 

susceptibility (129S6) as well as those with longer exposure to glomerular hypertension. 

Our observations demonstrate these hypotheses are partially correct. By TEM 

histopathology, mouse strain was found to have a significant effect on the severity of 

certain epithelial lesions while duration of hypertension had a significant effect on the 

overall morphological pathology of the podocytes, glomerular basement membrane, and 

glomerulus as a whole. These results provide a promising foundation for further 

investigation of the pathogenesis of CKD in mice. 
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INTRODUCTION 

 

 Chronic kidney disease (CKD) and end-stage renal disease (ESRD) are common 

causes of adult morbidity and mortality which threaten the well-being of individuals and 

place a significant burden on the healthcare economy as a whole. Affecting over 1 in 10 

adults in worldwide23, CKD encompasses a range of chronic conditions disrupting the vital 

filtration processes of the kidneys, resulting in persistent physiologic and metabolic 

disturbances. When renal function becomes insufficient to meet physiological demands 

CKD reaches its natural conclusion, a terminal stage known as ESRD or “kidney failure”, 

necessitating either dialysis or transplantation for survival. Both terminal interventions and 

long-term management options for CKD are costly and as a result, kidney disease at all 

stages accounts for a significant portion of healthcare spending in the United States. In 

2013, CKD alone consumed one-fifth of Medicare spending for patients over 65 while life-

preserving measures for ESRD patients constituted 7% of overall Medicare spending55. 

Indeed, the steep human and monetary costs of CKD merit thorough investigation of its 

character. 

 

EPIDEMIOLOGY 

CKD affects approximately 15% of adults in the United States and half of those 

aged 70 years or older7,55. In 2013, the United States Renal Data System reported that 

ESRD, defined as patients with very high-risk CKD, affected over 660,000 Americans with 

an overall mortality rate of 138 per 1,000 patients. Of greater concern, less than 50% of 
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individuals with stage 3 or 4 CKD are aware of their disease, jeopardizing opportunities to 

prevent it from progressing further7,55.  

It is well-established that African Americans are at increased risk of developing 

ESRD28,29,53, contributing further to the adversity of a vulnerable and socioeconomically 

disadvantaged population. Indeed, low socioeconomic status has also been associated with 

CKD6,56, compromising a significant proportion of this population. African Americans in 

2013 were three times more likely to develop ESRD and experienced a prevalence 3.7 

times higher than caucasians55. This increased risk is partially attributable to genetic 

predisposition18,54 as well as a greater prevalence of medical risk factors including diabetes 

and cardiovascular disease16,26. Furthermore, data suggest that African Americans with 

these risk factors are not sufficiently aware of their CKD risk, stymying efforts for early 

and coordinated intervention16,26. 

While prevalent in the United States, CKD and ESRD are also familiar problems 

around the world, with estimates placing the global prevalence of CKD over 10%23. 

According to data regarding disease-specific treatment measures, namely dialysis and renal 

transplantation, the global incidence of treated ESRD is highly variable.  The greatest 

incidence of ESRD is found in Southeast Asia, Japan, and North America, while much of 

Europe and Russia show the lowest55. It should be noted that available data is limited 

mainly to developed countries due to challenges in both diagnosis and reporting, excluding 

Africa and most of Central Asia. Causality for CKD internationally is also difficult to 

measure, however it is noted that some logical causes, such as infectious disease and 
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environmental exposures, are generally more common in developing nations than 

developed ones23,38. 

 

GLOMERULAR PHYSIOLOGY 

In the kidney, filtration of the extracellular fluid (ECF) is accomplished at the 

glomerulus–a biological sieve that allows the passage of certain plasma components into a 

specialized series of tubules which monitor and adjust their content before excretion in the 

urine. The glomerulus, encapsulated within a renal corpuscle, comprises a looping tuft of 

capillaries lined by a specialized interdigitating epithelium and structurally supported by a 

cell/matrix composite termed the mesangium. Material filtered from the capillary blood 

must travel through a 3-part barrier, each component of which contributes to the selectivity 

of the molecular sieve (Figure 1). Once through the filtration barrier, the “ultrafiltrate” 

composed primarily of water, salts, and small molecules enters the extracellular Bowman’s 

space (BS) within the corpuscle before draining to the renal tubule system. 

The first layer of the glomerular filtration barrier is a fenestrated endothelium with 

perforations up to 100 nm in diameter, allowing free passage of water and other molecules 

into the glomerular basement membrane (GBM) composed largely of type IV collagen, 

laminins, glycosaminoglycans, and other anionic substances25,42. Beyond the GBM the 

lining epithelium is formed by podocytes–highly specialized cells which embrace the 

structures of the glomerulus and anchor themselves to the basement membrane with  

characteristic foot processes (FPs). Interdigitating FPs from neighboring podocytes jointly 

sheath the capillary loops, limiting the area for filtration to narrow (20-30 nm)3 filtration 
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Figure 1: The glomerular filtration barrier. Capillary loops are structurally supported by 

mesangial cells and lined by an epithelium composed of podocytes. Ultrafiltrate passes from the 

blood in the capillary lumen (CL) to the Bowman’s Space (BS) first through endothelial cells (EC) 

perforated by fenestrations up to 100 nm in diameter (asterisks). After crossing the glomerular 

basement membrane (GBM, barred line), the ultrafiltrate must then pass through a slit diaphragm 

(arrowheads) spanning the filtration slit between interdigitating foot processes (FP). The 

glycoprotein coat of foot processes can be observed as a fuzzy outline. Illustration by Mostafa 

Belghasem, reproduced and adapted by permission. Pictured (inlay): Digital transmission electron 

micrograph of normal 129S6 mouse kidney, taken at 50,000X magnification. Tissue prepared as 

described in methods. Image taken by author and labelled using ImageJ48.  

Podocyte 

FP  
EC 

Mesangial Cell 
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BS 
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slits between adjacent processes. At the filtration slit, adjoining FPs are anchored to the 

membrane by adhesion proteins and bridged primarily by interacting domains of the 

protein nephrin, forming a specialized slit diaphragm42 which participates in the filtration 

process. 

The ultrastructural and molecular composition of the filtration barrier is specialized 

to restrict the permeability of specific substances based on their size and charge. 

