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Abstract 
 

Urinary tract infections (UTIs) are the second most common type of 

infection identified in the clinical setting and disproportionately afflict women. 

UTIs most frequently manifest in the form of infection of the lower urinary tract, 

involving the bladder. Uropathogens, particularly uropathogenic E. coli, 

progressively colonize the urethra and ascend to the bladder, where they initiate 

cystitis. In some cases, infection further ascends through the ureters and reaches 

the kidneys, where it causes pyelonephritis. Infection of both the upper and lower 

urinary tract can have serious ramifications for the host, and this is in large part 

due not to infection itself but to host-directed responses to bacterial insults.  

In this thesis, I will describe and discuss two distinct aspects of UTIs. In 

the first study, in vivo work in a mouse model of urinary tract infection revealed a 

novel role for mast cells, which are tissue-resident granulated innate immune 

cells, in directing the detachment and death of epithelial cells during cystitis, 

facilitating the clearance of bacteria from the bladder. An ex vivo porcine bladder 

infection model suggested a specific role for mast cell granules and the 

proteases contained therein, which was corroborated with in vitro experiments 

utilizing isolated mast cell granules and human epithelial cells to demonstrate 

granule-induced exfoliation and cell death. From this work, it is clear that mast 
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cells play a highly targeted role in modulating urothelial integrity during bladder 

infection by mediating host-directed epithelial loss. 

In the second study described in this dissertation, the synergistic roles of 

both pyelonephritis and vesico-ureteric reflux (VUR), a congenital urinary tract 

defect that results in the improper backflow of urine from the bladder to the 

kidney, in the development of reflux nephropathy, a fibrotic host response 

characterized by renal scar formation, were elucidated in a series of in vivo 

experiments. Specifically, the C3H mouse, which is naturally susceptible to VUR, 

was utilized to characterize the dynamics of kidney infection and the onset of 

reflux nephropathy. Renal scarring was dependent on the presence of sustained 

kidney infection and the accompanying inflammatory response due to VUR, while 

neither transient infection nor reflux alone were sufficient to provoke 

nephropathy. Thus, the development of reflux nephropathy is dependent upon 

the confluence of both infection and VUR. 	  

This body of work reveals the double-edged sword of the host 

inflammatory response to urinary tract infection. In the bladder, mast cell 

activation and degranulation leads to granule-induced epithelial exfoliation and 

consequently a reduction in the bacterial burden in the bladder. However, the 

sustained inflammatory response that accompanies pyelonephritis in vesico-

ureteric reflux-affected individuals results in significant damage to the kidney 
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without any accompanying reduction in infection. These findings highlight the 

dueling roles of the host inflammatory response to infection in the upper and 

lower urinary tract.  
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1. An overview of the urinary tract: structure, functions, and the 
pathogenesis of infections and accompanying host responses 
1.1 Introduction 

The urinary tract is a remarkable organ system that serves the vital 

purpose of allowing the body to accumulate, store, and expel waste in the form of 

urine.  The urinary tract is comprised of the urethra, bladder, ureters, and 

kidneys; the urethra and bladder constitute the lower urinary tract, while the 

ureters and kidneys are referred to as the upper urinary tract. Urine, which 

contains a variety of compounds that are generated as metabolic by-products, is 

secreted in the kidneys and flows through the ureters into the bladder, where it 

collects until voiding through the urethra and out of the body. Nitrogen-containing 

compounds such as urea represent some of the most abundant components of 

urine, which is approximately 95% water [1]. A major characteristic of the urinary 

tract is the presence of a continuous epithelial surface throughout the system, 

which helps to maintain impermeability throughout the tract. In healthy hosts, the 

urinary tract epithelium facilitates the containment of urine and urinary system 

homeostasis and prevents contact between any secreted irritants or other 

harmful substances and underlying tissue. However, the presence of infection in 

the urinary tract can often compromise epithelial integrity, potentially leading to 

bacterial colonization, loss of urinary function, organ damage, and other 

sequelae. While such a breach is a serious occurrence, the host is not without 

defense capabilities, often involving an immediate response from the innate 
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immune system. It is these host responses to infection, both in the bladder and 

the kidneys, that constitute the major focus of this dissertation. The following 

sections describe the structure and functions of the urinary tract and highlight the 

pathogenesis of bacterial infection in the bladder and kidneys with special 

emphasis on innate responses to infection. 

1.2 The bladder 

1.2.1 Evolution and manifestation of the bladder across the animal kingdom 

The urinary bladder is an organ that is found in all mammals, though not 

all vertebrates. Most avians do not possess a true bladder; the ostrich appears to 

be the only bird that does [2]. Among reptiles and fish, the presence of a bladder 

is not consistent. In birds and reptiles, a single orifice termed the cloaca 

represents the integration point for both the urogenital system and the 

gastrointestinal system, and the terminal portion of the cloaca may assume a 

certain degree of bladder functionality [2,3]. Additionally, some reptiles appear to 

utilize a portion of the gut as a bladder structure [3]. The size of a bladder in a 

given species can often be correlated with environment; amphibious species 

have smaller bladders due to water availability, while terrestrial animals have 

bigger bladders to facilitate water storage [4]. 

Interestingly, the urinary bladder appears to have in fact evolved twice in 

vertebrates. In tetrapod organisms, "the bladder is an endodermal structure 

which arises as an outgrowth of the cloaca," while "in amniotes it gives rise to the 
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embryonic allantoic membrane, part of which may persist as the bladder in the 

adult" [2]. 

There has been a great deal of speculation regarding the driving force 

behind the evolution of the bladder. While its utility in facilitating sanitation is 

clear, other hypotheses regarding the bladder posit that the ability to store urine 

prevents detection by predators due to urine scenting and allows the expulsion of 

urine as a defense mechanism or for territorial marking (reviewed in [2]). Another 

explanation is osmoregulation [2]. In amphibians and turtles, urine volume is 

inversely correlated with hydration levels [5,6], a phenomenon first observed by 

Charles Darwin [7], suggesting that the bladder is important for water storage 

and reabsorption in times of sparse water abundance. Of all species, only the 

mammalian bladder is capable of forming and maintaining hyperosmotic urine, 

suggesting very low urothelial permeability to water [8]. 

1.2.2 Structure and functions 

A muscular organ that primarily serves to store urine, the bladder is a 

remarkably dynamic component of the urogenital system. Following the formation 

of urine in the kidneys, the urine flows through the ureters from the kidneys into 

the bladder, where it collects until it is voided from the body. To accommodate 

potentially large volumes of urine, which can be as much as 600 ml in humans 

[9], the bladder possesses a unique ability to greatly expand and contract its 
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capacity as needed. These micturition cycles require a specialized bladder 

structure that facilitates constant changes in capacity. 

The bladder is a multi-layered structure that is characterized in particular 

by the powerful detrusor muscle and the urothelium, the highly specialized 

epithelium that lines the bladder lumen. In total, the bladder is comprised of four 

unique tissue layers; starting with the layer that is lumen-adjacent, these are the 

urothelial mucosa, the submucosal layer including the lamina propria, the 

detrusor muscle, and the perivesicular layer, which coats the bladder [10]. The 

urothelium, which is discussed in further detail in the next section, serves as a 

frontline barrier to sequester urine, which it directly contacts, in the lumen of the 

bladder. The submucosal layer, which underlies the urothelium and overlies the 

detrusor, consists of connective tissue, capillaries, and muscularis mucosae 

(smooth muscle) [11] and contains stromal cells that constitute the lamina propria 

[12], which is adjacent to the urothelium. 

In humans, bladder micturition is controlled through integration of the 

voluntary and visceral nervous systems, which permits host-controlled voiding 

but automatic regulation of bladder expansion [13]. Sympathetic efferent 

neuronal signaling via the hypogastric and pelvis nerves closes the internal 

urethral sphincter in response to slight increases in pressure due to urine and 

halts muscular contraction to allow the lumen to fill [13]. Contraction of the 

bladder musculature is under parasympathetic control; mechanoreceptor 

triggering in the bladder wall when the bladder is full sends afferent neuronal 
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signals to the central nervous system, which decreases sympathetic control of 

the internal sphincter and coordinates the voiding response [13]. 

1.2.2.1 The urothelium 

The bladder lumen is lined by a highly dynamic and unique polarized and 

stratified epithelium. This epithelial structure, termed the urothelium, is highly 

impervious and functions to contain urine within the bladder. The urothelium 

consists of three epithelial layers—basal cells, intermediate cells, and superficial 

cells—that increase in their degree of differentiation towards the apical surface 

[11]. The basal cell layer, which lies adjacent to the lamina propria, contains stem 

cells that are involved in urothelial regeneration [14], both in response to injury 

and in normal turnover [12]. In response to epithelial injury, such as infection, 

basal stem cells express Sonic hedgehog and trigger the expression of Wnt 

signaling in the stromal cells of the lamina propria, which in turn induces the 

proliferation of urothelial cells [12].  

Apically adjacent to the basal cells are intermediate cells, which form a 

layer that is 1 to 4 cells thick [11]. Intermediate cells are pear-shaped and 

connected to surrounding cells, including superficial cells, via desmosomes [11] 

and gap junctions [15]. As the bladder fills with urine, the intermediate layer 

undergoes rearrangement, and the number of cell layers decreases compared to 

the voided bladder [16]. The majority of the intermediate layer is relatively 

undifferentiated, but the cells immediately below the superficial layer exhibit 
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partial differentiation, with some uroplakin expression and the presence of 

fusiform vesicles [17-19], both of which will be discussed in the paragraphs that 

follow. In the event of epithelial injury and loss of superficial cells, intermediate 

cells, stimulated by basal cell signaling, can rapidly differentiate to replace the 

superficial layer [19]. 

The most highly differentiated urothelial layer, which consists of the 

superficial cells, lies directly adjacent to the bladder lumen. Superficial cells, 

often termed umbrella cells, are large, ranging in size from 25-250 µm [19], and 

hexagonal (Fig. 1) and are often binucleated [11]. Superficial cells maintain 

tightly adjacent positions, facilitated by a 500 nm ridge thought to indicate cell 

membrane interlocking between neighboring cells [19,20], in order to remain 

highly impervious to urine and other lumenal contents. 