Endothelial fenestrations are of sufficient caliber to allow the passage of water and some 

substances while preventing large macromolecules and cells from exiting the capillary 

lumen. In the GBM, interwoven matrix proteins form another physical barrier excluding 

molecules with a molecular radius approximately that of serum albumin (36 Å) or larger4,42. 

Additionally, anionic glycoproteins and glycosaminoglycans within the GBM create an 

electrostatic barrier that repels negatively charged molecules including several plasma 

proteins4,25,46. Molecules that permeate the GBM are then subject to additional electrostatic 

and physical hindrance at the filtration slit and within Bowman’s space, as anionic proteins 

within the narrow slit diaphragm and a negatively-charged glycoprotein coat surrounding 

foot processes further repel large anionic molecules42,49.  

While it is widely acknowledged that the GBM is the primary mediator of 

permeability in the glomerulus, podocytes and endothelial cells contribute to the 

constitution of the GBM as well as the overall permeability of the barrier. In development, 

both endothelial cells and podocytes synthesize basement membrane proteins1,51, and 

expression of GBM-binding adhesion proteins in podocytes is necessary for the 

construction of an effective filtration barrier13. The remarkably stable structure of the GBM 
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allows the respective epithelial cells to decrease production of its components after 

development, however their continued presence is necessary to ensure its stability1. 

 

GFR, ALBUMINURIA, & STAGING 

Because of the kidney’s essential function as a hemodynamic regulator, the 

interactions between the cardiovascular and renal organ systems must be understood to 

properly assess kidney function both qualitatively and quantitatively. Filtration across the 

glomerular barrier is driven by Starling forces, owing to the supra-venous hydraulic 

pressures experienced within the glomerulus and the near absence of oncotic pressure in 

the Bowman’s space of a normally functioning renal corpuscle3. The volume of plasma 

filtered into Bowman’s space per unit time, referred to as the glomerular filtration rate 

(GFR), can therefore be calculated as a function of these forces. GFR is proportional to the 

difference in hydraulic pressures between the capillary lumen and BS (net hydraulic force) 

minus the difference in oncotic pressures between compartments (net oncotic force)3. 

GFR is considered the best quantitative indicator of overall kidney function and has 

served this role for decades36,39,43. The renal clearance of creatinine, an endogenous 

component of blood plasma that is freely filtered from the glomerulus and not reabsorbed 

by the renal tubules, can be used to generate an estimate of GFR36,37,41. Because CKD is 

most generally defined as a progressive deterioration of the filtering capacity of the 

kidneys, GFR is a critical factor in the diagnosis and staging of the disease. Early criteria 

for clinical identification and monitoring therefore defined CKD as having a GFR < 60 

mL/min/1.73 m2, with a GFR < 15 mL/min/1.73 m2 indicating ESRD43. 
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In addition to reduced GFR, the definition of CKD includes an indication of 

ongoing kidney damage (≥3 months) as determined by the presence of pathological 

abnormalities on biopsy or constitutional abnormalities in the urine39,43. A practical 

indicator of glomerular injury is the presence of protein, specifically serum albumin, in the 

urine, as a normally functioning filtration barrier should prevent most albumin from 

entering the ultrafiltrate. Albuminuria is measured clinically as the ratio of albumin to 

creatinine concentration in the urine (albumin:creatinine ratio–ACR), with an ACR ≥ 300 

mg/g indicating overt clinical albuminuria39,43. 

 Staging of CKD originated with simple GFR-based criteria outlined in a 2002 

report of the Kidney Disease Outcomes Quality Initiative and was later revised in 2011 to 

improve coherence with patient outcomes39,40. The most recent guidelines from the Kidney 

Disease: Improving Global Outcomes commission therefore include a two-part staging 

system, taking both GFR and albuminuria into account and emphasizing prognostic factors 

by associating stages with relative mortality risk categories (Table 1)39. Individuals in the 

moderate, high, or very high risk categories are considered to have overt CKD, and from 

2007-2012 the prevalence of U.S. adults in each risk category was 9.8%, 2.3%, and 1.7%, 

respectively55. 
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Table 1: Chronic kidney disease staging and prognostic criteria. Albuminuria measured as 

urine albumin:creatinine ratio in mg/g. GFR ranges presented in mL/min per 1.73 m2 body surface 

area. Colors indicate adjusted relative risk of mortality due to kidney disease. Green indicates 

no/minimal risk, yellow indicates mild risk, orange indicates moderate risk, and red indicates 

severe/imminent risk. CKD is defined as a GFR < 60 mL/min per 1.73 m2 for at least 3 months. 

Nephrotic syndrome defined as albuminuria >2000 mg/g ACR. Adapted from Levey et al., 2011. 



 

9 

PATHOPHYSIOLOGY OF CKD 

CKD is characterized by an accumulation of pathological abnormalities and 

functional deficiencies caused by chronic injury to the delicate microstructures of the 

kidney, resulting in the progressive deterioration of ECF regulation. Patients with CKD 

and ESRD therefore experience severe physiologic and metabolic disturbances, such as 

uremia and nephrosis, which precipitate death if left untreated34. Glomerular injury begins 

at the ultrastructural level, where physiologic insults abolish permselectivity by disrupting 

and disorganizing the structure of the filtration barrier. Podocytes in particular exhibit well-

documented adaptive changes in the context of cellular injury which have been observed 

in a range of pathologies associated with CKD, including the nephrotic syndrome and focal 

segmental glomerulosclerosis (FSGS)9,15,27,34. Indeed, evidence suggests that podocyte 

adaptation and injury is central to the pathophysiology of CKD. 

The nephrotic syndrome, characterized by massive proteinuria (≥3.5 g/day or 

≥2000 ACR), hypoalbuminemia, and generalized edema34,39, is a direct result of declining 

kidney function in the late stages of CKD and has been associated with morphological 

changes in podocytes since the 1950’s15. Podocytes in the kidneys of nephrotic patients 

exhibit a distinct pattern of FP retraction referred to as foot process effacement (FPE), 

resulting in widened FPs spanning broader distances of the GBM and reducing the 

frequency of filtration slits9,34,49 (Figure 2). Furthermore, varying degrees of FPE are 

associated with specific glomerular disease states10, however it remains unclear whether 

FPE is a cause or consequence of glomerular injury. Evidence from animal models suggests 

that effacement can precede proteinuria in some cases49, but conflicting data from clinical 
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studies find a lack of association between the degree of effacement and level of proteinuria 

in multiple glomerulopathies2. Nevertheless, FPE continues to be a consistent finding in 

the histology of patients with proteinuria and is certainly relevant to the pathophysiology 

of CKD. 

Podocyte stress and injury manifest at the light microscopic scale in the form of 

FSGS, a condition in which some, but not all glomeruli exhibit sclerotic lesions in isolated 

segments of the capillary tuft9,34. A model for the pathogenesis of FSGS hinges on the 

terminally differentiated nature of podocytes, which renders them unable to replace 

themselves in the event that cell stress reaches a critical maximum9,49. It is suggested that 

these critically injured podocytes lose their attachments to the GBM and eventually detach 

from the glomerulus, leaving a segment that is inevitably repaired by matrix deposition and 

scar formation9,33. As a result, sclerosed segments accumulate until function is so impeded 

that the glomerulus as a whole ceases to operate. This theory is supported by the 

observations that podocyte density at the glomerulus is lower in individuals with kidney 

disease57, viable and non-viable podocytes are excreted in the urine at a higher rate in CKD 

patients57,58, and the rate of podocyturia can be used as a specific marker of ongoing kidney 

damage58. 
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Figure 2: Foot process effacement. Effacement of FPs is a characteristic finding in the glomerular 

ultrastructure of patients with CKD-associated conditions, including nephrosis and FSGS. Pictured: 

Digital transmission electron micrographs of 129S6 mouse kidney with normal podocyte 

architecture (top) and prominent FPE (bottom). Effaced foot processes are labeled with arrows in 

the bottom image. Both images taken at 10,000X magnification and processed using ImageJ48. 

Tissue prepared as described in methods. BS= Bowman’s space, CL= Capillary lumen, FP= Foot 

process. 
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Structural and functional changes in CKD-associated pathologies are not limited to 

the podocyte. Changes in the thickness and composition of the GBM are frequently 

reported in the renal histology of nephrotic patients as well as the presence of deposits and 

additional matrix material in sclerotic segments of the glomerulus9,19,31,34. Progression from 

epithelial damage to sclerosis also involves expansion of the mesangium, with an increase 

in the density of both mesangial cells and matrix in the glomerulus19,30,31. Finally, swelling 

of the endothelium has been observed in experimental models of FSGS as well as other 

renal and cardiovascular disorders24. Despite the range of structures affected in 

glomerulopathy, the podocyte ties together several of these pathological abnormalities, 

given its role in maintaining the GBM, protecting the capillary loop from sclerosis, and 

regulating endothelial cell function1,24,31. 

 

PATHOGENESIS OF CKD 

 Conceptual models of CKD suggest that its development is a result of ongoing 

tissue injury followed by processes of repair and adaptation that may themselves contribute 

to disease39,40. Lesions found in the kidneys of CKD patients commonly resemble 

hypertensive nephrosclerosis and diabetic glomerulosclerosis, both of which are products 

of hemodynamic disorders38. Moreover, hypertension and diabetes are the most frequently 

occurring co-morbidities in CKD patients, suggesting that extra-renal hemodynamic 

pathologies predispose and perpetuate kidney damage52,55. Studies of risk factors confirm 

that these conditions increase susceptibility to CKD which strengthens the argument for 

hemodynamic etiologies8,21,44,52, however causal relationships between extra-renal disease 
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and CKD are somewhat obscure. The current study explores the role of hypertension in 

CKD pathogenesis. 

 Systemic hypertension causes measurable increases in the intra-capillary pressures 

of juxtamedullary glomeruli, a condition known as glomerular hypertension (GHT)14. The 

association of cardiovascular disorders with renal pathology draws upon the success of 

GHT animal models in precipitating glomerular injury14,30 as well as the observation that 

sclerotic lesions of the glomerulus are strikingly similar to those seen in atherosclerosis11. 

In order to assess the role of GHT in glomerulopathy, an examination of hemodynamic 

forces in hypertension and the mechanical properties of the glomerulus is necessary. 

 The hydraulic pressure gradient that drives filtration at the glomerulus does so at 

the cost of subjecting the capillary wall and associated structures to considerable physical 

forces. In the context of GHT these forces increase in magnitude, intensifying 

circumferential stress and tension in the capillary wall14. The turgor of the GBM therefore 

provides a critical line of defense against capillary distension, but the elastic properties of 

this membrane have not yet been quantified and the GBM alone seems incapable of 

negotiating such wall tension30,32. It has been suggested that podocytes may counteract 

distending forces via cytoskeletal contraction mechanisms, yet the contractile forces of 

podocytes have also not been thoroughly studied and the notion that foot processes are 

capable of transmitting those forces is questionable14,32. In fact, experiments subjecting rat 

glomeruli to high perfusion pressures demonstrate that the glomerulus fails to mitigate 

drastic increases in wall tension, resulting in capillary distension with an increase in GBM 
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area over 50%32. Augmented transmural hydraulic force is therefore a putative source of 

injury in CKD, prompting further investigation of the role of GHT in pathogenesis. 

 Animal models have proved indispensable for the study of kidney disease in 

hypertension. One such model simulates the physiologic disturbances present in systemic 

hypertension to examine the consequences of acquired GHT12,14. In this model, rats or mice 

are subjected to uninephrectomy (UNX), administration of an exogenous form of the active 

aldosterone precursor deoxycorticosterone acetate (DOCA), and increased NaCl intake, 

representing a multi-hit approach that involves both loss of functional renal mass and ECF 

volume retention12. Animals subjected to this treatment have been observed to exhibit 

histologic and physiologic features of progressive kidney injury, including 

glomerulosclerosis, glomerular capillary distension, FPE, podocyte loss, mesangial 

expansion, and marked albuminuria12,30. In sum, the DOCA/uninephrectomy model 

(DOCA-UNX) of GHT is an effective tool for simulating and assessing the effects of 

hypertension on kidney function. Our study employs the DOCA-UNX method to induce 

GHT and examine its effects on renal histopathology in mice. 