 

Figure 1: Superficial and intermediate cells of the urothelium. 
Overhead view of inflated mouse bladder. Note the large hexagonal superficial 
cells (green: Rab27b, blue: wheat germ agglutinin) overlying the intermediate 
epithelium (red: E-cadherin). 
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One of the defining characteristics of superficial cells is the presence of 

urothelial plaques that line their lumen-adjacent cell membrane, forming an 

asymmetric unit membrane (AUM). These plaques are composed of tightly 

packed uroplakin molecules that complex to form AUM particles [19,21,22]. 

Uroplakin 1a (UP1a) is an integral membrane protein that is heavily 

mannosylated in its extracellular domain, and, together with several other 

uroplakin proteins including UP1b, UPII, and UPIII, forms the AUM particles, 

which are hexagonal protein complexes approximately 16 nm wide [19,21,22]. A 

single urothelial plaque contains approximately 1,000-3,000 AUM particles [19]. 

The presence of uroplakin is believed to facilitate urothelial impermeability and 

potentially stabilize superficial cells [23].  

Superficial cells also maintain a high degree of urothelial integrity with the 

expression of strong tight junctions [11], which are not present at the same levels 

in the other urothelial layers. In particular, the superficial layer is characterized by 

the strong expression of ZO-1 and occludin [24-26], although in mice ZO-1 is 

also expressed in the intermediate layer, albeit to a lesser degree [24]. Claudins 

4, 8, and 12 are also expressed by superficial cells [24]. These tight junctions 

help the superficial layer to form a highly impenetrable barrier to urine. 

Physiologically, superficial cells serve an important purpose: to increase 

the surface area of the urothelium as the bladder fills with urine before 

micturition. When urine accumulates, the detrusor muscle expands to 

accommodate the increased bladder capacity, and the urothelium must also 
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expand its surface area to match this increase. Superficial cells do this by 

inducing the fusion of exocytic discoid fusiform vesicles (FVs) with the apical cell 

membrane. In an unfilled bladder, FVs are found beneath the apical plasma 

membrane and frequently have a crescent-shaped appearance (Fig. 2) [11,17].  

 

Figure 2: Fusiform vesicles in the superficial epithelium. Transmission 
electron microscopy image of fusiform vesicles in a superficial epithelial cell in 
porcine bladder. Fusiform vesicles have a rounded discoid appearance and are 
densely packed in the cell, particularly beneath the apical membrane (which is 
indicated by the arrow). 

FVs are characteristically associated with Rab27b, an important 

component of the exocytosis pathway that aids in vesicle docking at the plasma 

membrane [27], and, as secretory organelles, serve as membrane storage 

vesicles [28]. Upon receiving the appropriate signals, FVs fuse with the 

membrane [29,30] via a cytokeratin network that resides under the apical 

membrane [31], permitting expansion of the cell surface. The FV membrane 

contains a high density of uroplakins, which allows for seamless integration into 
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the apical cell membrane; it is also thought that FVs specifically aid in uroplakin 

transport to the plasma membrane via Rab27b-directed trafficking [32]. The 

trigger for FV fusion appears to be increased intracellular cyclic AMP (cAMP) and 

Ca2+ signaling [33], which is common for secretory granules [28]. Following 

voiding, membrane is endocytosed back into superficial cells to reduce the 

surface area of the urothelium until urine accumulates again [34]. 

Finally, on their lumenal cell surface, superficial cells are coated with a 

thick layer of extracellular glycosoaminoglycans (GAGs) that function as a 

protective barrier and help maintain the impervious nature of the urothelium. 

GAGs, which are negatively charged linear polysaccharides that consist of 

alternating hexosaminyl and uronyl residues, play an important role in preventing 

microbial adherence and insult due to irritants found in the urine (reviewed in 

[35]). Loss of the GAG layer, for instance in interstitial cystitis patients or rodent 

models, results in increased bladder permeability [36,37]. Interestingly, studies 

have shown that exogenous replacement of the GAG layer restores the urothelial 

ability to resist pathogen binding as well as sodium urate crystal irritation [38-40].  

1.3 The kidneys: structure and functions 

The upper urinary tract is comprised of the kidneys, a pair of organs 

whose purpose is to filter the blood and maintain osmotic balance and blood 

pressure. The major byproduct of these functions is urine. The kidneys are 

connected to the bladder by the ureters as part of a continuous organ system, 
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and urine that forms in the kidneys flows through the ureters and into the bladder 

for storage. The kidneys can be divided into three regions: (from interior to the 

most distal layer from the ureter) the renal pelvis, the medulla, and the cortex, 

which is covered by the kidney capsule. The renal pelvis is the point of ureter 

entry, while the medulla and cortex constitute the renal parenchyma (reviewed in 

[41]); these regions contain distinct components of the renal filtration system. The 

outermost cortex is comprised of the glomeruli, which are capillary tufts 

surrounded by Bowman's capsule lined by parietal epithelium, that are the main 

entities responsible for blood filtration from the renal artery, and renal tubules, 

which consist of the proximal convoluted renal tubule and the distal convoluted 

renal tubule. The renal tubules are entwined with capillaries. For each glomerulus 

and associated renal tubule, there is a loop of Henle that extends into the 

medulla. The distal tubules empty into collecting ducts, which ultimately end in 

the renal pelvis. 

The capillaries of the glomerulus are comprised of multiple layers that 

facilitate blood filtration (reviewed in [41]). These consist of fenestrated 

endothelium adjacent to the blood, a basement membrane, and visceral 

epithelium (podocytes) adjacent to the filtrate [42]. The glomerulus prevents cells 

and high molecular weight proteins from crossing this filtration barrier, but water, 

low molecular weight proteins, and solutes such as electrolytes, nitrogenous 

compounds, glucose, and amino acids can pass through and enter the renal 
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tubule [43,44]. Neutral and cationic molecules preferentially can cross the 

filtration barrier, while anionic molecules typically cannot [45,46]. 

The kidneys are able to regulate whole-body functions such as blood 

pressure via the juxtaglomerular apparatus, which is found adjacent to the 

glomerulus. This structure encompasses arterioles, the extraglomerular 

mesangial region, and macula densa, which is composed of highly specialized 

epithelial cells (reviewed in [41]). The macula densa is able to sense changes in 

filtration and signal through the juxtaglomerular apparatus to regulate filtration 

rate at the single nephron level and influence systemic blood pressure [47].  

Reabsorption of filtrate occurs at various regions in the nephron in a 

solute-specific manner, including the proximal tubule, the thick limb of the loop of 

Henle, and the distal convoluted tubule, while the concentration of urine occurs in 

the thin limb of the loop of Henle. Collection tubules empty into the collecting 

ducts, which possess reabsorption capabilities and is involved in water balance 

regulation, ultimately shunting urine into the renal pelvis for passage through the 

ureters and into the bladder. 

1.4 Urinary tract infections 

Urinary tract infections (UTIs) are the second most common type of 

infection seen in an ambulatory care setting in the United States, accounting for 

8.4 million doctor visits, and catheter-related UTIs are the second most common 

nosocomial infection behind respiratory infections [48].  Ten percent of women 

experience at least one UTI per year [49], while almost 60% of women will 
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experience a UTI in their lifetime [50], and 25% of those women will have a 

recurrence within six months of the initial infection [51,52].  Significantly, 

approximately 50% of these recurrences can be attributed to the original infecting 

pathogen [51,53,54].  For the overwhelming majority of infections—approximately 

80%—the causative agent is uropathogenic E. coli (UPEC) [55], although other 

uropathogens include Staphylococcus saprophyticus [56], Klebsiella spp. [57], 

and fungal pathogens such as Candida spp. in nosocomial settings [58,59]. UTIs 

can be classified as cystitis, infection of the lower urinary tract (bladder), or 

pyelonephritis, infection of the upper urinary tract (kidneys), which will be further 

described in the following sections. 

1.4.1 Cystitis 

Cystitis occurs when uropathogens, usually UPEC, ascend from the bowel 

or periurethral mucosa through the urethra to the bladder and initiate infection of 

the bladder. While the term "cystitis" generally refers to the presence of an 

infection in the bladder and the accompanying immune response, technically 

cystitis only encompasses bladder inflammation, leading to differentiation 

between sterile cystitis (such as interstitial cystitis) and infectious cystitis. Here, 

cystitis will refer to bladder infection. Uncomplicated cystitis occurs in healthy 

patients who are not pregnant and do not have any underlying urinary tract 

defects, instrumentation such as catheters, or other compromised functions; 

otherwise, cystitis is considered complicated.  
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Clinically, UTIs are often suspected with the onset of symptoms such as 

pain and voiding frequency and urgency. For clinical diagnosis, urine culture 

must indicate levels of a uropathogen above 1,000 colony-forming units (CFU) 

per ml of urine [60]; however, these levels can range between 100 and 100,000 

CFU per ml [61]. It is important to note that urinary symptoms can occur in the 

absence of a positive urine culture [62], and additionally uropathogens can be 

present in the absence of symptoms, a condition termed asymptomatic 

bacteriuria [63]. Bacterial cystitis is typically treated with antimicrobial agents to 

rapidly mitigate uncomfortable symptoms [64]. The most commonly prescribed 

antimicrobial is trimethoprim-sulfamethoxazole, which is highly effective at 

combating UTIs, although there have been some concerns regarding the 

development of microbial resistance to this drug [65]. Although cystitis can be 

rapidly cleared with the aid of antimicrobials, concern arises with recurrent 

infection. Repeated episodes of cystitis increase the risk of antimicrobial 

resistance, complicating potential therapies [66]. 

1.4.2 Pyelonephritis 

In rare cases, at least in healthy individuals, infection of the bladder 

progresses to infection of the kidneys, or pyelonephritis. Uncomplicated 

pyelonephritis is far less common than cystitis; one case of pyelonephritis occurs 

for every 28 cases of cystitis [54], and annually the U.S. sees approximately 25 

cases per 10,000 women [54]. Pyelonephritis presents with symptoms that 

encompass those of cystitis, such as dysuria, voiding frequency, and urgency, 
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but can also include the presence of flank pain, nausea, vomiting, and fever. The 

presence of infection can be confirmed by urine culture, and pyelonephritis is 

often characterized by significant pyuria and/or a positive leukocyte esterase test, 

but less hematuria than is observed in cystitis patients (reviewed in [67]). Unlike 

cystitis, the therapeutic antimicrobials of choice for uncomplicated pyelonephritis 

are fluoroquinolones [64], although trimethoprim-sulfamethoxazole can also be 

given [64]. Broad-spectrum antimicrobials are administered if any degree of 

resistance is suspected [68].  