 In light of evidence that genetic factors may contribute to CKD17,18,54, we also set 

out to determine if heritable susceptibility in mice influences renal histopathology in the 

context of GHT.  Towards this end, we examined the histopathological effects of GHT in 

two different strains of mice, the 129S6 and C57BL/6 strains. These strains have been 

shown to respond to renal insults differently, with the 129S6 strain considered susceptible 

to kidney damage while the C57BL/6 strain is considered resistant5,47. Additionally, 

experiments with renal ablation techniques have demonstrated that genetic factors in 129S6 
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mice are associated with a greater degree of overall histopathology, blood pressure 

increase, and albuminuria compared to C57BL/6 mice47, however data on the severity of 

specific lesions is lacking. The current study aims to address this deficiency by examining 

the severity of CKD-associated lesions in both strains. 

 

DIAGNOSTIC ELECTRON MICROSCOPY 

 Transmission electron microscopy (TEM), which allows specimen observation at 

magnifications in excess of 100,000X, has been used for the purpose of renal biopsy for 

many years and its contribution to efficient diagnosis is invaluable35,50. The intricate 

ultrastructure of the kidney necessitates the use of TEM to identify lesions indetectable by 

light microscopy. An important example of the need for TEM in renal pathology is the case 

of Minimal-Change Disease (MCD). In MCD, glomeruli appear normal by light 

microscopy despite a clinical presentation of severe nephrosis during childhood34. Closer 

examination by TEM reveals pronounced effacement of FPs, a lesion too small to observe 

in light microscopy.  This lesion is considered to be the source of proteinuria in these 

patients34. While the cause of podocyte injury in MCD is not yet known, TEM is essential 

for its diagnosis. 

 In addition to FPE, lesions commonly observed by TEM in renal biopsy include 

thickening or thinning of the GBM, the presence of protein and immune deposits, and 

newly synthesized GBM beneath injured endothelial cells (double contours), all of which 

are implicated in a variety of renal diseases19,34,35. This study employs TEM to identify and 

characterize the severity of these specific glomerular lesions in hypertensive mice. Lesions 
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considered are listed in Table 2 and represent all four structural domains of the glomerulus: 

Visceral epithelium (podocytes), GBM, endothelium, and mesangium.  

Studies using the remnant kidney model to examine kidney injury in C57BL/6 and 

129S6 mice have shown differing physiological responses but have not thoroughly 

explored the ultrastructure of these animals47. Given the close interrelation of structure and 

function in the kidney, such information may be useful in directing future studies to identify 

molecular mechanisms involved in CKD pathogenesis. We hypothesize that those 

morphological changes observed in the kidneys of human CKD patients should be present 

also in the kidneys of mice and would be observed to a higher degree in the injury-prone 

129S6 mice. Furthermore, those changes most closely associated with the physiological 

hallmarks of CKD, decreased GFR and pronounced albuminuria, are suspected to be severe 

in susceptible mice with increasing exposure to GHT–changes such as FPE, FP irregularity, 

and GBM thickness variations. We aim to subjectively quantify these ultrastructural 

dynamics in order to shed light on the pathogenesis of CKD in hypertensive mice with 

differing susceptibilities to kidney disease. Towards this end, we have performed a 

morphometric analysis of glomerular histopathology by TEM in 129S6 and C57BL/6 mice 

subjected to the DOCA-UNX procedure and describe our results here. 
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METHODS 

 

INDUCTION OF HYPERTENSION 

At 11-13 weeks of age, male 129S6/ScEv (Taconic Biosciences) and C57BL/6 

(abbreviated henceforth as BL/6) mice (Jackson Laboratory) underwent left 

uninephrectomy and subcutaneous implantation of a 60-day timed-release pellet containing 

150 mg of deoxycorticosterone acetate (Innovative Research of America, Sarasota, FL) 

between the scapulae.  Following surgery, mice were fed 1% NaCl solution and standard 

feed until euthanized at 24 hours, 7 days, or 42 days. Time zero controls were euthanized 

immediately following surgery. To confirm a sustained increase in blood pressure in 

experimental subjects, systolic blood pressure was measured via the tail cuff method (BP-

2000, Visitech Systems) with measurements taken a minimum of 3 times per week until 

dispatch.  Mice were trained for a minimum of 3 days to reduce stress associated with blood 

pressure measurements and the procedure was conducted in a quiet room to further 

maintain a normal environment.  

 

TISSUE PROCESSING 

The remaining kidney was harvested immediately after euthanasia and cut into 1 

mm3 thick sections perpendicular to the long axis of the organ followed by additional radial 

cuts into wedge-shaped pieces to maintain orientation of tissue architecture.   Dissected 

kidney tissue was fixed in 3% glutaraldehyde solution and stored at 4°C overnight or until 

further processing. Preserved tissue was rinsed in 0.1 M sodium cacodylate buffer for 10 
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minutes before post-fixation in 1% osmium tetroxide/0.15 M sodium cacodylate solution 

for one hour.  The tissue was then washed in deionized water for 5 minutes and dehydrated 

by 5 minute treatments in a graded acetone series of 50%, 90%, 100%, 100%, and 100% 

solution. 

For embedding in epoxy resin, osmium-fixed dehydrated tissue was first treated 

with a 1:1 solution of unpolymerized resin and acetone for 1 hour, then 100% resin for 

approximately 4 hours. Treatments in unpolymerized resin were carried out in scintillation 

vials on a rotating platform to ensure effective infiltration. Finally, the tissue was placed in 

the cap of a BEEM® capsule containing 100% epoxy resin and left overnight at 60°C. 

Capsules also contained a small paper identifying label at the end opposite the tissue. 

Resulting blocks contained flat-embedded tissue in polymerized epoxy resin. 

 

SECTIONING & STAINING 

 Blocks of resin-embedded tissue were liberated from the capsule and excess resin 

was trimmed away from the specimen using a stainless steel razorblade. To locate areas of 

interest within the specimen, semi-thin 2 μm sections were cut using a fresh glass knife at 

a tilt angle of 3° on a Leica EM UC7 Ultramicrotome (Leica Microsystems, Buffalo Grove, 

IL), then floated on a droplet of water on a charged glass slide. After applying heat to 

remove water, sections adhered to the slide were stained with toluidine blue dye for 

approximately 30 seconds on heat, then rinsed with water and dabbed gently with a paper 

towel to remove excess stain. Stained semi-thin sections were then examined by light 
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microscopy to locate areas of the tissue specimen containing juxtamedullary glomeruli with 

patent capillary loops and minimal overt pathology. 