While diagnosis and treatment of pyelonephritis are fairly straightforward 

in the absence of complications, the presence of an underlying urinary tract 

defect such as vesico-ureteric reflux can results in a more serious scenario. 

Vesico-ureteric reflux, a risk factor for UTIs, and reflux nephropathy, which may 

accompany vesico-ureteric reflux when infection is present, will be discussed in 

the following sections. 

1.4.2.1 Vesico-ureteric reflux 

In a normal urinary tract, urine collects in the kidneys and then flows 

through the ureters into the bladder, where it is stored until it is voided from the 

body.  The presence of the uretero-vesicular junction (UVJ) where the ureter 

meets the bladder wall prevents the backflow of urine from the bladder into the 

ureters.  The UVJ comprises the portion of the ureter found within the bladder 

wall before opening into the lumen; as the bladder fills, this ureter segment, 

which inserts at an angle into the bladder wall, is compressed and effectively 
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closed off, eliminating the potential improper movement of urine into the ureters.  

However, in the case of vesico-ureteric reflux (VUR), a congenital urinary tract 

defect, the length of the ureter in the bladder wall is too short or there is a defect 

in the musculature, and thus compression does not adequately inhibit the 

retrograde flow of urine. This results in a constant backwash of urine to the 

kidneys. It should be noted that while primary VUR, due to congenital UVJ 

defect, is most frequently seen in children, VUR secondary to blockage or 

another clearly-defined cause is more commonly found in adults (reviewed in 

[69]). Primary VUR exhibits familial clustering [70-74], and certain genetic defects 

have been implicated in its development in rodent models, including Lim1 [75], 

Pax2 [76], and Ret [77]. 

VUR occurs in at least 1-3% of children [78-80], and this number may be 

underreported. It is often diagnosed when pediatric patients present with UTIs 

and voiding cystourethrogram (VCUG) is performed to ascertain the presence of 

any underlying urinary tract issues; studies suggest that VUR is identified in 

approximately one-third of these patients [81,82]. VCUG permits grading of the 

severity of VUR, with 1 being the least severe and 5 being the most severe. VUR 

patients have an increased risk (relative risk: 1.5) of UTIs, specifically 

pyelonephritis, compared to children without VUR [83]. In most patients, VUR 

resolves naturally without intervention; this is evidenced by the decreased 

incidence of VUR as age increases [84]. For those patients who do not resolve 

VUR, medical intervention in the form of surgery is possible, including ureteral 
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reimplantation and endoscopic treatment (reviewed in [69]). Given the risk factor 

for UTIs, the majority of VUR patients are given prophylactic trimethoprim-

sulfamethoxazide, although studies suggest that this regimen has only limited 

benefits in preventing UTI recurrence [85,86]. The co-incidence of VUR and UTI 

can result in significant complications including a form of renal scarring termed 

reflux nephropathy, which will be discussed in the following section. 

1.4.2.2 Reflux nephropathy 

Some VUR patients develop reflux nephropathy (RN), or scarring of the 

kidneys, typically in the context of UTI (reviewed in [87]). This "acquired" RN 

stands in contrast to RN that has been observed manifest in patients with UTI in 

the absence of VUR and vice versa, which is referred to as "congenital" RN. For 

the purposes of this dissertation, acquired RN will be discussed hereafter. 

Among pediatric patients with VUR, various studies have suggested that RN can 

be found in 36% to 56% of those patients who also have pyelonephritis [88,89]. 

Furthermore, the older the child is at the time of VUR diagnosis, the greater the 

incidence of RN [90-93], suggesting that RN develops over time. Delayed 

treatment for febrile UTI also results in greater risk of RN [94]. 

RN involves physical scarring of the kidneys with consequences for renal 

function. One study found that the majority of patients with childhood VUR and 

RN had significantly decreased glomerular filtration rates [95]. Additionally, 

hypertension [96,97], focal segmental glomerular sclerosis [98], and renal failure 
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are all significant complications of RN. For the latter, chronic renal failure can in 

fact be attributed to RN in 12% to 26% of children [99,100].  

As mentioned in the previous section, antimicrobial prophylaxis is 

standard treatment in VUR patients to prevent UTIs and additionally to attempt to 

prevent the development of RN. However, a number of studies have shown that 

prophylaxis does not appear to reduce the incidence of renal scarring in patients 

with VUR and UTI (reviewed in [87]). Furthermore, the incidence of renal failure 

due to RN and VUR has not changed in the past four decades despite 

widespread antimicrobial therapy [101]. This has led to a great deal of debate in 

the field regarding the distinct roles of VUR and UTI in the development of RN, 

and Chapter 3 of this dissertation addresses this clinical conundrum to parse 

apart the contributions of reflux and infection. 

1.4.3 Uropathogenic E. coli 

The overwhelming majority of urinary tract infections can be attributed to 

uropathogenic E. coli (UPEC), a Gram-negative, facultative anaerobic bacterium 

that is able to opportunistically infect the urothelium.  UPEC isolates that ascend 

the urethra to the bladder are generally thought to be commensal gut bacteria 

that are brought into proximity to the urethral opening via cross-contamination; 

however, it is also apparent that these bacteria tend to be specially adapted to 

the urinary tract and often express type 1 fimbriae, which permit them to attach to 

the urothelium to initiate infection [102].  There is a great deal of variability 

among UPEC isolates in terms of their ability to colonize the urinary tract, likely 
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due to their genetic heterogeneity [53,103,104]. The contribution of various 

virulence factors as well as the pathogenesis of UPEC infection in the urinary 

tract will be discussed in the following sections. 

1.4.3.1 Virulence factors 

UPEC possess a variety of attributes that facilitate their infection of the 

urinary tract, the most important of which are the adhesins, which facilitate 

bacterial adherence to the urothelium.  UPEC must be able to circumnavigate 

frequent urine voiding in order to colonize and infect the urinary tract, and 

adhesins allow bacteria to avoid being flushed from the bladder.  UPEC isolates 

express a variety of different adhesins, most of which take the form of pili.  The 

most common of these include type 1 fimbriae, P pili, S/F1C pili, and Dr adhesins 

[105]. 

Type 1 fimbriae are highly specialized adhesive structures expressed on 

the bacterial surface.  These pili structures are composed of repeating FimA 

subunits that form a helical rod and a FimH subunit at the tip; FimH binds the 

urothelial surface with an N-terminal adhesin domain and joins with the FimA rod 

via a C-terminal pilin domain [106-108].  The primary binding targets of FimH are 

mannosylated moieties on uroplakin proteins, in particular uroplakin 1a (UP1a), 

which decorate the apical surface of superficial epithelial cells [109-112].  Type 1 

fimbriae are thought to be most important for bladder colonization due to their 

specificity for UP1a.  Another structure, the P pilus, facilitates infection of the 

kidney.  P pili are composed of repeating PapA subunits arranged in a helical 
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cylinder, while the PapG adhesin, which binds glycolipid receptors found on 

kidney epithelial cells, is found at the tip [113-116].   

Two other types of adhesins play more minor roles in UTI pathogenesis.  

S pili, whose fibers consist of SfaA subunits topped with the adhesin SfaS 

subunit, bind sialic acid residues on kidney epithelial cells [117,118].  SfaA itself 

also appears to be able to bind glycolipids on endothelial cells and plasminogen 

[119,120].  Therefore, it is thought that S pili are important in septic infection and 

bacterial dissemination beyond the urinary tract [121,122].  Additionally, S pili 

may play a minor role in bladder adherence, as UPIII contains sialic acid 

residues [123]. F1C pili, which are homologous to S pili, appear to bind glycolipid 

residues on kidney epithelial cells.  Together, S/F1C pili may mediate important 

aspects of bacterial adherence during infection.  Finally, the Dr adhesin family is 

believed to be involved in ascending infection in the urinary tract; additionally, Dr 

adhesins may play a role in chronic colonization resulting in recurrent infection 

(reviewed in [124]).  Dr adhesins recognize short consensus recognition 

sequences in the decay accelerating factor (DAF) protein, which is found on the 

uroepithelium, and type IV collagen as well [124].   

1.4.3.2 Pathogenesis of uropathogenic E. coli infection in the bladder and 
kidneys 

The critical first step for UPEC infection in the bladder is bacterial 

adhesion to the urothelium.  UPEC utilize their type 1 fimbriae to bind mannose 

residues found in UP1a, which decorates the apical surface of superficial cells.  
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The FimH subunit found at the tip of type 1 fimbriae mediates this process: 

following direct binding, UPEC are internalized into urothelial cells in a FimH-

dependent manner [125].  FimH alone is sufficient to induce internalization, as 

demonstrated with FimH-coated latex beads in cell culture, and bacterial mutants 

that do not express FimH are not internalized [125].  At sites of internalization, 

host receptors cluster below bacteria, which then enter cells via a zipper-like 

mechanism.  Internalization is accompanied by cytoskeletal modulation induced 

by protein tyrosine kinase, PI-3 kinase, and Cdc42 activation, which trigger 

downstream signaling that results in actin rearrangement [125,126].  

Although there are other mechanisms of entry, one important process for 

bacterial uptake involves entry into Rab27b+ compartments [33].  Rab27b is a 

molecule that marks fusiform vesicles [32], which as previously described are 

highly specialized vesicles found in superficial cells that serve as membrane 

storage compartments.  Micturition cycles involve the expansion and contraction 

of the bladder in a highly dynamic manner; the detrusor muscles stretch to 

accommodate increased urine volume in the lumen, but the urothelium must also 

expand as well.  In a filling bladder, mechanical stretch forces trigger the fusion 

of fusiform vesicles with the apical plasma membrane of superficial cells 

[29,127].  Following voiding, fusiform vesicles again endocytose to accommodate 

the excess membrane [127]. Electron microscopy evidence suggests that UPEC 

not only enter Rab27b+ compartments but in fact can pass through a channel of 

merged fusiform vesicles to enter cells [33]. Thus, it appears that UPEC can in 
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fact co-opt the natural membrane internalization process in superficial cells to 

enter and establish infection. Bacterial invasion is reduced in Rab27b knockout 

cells, additionally suggesting an active role for Rab27b in bacterial uptake [33]. 

Following entry, host response mechanisms are triggered, and many 

UPEC are expelled from superficial cells via a TLR-4-dependent mechanism 

[33,128,129], while bacteria-containing superficial cells are exfoliated [110]. 

However, UPEC possess mechanisms to subvert these host defense. Once 

internalized, UPEC can rapidly divide to form intracellular bacterial reservoirs 

(IBCs), which are large aggregates of bacteria with biofilm-like properties that 

have been observed in rodent models of UTI and the urine of human UTI patients 

[130,131]. As expulsion and exfoliation processes commence, some intracellular 

UPEC appear to switch to a filamentous bacterial form that permits them to re-

emerge from superficial cells and invade underlying urothelial cells in order to 

establish more permanent pockets of infection termed quiescent intracellular 

reservoirs (QIRs) [132-134]. These reservoirs can persist for long periods of time 

and may potentially be a source for recurrent UTIs. 

In some cases, UPEC infection may ascend from the bladder to the 

kidneys. In vivo rodent studies have suggested that UPEC may rely on flagella to 

traverse the ureters to the kidneys, as flagellin expression coincides with 

colonization of the upper urinary tract following bladder inoculation [135], and fliC 

mutants have difficulty establishing a foothold in the kidneys [136]. Upon entry 

into the kidneys, specifically the renal pelvis, bacterial adhesion to the renal 
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epithelium is critical for infection to proceed. UPEC express P fimbriae, which are 

thought to be associated with acute pyelonephritis (reviewed in [137]) and 

facilitate binding to the renal epithelium. P fimbriae consist of repeated units of 

the PapA protein as well as other supportive Pap proteins, and PapG, found at 

the tip of the adhesin, mediates interaction with Gal-Gal residues on 

glycosphingolipids in the kidneys [138]. Early in infection, UPEC colonize the 

renal tubules, and P fimbriae aid in binding the tubular epithelium [139]. 

Interestingly, type 1 fimbriae may also play a role in colonization of the center of 

the tubules; these adhesins facilitate bacterial aggregation and promote biofilm-

like properties, and bacterial accumulation can cause renal tubule obstruction 

during acute infection [139]. UPEC also colonize the collecting tubes, which 

connect the tubules and the renal pelvis. Following UPEC binding in the 

collecting ducts, one study has shown that collecting duct epithelial cells can in 

fact mediate the translocation of UPEC across the epithelium to the kidney 

interstitium, a process that may facilitate UPEC entry into the bloodstream and 

subsequent sepsis [140]. This translocation is thought to be TLR4-dependent 

[140]. 

The pathogenesis of UPEC infection in the kidneys is less well-defined 

than in the bladder. However, UPEC causes a significant renal inflammatory 

response to infection, and this response can be quite damaging to the kidneys. 

The inflammatory response to pyelonephritis is further discussed in section 1.5.3. 
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1.5 Innate immune responses to urinary tract infection 

When confronted with infection, the urinary tract possesses a number of 

host response mechanisms to combat pathogens and attempt to minimize organ 

damage. While both the bladder and the kidneys launch strong pro-inflammatory 

programs, the specific mechanisms are highly location-specific. In the bladder, 

the host response initially focuses on harnessing unique properties of the bladder 

mucosa to facilitate the physical expulsion of bacteria as well as directing the 

recruitment and activation of mast cells, which are highly specialized granulated 

innate immune cells involved in bacterial clearance. In the kidneys, infection is 

characterized by a rapid and overwhelming influx of innate immune cells. The 

following sections describe what is known about the role of mast cells in 

pathogen defense in the bladder and the critical urothelial exfoliation response to 

bacterial infection, as well as inflammatory responses to kidney infection.   

1.5.1 Mast cells 

In 1878, Paul Ehrlich first described an unusual cell type that he observed 

when staining tissue with aniline dyes; this cell type, which was characterized by 

the presence of large granules that he termed "mastzellen," referring to their 

appearance as "well-fed cells" [141].  One of the distinct features of mast cells 

was the metachromasia, or color change, that occurred when they were stained 

with aniline dye, highlighting their granular appearance.  To this day, toluidine 

blue is commonly employed to stain mast cells; while the dye generally stains 

tissue blue, mast cells appear a deep purple due to the binding of the dye to the 
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heparin content of the granules [142].  Ehrlich mainly explored the presence of 

mast cells in connective tissue as well as in tumors and hypothesized that they 

served to modulate inflammatory situations in tissue, although he proposed that 

mast cell granules were actually accumulations of extraneous inflammatory 

tissue fluid, which we know now is not the case [143].  Regardless, Paul Ehrlich's 

foundational work paved the way for an explosion of the mast cell field.  

1.5.1.1 Mast cell properties and activation 

The mast cell is a tissue-resident cell type of myeloid lineage that can 

generally be found in connective tissue and mucosal environments. While mast 

cells are most frequently associated with allergic responses, their roles in 

combating microbial and parasitic infections and in maintaining tissue 

homeostasis have also been well-characterized. Unlike basophils, which are 

another granulated innate cell that bear close resemblance to mast cells but are 

lymphoid-derived, mast cells do not mature in the circulation but upon tissue 

entry.   
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Figure 3: SEM images of mast cells and degranulation. Scanning 
electron micrographs of (A) a resting rat peritoneal mast cell, (B) a mast cell 
undergoing degranulation, and (C) a single mast cell granule. Adapted from 
[144].1 

Mast cells are densely packed with granules (Fig. 3) that contain a large 

variety of pre-stored cytokines, proteases, and other mediators of the innate 

immune response bound to a highly-charged heparin backbone [145-147].  Upon 

activation in response to various stimuli, including antigen-induced crosslinking of 

IgE bound to the high-affinity Fcε receptor (FcεRI) found on the surface of mast 

cells [148,149] as well as direct activation by pathogens and microbial products 

[150-155], complement [156], alarmins such as IL-33 [157,158], and stem cell 

factor (SCF) [159,160], mast cells rapidly degranulate and release their granular 

                                            

1 Adapted and reproduced from the following publication with the authors' permission: 
Kunder, C.A., St John, A.L., Li, G., Leong, K.W., Berwin, B., Staats, H.F., Abraham, S.N. (2009) Mast cell-
derived particles deliver peripheral signals to remote lymph nodes. J Exp Med, 206(11):2455-67. Image 
accessed on 3/19/13. 
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contents into the surrounding milieu to provoke localized and even systemic 

inflammatory responses. For example, the release of histamine induces the 

classic wheal-and-flare response in the skin (reviewed in [161]), and the serine 

proteases chymase and tryptase can induce connective tissue proliferation, 

tissue remodeling, and tight junction alterations and modulate endothelial and 

epithelial permeability [162-169]. Heparin itself acts as an anticoagulant. Mast 

cells can also synthesize various de novo mediators and cytokines to initiate a 

slightly more delayed response to activation. Tumor necrosis factor (TNF) is both 

pre-stored and synthesized in mast cells [170,171], and TNF, interferon (IFNγ), 

and IL-6 can activate endothelial cells and promote leukocyte adhesion 

[172,173].  Additionally, mast cell TNF and IL-4 can promote a TH2 response 

[152,174]. At later time points, IL-10 release can in fact dampen the initial 

inflammatory response to prevent damage to surrounding tissue [175]. 

1.5.1.2 Mast cell-deficient rodent models 

Several mast cell-deficient mouse strains have been characterized to 

facilitate in vivo experimental investigation of mast cell functions.  Among these, 

the W/Wv strain has been one of the more commonly utilized; this strain, which 

possesses mutations in the c-kit (CD117) gene in the W (white spotting locus) on 

mouse chromosome 5, is mast cell deficient [176,177].  Furthermore, the infusion 

of cultured stem cell- or bone marrow-derived mast cells (BMMCs) permits mast 

cell reconstitution [178-180].  However, W/Wv mice do exhibit a number of 

defects as a result of their c-kit mutation, including anemia [181], neutropenia 
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[182], a lack of interstitial cells of Cajal [183], decreased numbers of 

intraepithelial lymphocytes [184], spontaneous dermatitis [185], and gut ulcers, 

tumors, and abnormalities [186-188].  They are also sterile [189]. 

To avoid some of these complicating factors in W/Wv mice, more recently 

studies have utilized the W-sash (Wsh/Wsh) mouse, which possesses an inversion 

in the transcriptional regulatory elements upstream of the c-kit gene, a proto-

oncogene whose expression is necessary for the development of mast cells 

during embryogenesis, that diminishes its expression of c-kit [190-194]. Juvenile 

and adult Wsh mice express virtually no c-kit [195]. This gene inversion results in 

a specific white banding pattern resembling a sash in heterozygous mice, hence 

the strain name [196]. Homozygotes are mast cell deficient, fertile, and have 

fewer extraneous defects compared to W/Wv mice, including the absence of 

anemia and disrupted gut homeostasis [190,191,197]. Wsh mice can also be 

successfully reconstituted with BMMCs [198,199]. The studies described in 

Chapter 2 of this dissertation were carried out with the Wsh/Wsh mouse. 

1.5.1.3 Role of mast cells in bladder infection 

The role of mast cells in the clearance of bacterial bladder infections has 

been suggested in the literature.  Malaviya et al. first observed that the W/Wv 

strain of mast cell-deficient mice did not effectively clear bacteria from the 

bladder following experimentally-induced cystitis [200].  In wild-type mice, mast 

cells were activated and increased in number during infection, correlating with 

decreased bacterial numbers [200].  Mast cell involvement in bacterial clearance 
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from the bladder has been corroborated in Wsh/Wsh mast cell-deficient mice as 

well: Wsh/Wsh mice display higher bacterial numbers in the bladder following 

experimental infection [172,175], and mast cells direct the recruitment of 

neutrophils for bacterial killing [175].  Furthermore, it was found that mast cells in 

fact express the immunosuppressant cytokine IL-10 to quell damaging 

inflammatory reactions in the bladder following the initial acute response to 

infection [175], demonstrating that mast cells not only act to combat infection but 

also actively modulate the innate immune response to prevent host damage to 

the bladder. 