 Once a satisfactory region of tissue was located, more excess resin was trimmed 

away from the specimen using a stainless steel razorblade to isolate the area of interest. 

Next, the tissue block was cut into ultra-thin 72 nm sections using a 4 mm 45° diamond 

knife (Diatome, Hatfield, PA) at a tilt angle of 6° on the same ultratome used for light 

microscopy. To remove imperfections caused by semi-thin sectioning, 1-3 200 nm sections 

were cut from the surface of the specimen using the diamond knife prior to ultra-thin 

sectioning. Ultra-thin sections were then treated with xylene vapor to prevent wrinkling by 

hovering a wooden applicator saturated in liquid xylene over the sections for 3-5 seconds 

as they floated in the knife reservoir. Sections of satisfactory thickness and quality were 

then placed on heat-treated copper grids and dried on #42 filter paper in a petri dish. Ultra-

thin sections were not directly manipulated in the knife reservoir before being placed on 

the grid. 

 Prior to electron microscopy, the prepared sections were stained with 4% aqueous 

uranyl acetate by floating grids section side-down on individual droplets of solution in a 

petri dish for 5 minutes at 60°C. Sections were then washed by dipping grids 50 times in 

and out of a large ceramic bowl containing deionized water. Next, sections were stained 

with 0.4% aqueous lead citrate by immersing the grid section side-up in a droplet of 

solution for 45 seconds at room temperature, then given a final wash in water using the dip 

technique described above.  
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ELECTRON MICROSCOPY & IMAGING 

After drying on #42 filter paper, grids containing intact, stained sections were 

examined using a JEOL JEM-1011 transmission electron microscope (JEOL, Japan) at an 

accelerating voltage of 80 kV. Images were taken using a Gatan Erlangshen ES1000W 

side-mounted digital camera with Gatan Digital Micrograph© software (Gatan, Pleasanton, 

CA). Care was taken to limit imaging to juxtamedullary glomeruli with patent capillary 

loops and minimal overt pathology as identified via light microscopy. A minimum of 3 

glomeruli were imaged in each animal at standard magnifications of 3000X, 6000X, and 

10,000X for morphometric analysis. Images used for publication processed with ImageJ48. 

 

HISTOPATHOLOGY 

 A total of 24 animals were considered in this study, 12 of each strain, with each 

strain group comprising 3 animals per time point and 3 animals as time zero controls. Image 

sets from each animal were examined by an experienced renal pathologist who was blind 

to the experimental conditions of the animal in each set. Severity scores based on degree 

of involvement were assigned to various known pathological abnormalities on a subjective 

scale of 0-4, with 0 indicating no presence, 1 indicating isolated presence, 2 indicating mild 

presence (< 25% involvement), 3 indicating moderate presence (25-75% involvement), and 

4 indicating severe presence (> 75% involvement). Novel abnormalities or findings were 

noted on a case-by-case basis but not scored for severity. All image sets contained a 

minimum of 50 total images at 3000X, 6000X, and 10,000X magnifications. Images 
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containing torn sections, obstructive artefacts, or heavy staining precipitates were excluded 

from the study. 

 

STATISTICAL ANALYSIS 

2-way ANOVA (α=0.05) was performed on subjective histopathology measures 

followed by post-hoc Tukey multiple comparisons tests for significance. Unpaired t-tests 

(α=0.05) were performed for measures of FPE and microvillous change, as described 

below. All statistical analysis performed using GraphPad PRISM software (GraphPad 

Software Inc., La Jolla, CA). 
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RESULTS 

 

 Image sets from 24 mice were evaluated and assigned subjective severity scores for 

14 known pathological abnormalities in the 4 glomerular domains: Visceral epithelium 

(podocytes), basement membrane, endothelium, and mesangium. Of the 14 lesions 

considered, all but one (subepithelial deposits) were observed to some degree. Scores were 

assigned on the basis of severity, with a score of 0 indicating the lesion was not present, 1 

indicating the lesion was present in an isolated region, 2 indicating < 25% involvement, 3 

indicating 25-75% involvement, and 4 indicating > 75% involvement. None of the lesions 

we observed were of sufficient severity to merit a score of 4 during the course of the study.  

2-way ANOVA reveals that significant differences were observed both between 

strain groups and time of exposure groups (Table 2). Interestingly, strain differences were 

observed to have an influence on the severity of specific lesions, whereas time of exposure 

had a greater effect on cumulative domain and overall pathology scores (Figure 3). We 

observed no significant interaction between strain and exposure effects for any of the 

lesions considered or cumulative scores (data not shown). Representative images of 

animals from all groups are shown in Figure 7. 

Strain differences were observed exclusively within the podocyte domain (Figure 

3A-C), which was of particular interest in this study. To further quantify differences in 

means between strain groups, unpaired t-tests (α=0.05) ignoring exposure groups were 

performed for lesions with significant differences as determined by 2-way ANOVA (Table 

3). We observed significant differences in the degree of FPE between the two strains of 
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mice (p < 0.03) (Figure 3A), with the 129S6 strain having a mean score 0.500 points 

greater than the BL/6 strain (p < 0.04) (Figure 4A). Other findings associated with 

podocyte injury, specifically cellular vacuolization (p < 0.05) and microvillous change (p 

< 0.02), were unexpectedly observed to a higher degree in the supposedly disease-resistant 

BL/6 strain (Figure 3B, C). Large vacuoles were observed exclusively in the podocytes of 

BL/6 mice (Figure 3B). Podocyte microvilli were observed to a higher degree in BL/6 

mice, with a mean score 0.583 points greater than that of the 129S6 mice (p < 0.02) (Figure 

4A). It should be noted that both microvilli and vacuoles were found in control mice, 

possibly pointing to a pattern of normal morphology that differs from that of humans. 

Significant differences between exposure groups were observed for cumulative 

podocyte (p < 0.05), GBM (p < 0.03), overall pathology scores (p < 0.03) (Table 2, Figure 

3D-F). As expected, these scores were all significantly higher after 42 days of exposure 

than at earlier time points (Table 3). Ignoring strain effects, mean cumulative podocyte 

pathology score was 1.83 points higher after 42 days of GHT than 7 days (p < 0.05) (Figure 

4B). Both cumulative GBM (p < 0.03) and overall pathology (p < 0.03) scores were greater 

at 42 days than 1 day, with differences in means of 2.17 and 8.50, respectively (Figure 4C, 

D). 