In general, mast cells are well-known to play a role in the response to 

infections.  The first evidence for this came from in vivo studies of parasitic 

helminth infection in the gut [201,202]; mast cells were observed to traffic to sites 

of infection and undergo degranulation in rats and mice.  Further investigation 

demonstrated that mast cells are actually key mediators in parasite expulsion 

from the gut [203,204], a process that has specifically been shown to be 

chymase-dependent [205], as well as modulation of intestinal permeability and 

the effective recruitment of innate cells in cutaneous leishmaniasis [206].  The 

role of mast cells in defense against bacterial infections is also well-established 

in many different models.  Mast cells have been shown to be directly involved in 

bacterial clearance and neutrophil recruitment in peritonitis [207-209] and a 

caecal ligation puncture model [210,211]; in clearance and dendritic cell 

recruitment in a model of UTI [172]; in bacterial clearance from the lungs 
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[207,212]; and in the control of bacterial skin infections [213].  Mast cells have 

even been shown to facilitate innate responses to viral infections such as dengue 

[214].  Thus, it is clear that mast cells play a crucial role in the innate response to 

infections of all kinds, and in particular are involved in the response to bladder 

infection. 

1.5.2 Exfoliation of the superficial epithelium 

One of the most significant host-initiated responses to infection of the 

bladder mucosa is the sweeping exfoliation of the superficial cells of the 

urothelium.  Upon entry into the bladder, bacteria bind to the superficial epithelial 

layer that lines the bladder lumen to initiate cellular uptake and establish infection 

in the epithelium.  However, infection triggers host recognition of the presence of 

these bacteria, and the bladder responds by inducing the detachment of the 

superficial layer of the epithelium. As early as 1871, physicians reported the 

large-scale passing of epithelial-like sheets of tissue following incidents of cystitis 

in both male and female patients [215-217]. Clinically, epithelial cells are found in 

the urine of UTI patients [218,219]; hexagonal superficial cells can easily be 

visualized in infected urine. In rodent models of UTI, exfoliation appears to be 

initiated in response to infection with piliated, but not non-piliated, strains of K12 

and uropathogenic E. coli [110,220,221] as well as Staphylococcus spp. [221].  

Different mouse strains exhibit differing timelines for the onset of exfoliation, and 

mice that take longer to exfoliate carry higher bacterial burdens in the bladder 

before superficial cells are lost [125].  With the typical uropathogenic E. coli 



 

 30 

isolates UTI89 and CI5, exfoliation is initiated by approximately 6 h post-

inoculation in female C57BL/6 mice [110,125,132] (unpublished data from our 

lab).  Furthermore, exfoliation correlates with significant loss of bacterial burden 

in the bladder [110,132] (unpublished data from our lab). Current evidence 

suggests that exfoliation involves an apoptotic mechanism; the application of a 

pan-caspase inhibitor in a mouse model of UTI resulted in the retention of the 

superficial epithelium for up to 24 h [110].   

1.5.3 Inflammatory responses to pyelonephritis 

Renal infection is a serious scenario, largely due to the potentially 

damaging inflammatory responses that are initiated with UPEC colonization of 

the kidneys. As discussed in section 1.4.3.2, the binding of UPEC to the tubule 

and collecting duct epithelia in the kidney is critical for the bacteria to establish an 

effective infection. This binding, however, rapidly triggers a variety of host 

responses directed at eliminating the bacterial threat. 

In rodent models of pyelonephritis, it has been found that toll-like receptor 

4 (TLR4), an important pathogen recognition receptor that binds bacterial LPS, is 

a key molecule for triggering the inflammatory response in the kidney. UPEC 

preferentially colonize medullary collecting duct epithelial cells in the nephron, 

which heavily express TLR4 [222]. TLR4 activation on these cells signals 

downstream upregulation of the pro-inflammatory mediators IL-1β, MIP-2 (a 

mouse neutrophil chemokine), MCP-1, TNF-α, and RANTES within hours [222]. 

MIP-2 is also believed to be secreted via a TLR4-independent pathway, ensuring 
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an inflammatory response even in the absence of the LPS pathway [222]. In 

vitro, TLR4 activation initiates the translocation of UPEC across renal collecting 

duct cells grown on transwells, a process that likely permits bacteria to reach the 

bloodstream [140]. Renal tubule cells also express TLR4 and initiate downstream 

inflammatory responses in a TLR4-dependent manner. Interestingly, UPEC P 

fimbriae, which bind to glycosphingolipids (Gal-Gal residues) on kidney epithelial 

cells, may also play a role in activating TLR4 during colonization. P fimbriae 

interaction with glycosphingolipids appears to trigger the release of ceramide, the 

membrane-anchoring domain, and ceramide in turn elicits TLR4 activation [223]. 

One study has also suggested a role for a novel toll-like receptor, TLR11, in the 

highly specific recognition of UPEC and subsequent modulation of infection 

[224]. 

TLR4 responses to infection in the kidneys lead to the expression of a 

variety of inflammatory cytokines and chemokines. Among these, the release of 

IL-8, the neutrophil chemoattractant, is critical to the recruitment of neutrophils 

and the clearance of bacteria [225,226]. The neutrophil response to 

pyelonephritis is profound, and in both humans and rodent models, kidney 

infections are characterized by heightened IL-6 and IL-8 production [226-228]. 

Studies have shown that children susceptible to repeated bouts of pyelonephritis 

demonstrate reduced expression levels of CXCR1, the IL-8 receptor [229,230]. In 

mice that lack the IL-8 receptor homologue, neutrophils are efficiently recruited to 
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the kidneys following infection but are unable to cross the mucosal barrier and 

remain trapped submucosally; these mice are unable to clear bacteria [227].  

Although inflammatory responses to kidney infection are potent, their 

efficacy is a double-edged sword, as this inflammation can also inflict renal 

damage. For instance, UPEC colonization can directly cause the death of renal 

epithelial cells, but this also provokes an inflammatory response to infection. 

Renal cortical tubule cells undergo necrosis following exposure to UPEC both in 

vitro and in vivo, and in doing so release MIF (macrophage migration inhibitory 

factor) [231], an inflammatory cytokine that contributes to the formation of renal 

lesions in glomerulonephritis [232]. Furthermore, in rodent models where 

experimentally-induced infections fail to clear due to innate immune deficiencies 

(CXCR2 and IL-8 receptor homologue knockout mice), profound scarring 

responses are observed [227,233]. It appears that this scarring response, 

characterized by alterations to the tissue architecture and fibrosis, is dependent 

on the accumulation of neutrophils compounded by a lack of bacterial clearance 

[234-236]; the oxidative bursts released by neutrophils are damaging to renal 

tissue [234,237-239]. Thus, an efficacious inflammatory response can have 

consequences for the health of the kidney. 

1.6 Impetus for this work 

UTIs represent a significant burden to the healthcare system in this 

country and as such, it is vital to elucidate their pathogenesis and host responses 

with the ultimate goal of identifying potential therapeutic targets. As has been 
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discussed in the previous sections, UTIs are dynamic and multi-faceted 

infections that require both pathogen and host to differentially interact and 

respond depending on location, i.e. the upper or lower urinary tract. In order to 

better understand the host response mechanisms underlying both cystitis and 

pyelonephritis, this dissertation explores two distinct aspects of UTI: the 

exfoliation response to infection of the bladder and the renal scarring response to 

infection of the kidneys. The following sections outline the rationale for the two 

studies described in this work. 

1.6.1 Elucidating the host-directed processes underlying epithelial 
exfoliation during bladder infection 

The exfoliation response to bladder infection with bacterial pathogens, 

particularly UPEC, is well-established in both clinical and experimental literature. 

Although UPEC adhere to and enter superficial epithelial cells, where they can 

replicate and establish a significant presence, host-directed exfoliation of 

umbrella cells serves the vital purpose of substantially diminishing the bladder 

bacterial load in an attempt to minimize infection and subsequent urothelial 

invasion. Prior to this, studies have suggested that exfoliation occurs via an 

apoptotic mechanism [110]: caspase activation is triggered in infected superficial 

cells, leading to cell death and loss. 

However, as will be discussed in Chapter 2, initial observations from our 

lab indicated that both infected and uninfected superficial cells are shed from the 

bladder during UPEC cystitis, and all exfoliated cells ultimately die. Furthermore, 
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exfoliation strongly correlates with the influx of mast cells, which are highly 

specialized. Given this, we suspected that there are other processes at work in 

the exfoliation response to infection and sought to elucidate these underlying 

mechanisms. Initial observations revealed the striking mobilization of mast cells 

during infection and their apparent functional role in exfoliation, leading us to 

further investigate mast cell modulation of the superficial epithelium in a variety of 

models, including in vivo induced cystitis in mice, an ex vivo swine bladder tissue 

infection model, and in vitro urothelial cell culture models. This work involved 

collaboration within the Abraham laboratory, with Hae Woong Choi and Dr. 

Cheryl Chan, as well as external collaboration with Dr. Adam Moeser at the NC 

State University College of Veterinary Medicine. These studies have pointed to a 

highly unique role for mast cells and in particular mast cell granules in the 

exfoliation and cell death of superficial cells, which will be described in detail in 

Chapter 2 of this dissertation.       

1.6.2 Investigating the role of infection in the development of reflux 
nephropathy 

In children, presentation with one or more febrile UTIs can lead to the 

identification of vesico-ureteric reflux (VUR), a congenital defect of the upper 

urinary tract in which urine can improperly flow from the bladder to the kidneys. 

This underlying urinary tract defect is often accompanied by reflux nephropathy 

(RN), or scarring of the kidneys in association with VUR. While VUR is a known 

risk factor for pyelonephritis, and in turn pyelonephritis is a risk factor for RN, the 
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relationship between VUR, RN, and kidney infection has remained murky; some 

human and surgical animal studies have suggested that RN can occur in the 

absence of pyelonephritis, while others claim that infection is necessary. 

Furthermore, it has been difficult to sort out the individual contributions of 

infection and reflux due to the lack of feasible, easily-manipulated animal models. 

Thus, the VUR-pyelonephritis-RN axis has remained a topic of debate in the 

field. 

However, recent identification of the C3H mouse as a naturally-occurring 

model of VUR presented a novel opportunity for us to explore the development of 

RN in the absence of surgically-induced reflux or knockout animals, which 

complicate the ability to draw hard conclusions about VUR and RN, and 

potentially answer the question of whether pyelonephritis is involved. In 

collaboration with Dr. Indra Gupta and Christine Watt at McGill University-

Montreal Children's Hospital, who discovered VUR in the C3H mouse, we 

initiated a series of studies to elucidate the contributions of infection and VUR to 

RN, which are described in Chapter 3 of this dissertation. Our work, which was 

recently accepted for publication in Disease Models & Mechanisms under the title 

"Interplay of vesico-ureteric reflux and kidney infection in the development of 

reflux nephropathy," highlights the requirement for pyelonephritis in the 

development of RN in VUR-susceptible individuals. 
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2. Mast cell-assisted exfoliation and death of bladder epithelial 
cells during urinary tract infection 
2.1 Introduction 

Exfoliation of epithelial cells is an early and common host response to 

microbial infection of mucosal surfaces, including the bladder, in both humans 

and rodent models [218-221,240-243]. The bladder epithelium (urothelium) is a 

stratified epithelial structure characterized by terminally differentiated lumen-

adjacent superficial cells, which maintain the integrity of the urothelium by 

expressing strong tight junctions. Superficial cells, which are distinctive for their 

large size and hexagonal shape, serve as an impermeable barrier to water and 

solutes, making the bladder an ideal organ for the sequestration and storage of 

urine. This impregnability also permits the superficial epithelium to act as a 

formidable bulwark to insults such as uropathogens. 

Urinary tract infections (UTIs) are the second most frequent type of 

infection in an ambulatory care setting, accounting for approximately 8.4 million 

doctor visits per year [48]. Almost 60% of women will experience a UTI in their 

lifetime [50], and 25% of those women will have at least one recurrent infection 

within six months [51]. The single most common cause of bladder infection 

(cystitis) is uropathogenic E. coli (UPEC), which is responsible for more than 

80% of all UTIs [55]. UPEC isolates, which are Gram-negative facultative 

anaerobes, are thought to be fecal-derived and, following periurethral 

colonization, ascend the urethra to the bladder in order to initiate cystitis [244]. 



 

 37 

To establish infection in the bladder and avoid the flushing action of urine 

during micturition cycles, UPEC must adhere to and enter superficial cells. This 

occurs via binding of UPEC type 1 fimbriae, capped with the FimH adhesin 

protein, to mannosylated residues in the uroplakin 1a protein (UP1a) [109-112]. 

In normal superficial cells, UP1a self-congregates and forms urothelial plaques 

on the apical cell surface [245], which are thought to facilitate membrane 

impermeability and stabilization [23]. FimH-UP1a binding triggers the uptake of 

adherent bacteria into Rab27b+ fusiform vesicles [33,125]; this process involves 

UPEC co-opting the natural exocytic and endocytic properties of these 

membrane storage vesicles [29,127]. Once inside superficial cells, UPEC can 

differentiate into an invasive filamentous form to further infect the intermediate 

layers of the urothelium [132-134]. However, the bladder in turn responds to this 

infectious insult by inducing vigorous exfoliation of superficial cells to reduce the 

bacterial burden. Previous work in a murine model of UTI has suggested that 

exfoliation involves an apoptotic mechanism [110], and infection has been 

implicated as the trigger for this cell death. 

In human UTI patients, urinalysis routinely reveals the presence of shed 

epithelial cells [218]. In initial observations in a murine model of UTI, we 

determined that while some exfoliated cells were infected to varying degrees, 

many were not. Furthermore, when we employed live cell staining, we 

determined that exfoliated cells, both infected and uninfected, were dead or 

destined to die within a few hours, even when placed in culture media. These 
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observations led us to suspect that BEC exfoliation and death are not entirely 

dependent on bacterial infection alone and that additional factors may be 

involved. Therefore, in this work we sought to investigate the factors responsible 

for epithelial cell loss during bladder infections.     

2.2 Results 

2.2.1 Infection with uropathogenic E. coli induces exfoliation of the 
superficial epithelium 

To explore the processes directing bladder cell exfoliation, we first sought 

to characterize the dynamics of exfoliation in our murine UTI model. Following 

the instillation of UPEC strain CI5, a non-hemolytic clinical pyelonephritic isolate, 

in the bladders of C57Bl/6 mice via catheter, we found that the bulk of exfoliation 

occurred between 6 and 12 h post-inoculation. Although the superficial 

epithelium was largely intact at 6 h, widespread loss of superficial cells was 

visually evident at 12 h post-infection (Fig. 4). 
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Figure 4: The superficial epithelium is lost during infection of the 
bladder. Superficial cells of the urothelium are intact in saline-treated control 
C57BL/6 mice (12 h) (left panel) and mice inoculated with UPEC strain CI5 at 6 h 
post-infection (middle panel). By 12 h post-infection, superficial cells have largely 
been exfoliated (right panel). Frozen sections were cut and stained with 
monoclonal antibodies against E-cadherin (red) and wheat germ agglutinin 
(WGA), which highlight the superficial epithelium (green). Images are 
representative of the bladders of 3-5 mice per group. Bars are 100 µm. 

Superficial cell loss from whole mount bladders stained for ZO-1 and with 

wheat germ agglutinin (WGA) to identify superficial cells was quantified; the 

number of superficial cells was counted per field for 10 random fields per bladder 

in 3-5 bladders per treatment. We observed a significant drop, approximately 

75%, in the number of superficial cells in infected bladders compared to saline-

treated control bladders (Fig. 5A). This loss also correlated with a significant drop 

(approximately 10-fold) in the bladder bacterial burden between 6 and 12 h (Fig. 

5B), supporting the notion that exfoliation is a powerful host-directed mechanism 

to reduce infection in the bladder [110].  
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Figure 5: Exfoliation correlates with a reduced bacterial burden in the 
bladder. Bladders from saline- or UPEC-inoculated mice were harvested for (A) 
whole mount staining and quantification of the superficial epithelium or (B) 
quantification of bacterial CFU. For (A), fixed bladders were stained with mouse 
monoclonal antibodies for ZO-1 and wheat germ agglutinin. Ten random fields 
per bladder were imaged, and the number of superficial cells per field was 
counted, and all fields were averaged. Mice infected for 12 h exhibited 
significantly fewer superficial cells per field compared to saline controls. n = 3-5 
mice per group. **p=0.0034 (Student's t-test). (B) Mice infected for 12 and 20 h 
had significantly fewer bacteria per bladder compared to 6 h infected mice. n = 5-
7 total mice per group from two independent experiments. *p=0.0075 (ANOVA 
and Tukey's post-test). There was no significant difference between 3 and 6 h 
bladders. 

However, when we examined exfoliated epithelial cells in the urines of 

infected mice, we observed a wide range (heavy, moderate, and low) of bacterial 

infectivity (example shown in left panel) as well as many uninfected cells (right 

panel) (Fig. 6).  
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Figure 6: Infected and uninfected superficial cells in the urine of 
inoculated mice. Urines were collected from mice inoculated with UPEC and 
cytospun to isolate urine sediments. Slides were stained with crystal violet. 
Bacteria adherence and invasion was evident for some urothelial cells (left 
panel), but others were not associated with bacteria (right panel). Bars are 20 
µm.  

Interestingly, when we determined cell viability using propidium iodide 

staining, we found that approximately 85% of shed cells were clearly nonviable 

(Fig. 7A); these cells were dead or in the process of dying, indicated by complete 

or partial dye acquisition (Fig. 7B). Even when placed in culture media, these 

cells underwent death within a few hours (data not shown). In contrast, the 

application of dispase II, a mild proteolytic agent, into mouse bladders resulted in 

cell detachment but did not result in loss of viability (Fig. 7C quantification and 7D 

images), implying that non-specific cell detachment does not induce in cell death. 

Together, these data suggest that although exfoliation occurs during bacterial 

infection, complex processes are involved in superficial cell loss. Furthermore, 

our studies also reveal that cells exfoliated from infected bladders are dead or 

destined to die shortly thereafter. 
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Figure 7: The majority of urothelial cells exfoliated during infection 
are dead. Mouse bladders were inoculated with UPEC (A and B) or treated with 
dispase II (C and D), and urines were collected and cytospun for live/dead 
staining. For each cytospin, five random fields were chosen and cell staining was 
quantified. Over 85% of urothelial cells from infected bladders were dead or 
dying (A) as indicated by positive ethidium homodimer-2 staining (red) (B). 
**p=0.0079. (B) Dual ethidium stain and green SYTO10 live cell stain indicates 
cells in the process of dying, while dead cells stain for ethidium alone (arrow). 
60X magnification. (C) Approximately 75% of urothelial cells dissociated from the 
bladder with dispase II were alive; *p=00286, and (D) little ethidium cell staining 
was evident. 20X magnification. All results represent two independent 
experiments by HaeWoong Choi for a total of n = 4-5 mice per treatment. 
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2.2.2 Mast cells traffic to sites of bladder exfoliation during infection 

To elucidate the factors contributing to epithelial cell exfoliation and death, 

we closely examined the superficial epithelia of control and infected mouse 

bladders early in the infectious process. Employing whole mount microscopy, we 

observed that, in addition to the customary neutrophil response to infection, there 

was a remarkable influx of mast cells (MCs) into the mucosal region of the 

bladder as early as 6 h after infection (Fig. 8). MCs, which are normally found in 

the detrusor layer in uninfected bladders (Fig. 8A), were in close proximity to the 

urothelium in 6 h-infected tissue in compiled cross-section images (Fig. 8B). 

Many MCs were clearly localized to the submucosal tissue beneath the 

epithelium, and some MCs could in fact be found within the urothelium (Fig. 8B). 

Furthermore, these MCs appeared to be activated, based on the large number of 

discharged MC granules (Fig. 8C).  

MCs are granulated innate immune cells typically found in connective 

tissue and mucosal sites throughout the mammalian body, including the bladder. 

In response to bacterial infection in the bladder, MCs degranulate and release 

pre-formed and pre-packaged mediators including histamine, TNF, and serine 

proteases, promoting the early influx of immune cells including [200]. Evidence of 

the early and specific role of MCs in the recruitment of neutrophils and in 

subsequent clearance of bacteria from the bladder comes from comparative 

studies of UTIs in wild type and MC-deficient (W/Wv) mice [200].  
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Figure 8: Mast cells are recruited to the urothelium during bladder 
infection. Infected and uninfected mouse bladders were harvested at 6 h post-
inoculation, whole mount stained for urothelium and mast cells with mouse 
monoclonal antibodies against ZO-1 and conjugated avidin, respectively, and 
imaged by confocal microscopy. Z-stacks were generated, and X-Z axis cross 
section images were compiled. (A) Mast cells are normally found in the detrusor 
layer of the bladder. (B) In infected bladders, mast cells migrate into close 
proximity and into the urothelium. (C). Widespread punctate mast cell staining 
within the urothelium suggests mast cell degranulation. Results are 
representative of images from n = 3 mice per treatment. Bars are 50 µm (A and 
B) and 20 µm (C). HaeWoong Choi assisted with microscopy. 