All lesions considered were observed to some degree except for subepithelial 

deposits. Representative images of specific lesions are shown in Figure 5 and Figure 6. 

The most extensive FPE was observed in the 42-day exposure group of 129S6 mice 

(Figure 5), which also had a notable amount of irregularities in the GBM, mostly in the 

form of wide variations in thickness. BL/6 mice showed a significantly greater degree of 
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vacuolization and microvillous degeneration compared to the 129S6 strain (Figure 6), both 

of which are considered pathological lesions in humans. Remarkably, these lesions are 

well-represented within both time zero and 1-day exposure groups (Figure 3B, C). 

  

Table 2: p-values from 2-way ANOVA of histopathology scores. 2-way ANOVA (α=0.05) was 

performed to identify significant differences in histopathology scores between strain groups and 

exposure groups as well as interaction effects. Significant effects (p < 0.05) are indicated with an 

asterisk (*). Mouse strain had a significant effect on FP effacement, vacuolization, and microvillous 

change, while time of exposure had a significant effect on cumulative podocyte, GBM, and overall 

scores. No significant interaction effects between strain and exposure were observed (data not 

shown). Subepithelial deposits were not found in any specimen. Statistics performed using 

GraphPad Prism software. 
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Figure 3: Mean histopathology scores with significant strain and exposure effects. Left column 

(A-C): Mouse strain was observed to have a significant effect on FPE (p=0.262) (A), podocyte 

vacuolization (p=0.0499) (B), and microvillous change (p=0.0114) (C). Error bars represent 

standard deviations. Right column (D-F): Time of exposure was observed to have a significant 

effect on cumulative podocyte (p=0.0422) (D), GBM (p=0.0212) (E), and overall pathology scores 

(p=0.0289) (F). Graphs of means and standard deviations derived from 2-way ANOVA analysis, 

performed and generated using GraphPad Prism software. 
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Table 3: Results of post-hoc tests. Top: Results of unpaired t-tests (α=0.05) for FPE, podocyte 

vacuolization, and microvillous change scores. Differences in means (Δμ) presented ± standard 

deviation (SD). p-values from 2-way ANOVA (p(ANOVA)) and t-tests (p(t-test)) shown in first and last 

columns, respectively. FPE was more severe in the 129S6 strain, while microvillous change was 

more severe in the BL/6 strain. Podocyte vacuolization was only observed in the BL/6 strain. 

Bottom: Results (p-values) of 2-way ANOVA for cumulative podocyte, GBM, and overall 

pathology scores as well as significant results from post-hoc Tukey tests. Cumulative podocyte 

scores were significantly greater at day 42 than day 7, whereas cumulative GBM and overall 

pathology scores were significantly greater at day 42 than day 1. Significant effects (p < 0.05) are 

indicated with an asterisk (*). All statistics performed using GraphPad Prism software. 
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Figure 4: Mean histopathology scores in post-hoc tests. Strain differences were observed for 

FPE (A, left) and podocyte microvillous change (A, right), with the 129S6 strain having greater 

FPE scores (p=0.0325) and the BL/6 strain having greater microvillous change scores (p=0.0114) 

by unpaired t-test. Podocyte pathology scores were significantly greater at 42 days than those at 7 

days (B, p=0.0474). GBM and overall pathology scores were significantly greater at 42 days than 

those at 1 day (C, D, p=0.0212 and 0.0289, respectively). B-D derived from post-hoc Tukey 

multiple comparisons test. Error bars indicate standard deviation. Brackets with asterisks (*) 

indicate significant (p < 0.05) differences. All statistics performed and graphs generated using 

GraphPad Prism software. 
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Figure 5: Representative images of foot process effacement. FPE was significantly more severe 

in 129S6 mice than BL/6 mice (p < 0.04). Pictured: Digital transmission electron micrographs of 

129S6 mouse kidney in the 42-day exposure group with considerable FPE. In the top image, 

irregular and elongated FPs indicate early stages of podocyte injury. In the bottom image, FPs are 

overtly effaced. Arrowheads indicate irregular FPs in the top image and effaced FPs in the bottom 

image. Dense bands, likely elements of the cytoskeleton, can be observed in the effaced processes 

in the bottom image. The GBM in the bottom image is highly irregular with thickened regions 

where extra matrix lies, indicated by asterisks (*), whereas in the top image it is noticeably thin. 

Both images taken at 10,000X and processed using ImageJ48. BS= Bowman’s space, CL= Capillary 

lumen. 
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Figure 6: Representative images of podocyte vacuoles and microvillous change. Podocyte 

vacuolization was observed exclusively in BL/6 mice, but this observation is statistically significant 

(p < 0.05). Microvillous change was significantly more severe in BL/6 mice compared to 129S6 

mice (p < 0.02). Pictured: Digital transmission electron micrographs of 1-day exposure BL/6 mouse 

kidney (top) and 42-day exposure BL/6 mouse kidney (bottom). In the top image, vacuoles are 

visible inside the cytoplasm of the podocyte (VAC). The podocyte in the bottom image is 

surrounded by multiple obliquely-sectioned microvilli (MV), presumably originating from that cell. 

Note also the strange debris enclosed within a loop of endothelium in the capillary lumen (CL) in 

the lower left quadrant. Both images taken at 10,000X magnification and processed using ImageJ48. 

BS=Bowman’s space. 
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Figure 7: Representative images of capillary loops from controls and animals in all 

experimental groups. Pictured: Digital transmission electron micrographs, originally taken at 

10,000X magnification. Images selected primarily on the basis of variables determined to be 

significant. Black scale bars indicate distance of 2 μm. All images processed using ImageJ48. 

BL/6 129S6 

CTRL 

1d 

7d 

42d 
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DISCUSSION 

 

 The aim of this study was to explore the pathological consequences of glomerular 

hypertension in the kidneys of mice with differing susceptibilities to renal injury. Towards 

this end, we employed a well-known model of hypertensive kidney disease in two different 

strains of mice and subjected them to varying lengths of exposure. The kidneys of these 

mice were then examined by TEM to evaluate lesions at the ultrastructural level and 

determine if disease or genetic predisposition has any influence on their course. Our 

observations show that both variables affected the pathology of these animals 

independently of one another and within different domains of the glomerulus. 