In addition to recruiting immune cells to sites of infection, MCs can also 

modulate epithelial integrity during infection [246]. For example, nematode 

infection of the gut results in MC-induced increased mucosal permeability [164], 

and LPS induces MC-mediated increases in gut permeability [247]. Additionally, 

MCs have been implicated in mouse models of inflammatory disease such as 

irritable bowel syndrome [248,249], and MCs are involved in basic gut epithelial 

homeostasis [250]. Given the prominent role of MCs in the regulation of epithelial 

integrity as well as their contribution to bacterial clearance from the bladder, we 

hypothesized that the recruitment of MCs to the bladder mucosa could be related 

to the exfoliation of bladder epithelial cells.   
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2.2.3 Exfoliation of bladder epithelial cells is a mast cell-dependent process 

To test the above-mentioned hypothesis, we examined frozen bladder 

sections from wild-type and MC-deficient Wsh/Wsh mice at 12 h post-infection. 

Remarkably, the superficial bladder epithelia of MC-deficient Wsh/Wsh mice were 

still intact (Fig. 9A, middle panel), unlike wild-type C57BL/6 mice, which had 

largely lost their superficial layer (Fig. 9A, left panel). Quantification of the 

superficial epithelium in whole mount infected bladders indicated that while wild-

type mice saw a loss of approximately 75% of superficial cells, Wsh/Wsh mice did 

not exhibit a significant loss (Fig. 9B) compared to saline controls.  

Furthermore, when we examined bladders from Wsh/Wsh mice that had 

been repleted with bone marrow-derived MCs (BMMCs), the exfoliation response 

was intact and comparable to wild-type mice (Fig. 9A, right panel, and 9B), 

confirming the specific role of MCs in epithelial cell exfoliation. As expected, 

Wsh/Wsh mice also retained approximately 5-fold higher numbers of bacteria in 

the bladder compared to wild-type and repleted mice (Fig. 9C). These 

observations for the first time implicate MCs in superficial cell exfoliation following 

bladder infection. 
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Figure 9: Mast cell-deficient mice retain the superficial epithelium 
and a higher bacterial burden during bladder infection. Wild-type C57Bl/6 
mice, Wsh mast cell-deficient mice, and repleted Wsh mice (Wsh+/+) were 
inoculated with UPEC, and bladders were harvested after 12 h. (A) Frozen 
sections were cut and stained for superficial cells and the intermediate 
epithelium. Superficial cell loss is evident in B6 mice (left panel), while the 
superficial layer is intact in Wsh mice (middle panel). However, the superficial 
epithelium is lost in repleted Wsh+/+ mice (right panel). Note that the Wsh+/+ 
image in the right panel is of collapsed bladder, compared to inflated bladder in 
the left and middle panels. "L" indicates collapsed lumen. Bars are 100 µm. (B) 
Whole mount quantification of the superficial epithelium shows that Wsh mice 
retain significantly more superficial cells than B6 mice, and repleted Wsh+/+ mice 
retain superficial levels similar to infected B6 mice. ANOVA p=0.0057, Tukey's 
post-test: *p<0.05, **p<0.01. (C) Wsh mice have significantly more bacteria in 
their bladders than Wsh mice. The low number of Wsh+/+ mice does not permit 
significance, but repleted Wsh mice carry bacterial numbers comparable to B6 
mice. ANOVA p=0.0372; Tukey's post-test *p<0.05. All results represent 3-4 
independent experiments with a total n = 3-5 mice per group for imaging and 
whole mount, and n = 12 mice (B6 and Wsh) or 3 mice (Wsh+/+) for CFU counts. 
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Mast cell repletions and Wsh+/+ CFU quantitation were performed by Cheryl 
Chan. 

2.2.4 Mast cell proteases are implicated in the exfoliation process 

Because MC-mediated recruitment of immune cells could potentially be 

implicated in the data described above, we sought to determine whether the 

observed MC-induced exfoliation of bladder epithelial cells was a direct or 

indirect process. In order to explore the direct involvement of MCs in bladder cell 

exfoliation and reduce any effects due to immune cell influx from the circulation, 

we moved to an ex vivo Ussing chamber model. Here, we employed freshly 

isolated bladder tissue stretched in cassettes. As mouse bladders are relatively 

small and not easily employed in an Ussing chamber system, we instead utilized 

porcine bladder tissue retaining the mucosa and submucosa for all ex vivo work. 

Due to their size, porcine bladders permit multiple samples per bladder to be 

obtained, thus allowing multiple treatments to be performed on tissue derived 

from the same source. The mucosal surfaces of urothelial samples, which were 

maintained under physiological conditions, were exposed to UPEC strain CI5. Ex 

vivo infection of superficial cells was readily achieved, as evidenced by the clear 

co-localization of UPEC and superficial cells in the tissue (Fig. 10).  

When frozen tissue sections were examined for MCs, employing as 

probes antibodies to MC tryptase, one of the primary MC serine proteases found 

complexed with heparin in granules, we observed localized staining in the 

superficial epithelium of the bladder tissue (Fig. 11A). Interestingly, the staining 

pattern appeared “granular,” raising the possibility that we were visualizing MC 
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granules. When we stained infected tissue sections with toluidine blue, a dye that 

selectively stains MC granules, we saw distinct granules (purple) clustering in the 

superficial layer (Fig. 11B), suggesting that MC granules had localized to the 

superficial epithelium. Interestingly, regions of the superficial epithelium found in 

close proximity to large clusters of MC granules appeared damaged or lost.  

 

 

Figure 10: UPEC infects porcine superficial epithelium. Control or 4 h 
infected porcine epithelial samples were removed from Ussing chambers, frozen 
sections were cut, and rabbit polyclonal antibodies against UPEC FimH and 
conjugated wheat germ agglutinin (WGA) were used to stain samples. Control 
tissue (left panel) did not show any evidence of UPEC infection of the superficial 
epithelium. Tissue inoculated with UPEC showed clear co-localization between 
UPEC and the superficial epithelium, indicating that UPEC was able to infect the 
urothelium ex vivo. Bars 50 µm. 

The barrier function of bladder epithelial cells is attributable to the 

superficial epithelium, which is laterally fused by tight junctions. Loss of or 

significant damage to the superficial epithelium results in enhanced permeability 

to various diffusible molecules such as fluorescein isothiocyanate (FITC)-dextran. 

We sought to confirm a loss of epithelial integrity for UPEC-infected porcine 
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bladder tissue by quantitating the flux of FITC-dextran across the urothelium. 

Compared to uninfected controls, UPEC infection induced more than a 3-fold 

increase in FITC-dextran flux across porcine mucosa (Fig. 11C), implying a 

striking disruption in its barrier capabilities.  

 

Figure 11: Mast cell granule localization to the urothelium and 
granule-associated protease-induced loss of epithelial integrity. (A) 
Tryptase staining of urothelium from control and 4 h infected porcine tissue. 
Punctate tryptase is evident in the urothelium; dashed line indicates the apical 
surface of the superficial epithelium, L indicates bladder lumen. (B) Toluidine 
blue staining of 8 h infected tissue. Purple mast cell granules are present in the 
urothelium in proximity to sites of potential superficial cell loss (arrow). (A and B) 
Images are representative of 2-3 animals. Bars are 20 µm. (C) Infection induces 
a significant loss of epithelial integrity as evidenced by increased flux of FITC-
dextran from the mucosal to the serosal wells of the Ussing chambers. *p=0.0169 
by paired t-test. Flux data are representative of four independent experiments, 
with a total n = 8 pigs per treatment. 



 

 50 

Given that MC granules appear to localize proximal to sites of epithelial 

cell loss or damage, and the serine proteases tryptase and chymase are major 

components of MC granules that have been shown to be involved in modulating 

epithelial permeability [250-252], we investigated whether these proteases were 

playing a functional role in bladder permeability during infection. Interestingly, the 

application of a tryptase/chymase-targeted protease inhibitor cocktail almost 

completely abrogated the increased flux observed with infection (Fig. 11C). 

Therefore, it appears that not only do MC granules traffic to superficial cells 

during infection, but MC proteases may play a role in the exfoliation process. 

2.2.5 Mast cell granules alter epithelial permeability and induce cell 
separation 

Having observed that MC granules appear to be potential mediators of 

exfoliation, we sought to specifically examine the direct effects of isolated MC 

granules on bladder epithelial cells. To do so, we grew primary human urothelial 

cells to confluence on permeabilized cell culture inserts and induced 

differentiation with the application of fetal bovine serum, resulting in a stratified 

epithelial structure of several layers and, in particular, an apical layer of 

hexagonal cells similar to superficial cells in vivo (Fig. 12A). We next isolated MC 

granules from a rat basophilic leukemia (RBL) MC line; these exhibited typical 

round granule morphology and were approximately 500 nm in size (Fig. 12B). 

We also verified that the granules possessed biological activity with a tryptase 

activity assay (Fig. 12C).  
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Figure 12: Human primary urothelial cells form stratified multi-
layered structures for in vitro use with isolated mast cell granules. Primary 
human urothelial cells were grown on 0.4-µm permeable cell culture inserts, and 
differentiation was induced with fetal bovine serum. Cells formed multi-layered 
epithelial structures characterized by strong tight junctions (A); Bar is 50 µm. 
Transepithelial resistance values reached over 3,000 Ω�cm2 (data not shown). 
(B) Isolated granules from the RBL-2H3 mast cell line. 20X magnification. Bar 
indicates 25 µm. (C) Granule preps are biologically active as indicated by 
quantifiable tryptase activity that can be abrogated by boiling. Tryptase activity is 
significantly higher in granule preps than in blank controls and boiled granules. 
****p<0.0001. Results are representative of two independent experiments, and 
total n = 4 samples per group. The image in Panel B was generated by 
Mohammad Arifuzzaman. 