We hypothesized that certain glomerular lesions, particularly those involving the 

ultrastructure of podocytes and the GBM, would be more pronounced in the injury-prone 

129S6 mice. Our results demonstrate that this theory was at least partially correct. As 

predicted, those lesions most significantly affected by strain differences were exclusively 

observed within the podocyte domain. Moreover, FPE, a lesion central to the pathology of 

CKD and other renal disorders, was significantly more severe in the susceptible 129S6 

strain than in the resistant BL/6 strain. Such a difference may explain the observations of 

Salzler et al. in their physiological study of 129S6 and BL/6 mice using the remnant kidney 

model. This group demonstrated greater overall pathology at the light microscopy level as 

well as albuminuria after renal ablation in 129S6 mice compared to BL/6 mice, findings 

consistent with more severe disease in the susceptible strain. If FPE is indeed a 
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consequence of glomerular injury that precipitates nephrosis and progressive disease, our 

evidence further implicates the role of genetic predisposition in the pathogenesis of CKD. 

Unexpectedly, certain podocyte changes associated with human kidney disease 

were observed to a higher degree in the supposedly injury-resistant BL/6 mice. One of 

these lesions, the presence of pathological vacuoles in the cytoplasm of podocytes, was 

observed exclusively in BL/6 mice. These vacuoles are thought to contain products of 

autophagy reflecting increased turnover of cellular material33 as the podocyte adapts to the 

changing conditions at the glomerulus or suffers damage as a result of physiological insult. 

Pseudocysts have been previously observed in the cell bodies of rat podocytes subjected to 

hypertensive injury30, however we observed these structures only in the podocytes of time 

zero controls and 1-day exposure mice. It should be noted that we observed these vacuoles 

only under isolated circumstances; the highest score assigned to vacuolization was 1. Our 

findings suggest that vacuolization or pseudocyst formation may be a normal process of 

podocytes in mice, but more thorough exploration of normal murine ultrastructure is 

required to substantiate this claim. 

BL/6 mice were also observed to have more pronounced apical microvillous 

formation in our study. Microvillous change is a finding thought to indicate ongoing 

adaptation in podocytes, as the cytoplasm of the cell reaches out in search of stable 

attachments to brace itself against the increasing physical and hydraulic pressures of the 

glomerulus22. Previous ultrastructural studies of the glomerulus have reported microvillous 

change in injured podocytes33 and have associated this change with a process of 

glomerulosclerosis known as crescent formation, in which part of the glomerulus becomes 
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attached to the parietal wall of the renal corpuscle and develops into a scar22. To date, 

microvillous change in podocytes has not been rigorously characterized. Our findings 

suggest that this change may be worth more thorough investigation; however the context 

in which it was observed calls its role in disease into question. Microvillous change was 

present in nearly equal severity across all exposure groups in the BL/6 mice including time 

zero controls, indicating that apical microvilli may be a normal characteristic of murine 

podocytes. Further investigation is warranted to discern these differences. 

Duration of GHT exerted significant influence on the severity of kidney pathology 

in both strains of mice. As hypothesized, longer periods of exposure were associated with 

more pronounced pathology in both the podocyte and GBM domains as well as greater 

overall pathology. Interestingly, length of exposure was found to be associated with 

increased cumulative pathology scores rather than the prevalence of specific lesions. The 

implications of this finding on the association between cardiovascular and kidney disease 

are manifold. 

Although the endothelium is the only element of the glomerulus specific to the 

cardiovascular system, we did not observe that duration of GHT had any significant effect 

on its morphological pathology. Moreover, the endothelium was arguably the least 

affected, with cumulative endothelium scores having the least significant association with 

length of exposure among all domain scores (p > 0.2). The elements that were affected by 

GHT duration were those not present in the extra-renal vasculature, specifically the 

specialized basement membrane of the glomerulus and its opposing epithelium, the 

podocytes. If GHT is a putative source of injury in the pathogenesis of CKD, our findings 
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suggest that the renal endothelium is much better-equipped to mitigate its damaging effects 

than the other structures of the glomerulus. 

We observed that cumulative podocyte and GBM pathology scores were 

significantly greater at 42 days of exposure than at 7 days or 1 day, respectively. As the 

remaining two elements of the filtration barrier, these observations are not unexpected 

given their important roles in maintaining and regulating permselectivity at the glomerulus. 

In fact, it is logical that these two structures are highly affected by changing hemodynamic 

conditions across the barrier as they represent the most structurally stabilizing and selective 

elements of the biological sieve.  

The GBM, a sheet of collagen, laminins, and other matrix materials, is responsible 

for both containing the blood within the lumen of glomerular capillaries and restricting 

passage of large anionic molecules into Bowman’s space. Hypertension subjects the GBM 

to considerable stretching forces, distending the capillary lumen and weakening the 

integrity of the membrane32. Changes in GBM thickness have been associated with FSGS 

in nephrotic patients19 as well as other forms of kidney disease, but the nature of this change 

is variable. An intuitive theory might suggest that thinning of the GBM weakens the barrier 

and potentiates albuminuria while thickening of the GBM reflects sclerotic changes in 

response to injury. Indeed, it seems plausible that increased hydraulic pressure and fluid 

flow could simultaneously weaken the structural integrity of the membrane and encourage 

filtration of normally excluded substances. We observed only thinning of the GBM, 

however it was the cumulative GBM score which includes irregularity (degree of 
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variability in thickness or composition) that was significantly affected by duration of GHT 

in our study. 

Although mesangial expansion and deposit formation are implicated in 

glomerulosclerosis19,30, these changes were not significantly affected by our experimental 

conditions. The mesangium is a dynamic structure which is responsible for maintaining the 

structural integrity of the glomerulus, however it does not participate in regulating 

permselectivity at the filtration barrier. In glomerulosclerosis the mesangium appears to 

replace injured capillary loops with additional matrix material, possibly to control the 

extravasation of important plasma protein as the GBM is denuded by podocyte loss. Our 

observations further suggest that GHT exerts its pathological influence primarily at the 

filtration barrier, making changes in the mesangium secondary to hypertensive injury. 

We observed several interesting lesions during the course of our study in addition 

to those quantified (Figure 8, 9). Membrane-bound structures containing a material less 

dense than the cytoplasm of neighboring cells frequently appeared in the Bowman’s space 

of both strains of mice across all time points (Figure 8). While the source of these 

structures is somewhat unclear, organelle remnants including those of mitochondria can be 

observed within some, indicating a cellular origin. Podocytes have been shown to shed 

pieces of their cytoplasm in response to injury33, however the fact that these structures are 

present in the renal corpuscles of control mice discourages the idea of a pathological 

etiology. Additionally, podocytes were observed detaching from the basement membrane 

and even ejecting their cellular contents (Figure 9). Detached podocytes were found 

exclusively within the 42-day exposure group, further suggesting that denudation of the 
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GBM is an important element in the pathophysiology of kidney disease, albeit at a later 

stage. 

One aim of this study was to identify early and potentially subtle ultrastructural 

changes that can be detected in the glomerulus after the onset of hypertension. A logical 

model of disease progression would suggest that ultrastructural changes precede those 

observable at the light microscopic level34, and given the insidious nature of CKD any 

effort towards early detection is advantageous both for the patient and the industry as a 

whole. Unfortunately, we failed to detect morphological changes at early time points that 

differed from the control group and in fact observed a pattern of variation in which some 

scores appeared to be lower (i.e. less damage was seen) after short durations of exposure 

than those right after surgery. While this variation may be attributable to real ultrastructural 

dynamics in response to kidney injury, the limitations of this study must be considered 

before speculation is made. 

Our ability to observe significant but subtle changes in the glomerular architecture 

was likely limited by several factors. First, the subjective nature of our study relied upon 

the experience of the renal pathologist to quantify the extent of lesions using a somewhat 

arbitrary scoring system, restricting the applicability of our data to mostly qualitative 

conclusions. Additionally, small sample size (n=24 scores/lesion) reduced the power of our 

analysis, making it more difficult to reject the null hypothesis that the effects we observed 

were random and not attributable to experimental conditions. Careful consideration of the 

data reveals that the variation observed between early time points is within experimental 

error and therefore insignificant in a study of this size. 
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The process of tissue harvest, fixation and embedding may have also introduced 

changes in morphology not attributable to experimental conditions. Due to the time and 

resources necessary for tissue processing, not all tissue was processed simultaneously and 

some specimens were left in initial fixative longer than others. Changes in the integrity of 

membranes or the osmotic qualities of the tissue caused by processing therefore may have 

affected their appearance by TEM. Fortunately, such changes would likely have little effect 

on our subjective interpretations, as processing artifacts frequently manifest as alterations 

in the absolute size or volume of cellular structures rather than their general appearance.  

Our subjective approach aimed to improve our general understanding of the 

histopathology of hypertensive mice, considering the lack of ultrastructural data in murine 

models of kidney disease. Techniques do exist, however, to objectively quantify the 

properties of some lesions considered in this study20,45. For example, FPE was a lesion 

observed to be significantly dependent upon strain in these mice.  FPE has been quantified 

by several TEM methods, such as counting the frequency of filtration slits along a given 

distance of GBM and measuring the mean width of FPs at the membrane20. Future studies 

will aim to further characterize FPE in DOCA-UNX mice through objective quantification 

in order to more robustly analyze the relevance of podocyte morphology in hypertensive 

kidney disease. We also observed a significant association between GBM pathology and 

duration of GHT. GBM thickness measurements are currently standard protocol in renal 

TEM biopsy and such a technique could be employed to quantify changes in the character 

of the GBM in DOCA-UNX mice. 
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In sum, we have performed a detailed assessment of the renal histopathology of 

hypertensive mice by TEM. Moreover, we have examined the effects of genetic 

predisposition as well as GHT in CKD pathogenesis and found that both variables exert 

significant effects on different aspects of glomerular pathology. We hypothesized that 

genetic susceptibility, represented by the 129S6 strain of mice, as well as increased 

duration of GHT exposure would be associated with more severe ultrastructural 

histopathology. Our findings suggest that this hypothesis is partially correct. Genetic 

susceptibility was associated with a greater degree of FPE, the cardinal sign of glomerular 

podocyte injury; however, supposed genetic resistance (represented by the B6 strain) was 

associated with a greater prevalence of other podocyte lesions. Both cytoplasmic vacuoles 

and apical microvilli, lesions commonly associated with human renal pathology, were 

observed more frequently in the purportedly CKD-resistant C57BL/6 strain of mice. GHT 

had a significant effect on collective podocyte, GBM, and overall pathology, with increased 

duration of exposure associated with greater histopathological severity. Our results provide 

a foundation for future studies of glomerular dynamics using the DOCA-UNX model in 

mice, furthering efforts to lessen the hardship of those with CKD. 
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Figure 8: Membrane-bound structures in Bowman’s space. Pictured: Digital transmission 

electron micrographs of 129S6 (top) and BL/6 (bottom) mouse kidneys, from time zero and 1-day 

exposure groups, respectively. Membrane-bound organelles (arrows) of unknown origin were 

observed in the Bowman’s spaces of these mice. Organelle remnants, specifically those of 

mitochondria, can be seen within some of these organelles (arrowheads). Top image originally 

taken at 10,000X magnification, bottom image originally taken at 6,000X magnification. Tissue 

prepared as described in methods. Both images processed using ImageJ48. BS= Bowman’s space, 

CL=Capillary lumen. 
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Figure 9: Epithelial lysis and denudation of the glomerular basement membrane. Podocyte 

detachment leaves bare segments of the GBM, compromising the filtration barrier at these 

segments and likely allowing the passage of plasma protein into Bowman’s space (BS). 

Detachment is thought to be secondary to FPE and reflects critical injury of the podocyte or failure 

of the podocyte’s attachments to the GBM. Here a podocyte appears to have lysed catastrophically, 

leaving segments of bare GBM (arrowheads). It should be noted that this appearance could also be 

due to artifact; however lysed cells were only observed in the 42-day exposure group across both 

strains. Cellular debris can be observed emptying into the BS. Note the capillaries in this particular 

field are nearly collapsed; capillary lumens are indicated here with an asterisk (*). Also of note is 

the remarkably decreased density of the cytoplasm within the podocyte at the top of the image, 

with prominent organelles likely manufacturing products to facilitate adaptive molecular and 

structural changes. Pictured: 129S6 mouse kidney in the 42-day exposure group, originally taken 

at 20,000X magnification. Tissue prepared as described in methods. Image processed using 

ImageJ48. 
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