To examine the effects of MC granules in our in vitro stratified bladder 

epithelium model, we applied granules to the apical surface of the epithelial cells 

and examined the ability of these granules to trigger a breakdown in the epithelial 

cell barrier. It is noteworthy that technical limitations prevented the application of 

granules to the more physiologically relevant basolateral side of the cells, below 

the permeable insert. Significantly, we found that MC granules induced FITC-

dextran flux across the epithelial cell layers, as seen previously in our ex vivo 

experiments, and this flux could be abrogated by the application of the protease 

inhibitor cocktail (Fig. 13).  
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Figure 13: Mast cell granules induce a protease-dependent increase 
in epithelial integrity. Mast cell granules were applied to the apical side of the 
primary human urothelial structures described in Fig. 12, and FITC-dextran flux 
across the multi-layered cells was quantified after 3 h. Treatment with granules 
significantly increased FITC-dextran flux, and this was abrogated by pre-
treatment with protease inhibitor cocktail (PI). ANOVA p<0.0001, Tukey's post-
test ***p<0.0001 versus both PBS and granules + PI. Data are representative of 
two independent experiments, with a total n = 6-9 samples per treatment. 
Experiments performed by Cheryl Chan. 

Interestingly, when we probed granule-treated cells with antibodies to tight 

junction proteins such as occludin at an early time point (3 h), we observed that 

MC granules appeared to induce the physical separation of "superficial" cells, 

leading to gaps between the cells (Fig. 14). Cumulatively, these ex vivo- and  in 

vitro-derived data strongly suggest that proteases found in MC granules can 

directly modulate the breakdown of bladder epithelial cell integrity by inducing the 

physical separation of epithelial cells at early time points.  
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Figure 14: Mast cell granules induce cell separation. Control and 
granule-treated primary urothelial cells grown on cell culture inserts were 
harvested and stained with mouse monoclonal antibodies against occludin and 
conjugated phalloidin to detect actin. Control samples displayed characteristic 
peripheral occludin and actin staining around apical "superficial" cells, while 
granule-treated samples exhibited noticeable separation between adjacent cells. 
Bars are 50 µm. Images are representative of two independent experiments with 
n = 3 samples per treatment group per experiment.  

2.2.6 Mast cell granules induce the detachment and death of infected 
bladder epithelial cells in vitro 

To better investigate MC granule-induced detachment and death of 

bladder epithelial cells, we developed a novel in vitro assay to study this 

phenomenon. We grew human bladder epithelial cell line 5637 cultures to 

confluence in cell culture plates, and then mitomycin C was added to inhibit 

further cell growth. To look for cell detachment, we applied MC granules and 

looked for the loss of cells from the confluent cultures, utilizing CMTMR dye (live 

cell fluorescent staining) to stain live cells and permit the observation of empty 
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spaces after cell detachment. In addition, detached cells were collected and 

stained with propidium iodide (PI), which fluorescently labels dead cells.  

 

Figure 15: Mast cell granules induce cultured epithelial cell 
detachment and death in vitro. The human 5637 urothelial cell line was grown 
to confluence and treated with mast cell granules, with or without pre-infection 
with UPEC strain CI5 (MOI 100). (A) Supernatants were collected and detached 
cells were quantified. Granule-treated cells exhibit significantly higher 
detachment than control cells, while pre-infection with UPEC strongly 
exacerbates this detachment. ANOVA with Tukey's post-test *p<0.05, **p<0.001. 
(B) Detached cells were stained with propidium iodide (PI) to identify dead cells. 
Detached cells following granule treatment, both with and without infection, 
resulted in large amounts of PI staining, whereas very few control cells were PI-
positive. Bars are 100 µm. Results are representative of three independent 
experiments, with a total n = 6 per treatment. Experiments performed by 
HaeWoong Choi. 

We observed that isolated MC granules induced the detachment of 

cultured cells (Fig. 15A, left column of graph).  Furthermore, we observed that 

virtually all detached cells that had been treated with granules or pre-infected 

were dead at 16 h as determined by PI staining (Fig. 15B). Interestingly, 

detachment was significantly exacerbated when cells were pre-infected before 

the application of granules (Fig. 15A); larger empty areas were evident for pre-

infected cells than for cells treated with granules alone. When we quantified PI-
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stained cells, detachment of pre-infected cells was almost 2 times higher than for 

cells treated with granules alone (Fig. 15A). Although it appears that infection 

enhances the observed effects, these data strongly suggest that MC granules 

induce the detachment and ultimate death of both infected and uninfected 

epithelial cells. 

2.2.7 Internalization of mast cell granules facilitates bladder epithelial cell 
detachment and death 

 After determining that MC granules appear to directly induce 

exfoliation and cell death, we wanted to better understand the processes 

underlying these outcomes. When we utilized confocal microscopy to image 

exfoliated mouse epithelial cells from urine, we noticed that MC granules were 

detected inside epithelial cells (Fig. 16A). Consistent with this in vivo observation 

of MC granule internalization, we observed that MC granules could be 

internalized into infected epithelial cells and, significantly, visualized in Lamp1+ 

vesicular compartments (Fig. 16B, middle panel). Interestingly, we also found 

saw diffuse granule staining throughout the cytoplasm of these cells (middle 

panel). However, when granules were pre-incubated with protease inhibitors, 

granules were only visualized inside Lamp1+ vesicles and not dispersed in the 

cytoplasm (Fig. 16B, right panel). 

We next wanted to determine whether internalization was a necessary 

step for granule-induced cell detachment and death. We applied dynasore, a 

dynamin inhibitor, to infected and granule-treated cells to prevent endocytosis 
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and found that endocytosis-inhibited cells exhibited significantly less cell 

detachment than cells that were not treated with dynasore following granule 

application (Fig. 17A), although we did not observe complete abrogation. 

Furthermore, we could observe that very little detachment was evident when we 

observed the remaining plated cells that had been treated with dynasore (Fig. 

17B, right column), although patchy loss could be seen in infected cells treated 

with granules (Fig. 17B, center column). This suggests that while granule uptake 

significantly aids the induction of downstream cellular effects, granules may 

utilize multiple mechanisms of action both inside and outside the cell to induce 

detachment and death. 
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Figure 16: Mast cell granules can be visualized inside urothelial cells. 
(A) Exfoliated superficial cells were collected from the urines of infected mice and 
stained with wheat germ agglutinin (WGA), conjugated phalloidin for actin, and 
conjugated avidin for mast cell granules. Mast cell granules could be clearly 
visualized inside superficial cells by confocal microscopy. 100X magnification. (B) 
To determine whether mast cell granules entered urothelial cells in culture, 
UPEC-infected human 5637 urothelial cells were incubated with granules. Some 
cells were also treated with granules pre-incubated with protease inhibitors (PI). 
Cells were stained with conjugated avidin for granules, conjugated phalloidin for 
actin, and mouse monoclonal antibodies against Lamp1. Granules could be 
visualized inside cells; in some cases granules co-localized with Lamp1 staining, 
while diffuse avidin staining was also evident inside cells (middle panel). Diffuse 
staining was not seen in cells with PI-treated granules (right panel). Bars are 20 
µm (A) and 25 µm (B). All images are representative of two independent 
experiments performed by HaeWoong Choi. 
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Figure 17: Inhibition of endocytosis significantly inhibits cell 
detachment and death. The human 5637 urothelial cell line was cultured to 
confluence and then incubated with mitomycin C to prevent further cell growth. 
Granules were added to pre-infected cells with or without pre-treatment (30 min) 
with dynasore, a dynamin inhibitor that prevents endocytosis. (A) Supernatants 
were collected and detached cells were stained for propidium iodide (PI) to 
identify cell death. Granule treatment significantly enhanced the death of 
detached cells, but this effect could be largely abrogated by dynasore. **p<0.001. 
This can be visualized in the bottom row of (B). (B) The attached cells remaining 
after treatment were visualized with CMTMR live cell stain (top row). Fewer cells 
are present following granule treatment (middle panel) than for control cells (left 
panel) and dynasore-treated cells (right panel). Bars are 75 µm. Data are 
representative of two independent experiments, with a total n = 6 samples per 
treatment, performed by HaeWoong Choi. 

2.2.8 Exogenous application of mast cell granules induces exfoliation of 
infected superficial cells in mast cell-deficient mice 

Having determined that MC granules mediate cell exfoliation and death in 

vitro, we decided to test whether granules could induce the same effects in vivo. 

Utilizing infected Wsh/Wsh mice, which normally retain the superficial epithelium, 

we instilled MC granules into their bladders for 6 h and then harvested the 

bladders to determine the status of the superficial epithelium.  
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Figure 18: Exogenous granules induce exfoliation in vivo. The 
bladders of infected Wsh mice were instilled with either mast cell granules alone 
or granules pre-incubated with protease inhibitor cocktail (PI). (A) Bladders were 
harvested after 6 h and stained with conjugated avidin for granules (green), 
rabbit polyclonal antibodies against UPEC FimH for bacteria (blue), and 
conjugated wheat germ agglutinin (WGA) for the superficial epithelium (red). In 
granule-treated Wsh bladders, granules strongly co-localized with superficial 
cells, and bladders showed evidence of separation between and loss of 
superficial cells, indicated by arrows. Detached superficial cells containing 
granules could be seen in the lumen, with or without the presence of bacteria. 
Wsh bladders treated with granules pre-incubated with PI did not show signs of 
exfoliation. Granules could be visualized inside intact superficial cells. The 
bladder lumen is indicated by "L." Bars are 50 µm. (B) Granule- or granule/PI-
treated bladders were also harvested to quantify bacterial burdens. Bladders 
containing PI-treated granules carried significantly higher bacterial numbers than 
bladders containing granules alone. *p=0.0259 by t-test. Data represent two 
independent experiments for a total n = 3 mice per treatment. Immunofluorescent 
imaging was performed by HaeWoong Choi. Bacterial quantification was 
performed by Cheryl Chan. 

Granule uptake was evident in superficial cells, and exogenous granule 

application induced obvious superficial cell separation and loss (Fig. 18A, 

arrows). In particular, both infected and uninfected detached superficial cells 

were observed in the bladder lumen (Fig. 18A). When granules were pre-

incubated with protease inhibitors prior to instillation, we did not observe any 
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disruption of the superficial epithelium, despite obvious granule uptake in 

superficial cells (Fig. 18A, right panel). Furthermore, mice treated with granules 

retained lower numbers of bacteria in the bladder compared to mice treated with 

protease inhibitors and granules (Fig. 18B). The ability of exogenous MC 

granules to provoke superficial cell loss in infected Wsh/Wsh bladders, which 

normally do not exfoliate, in a protease-dependent manner strongly solidifies the 

notion that MCs mediate superficial cell exfoliation during bladder infection. 

2.3 Discussion 

The shedding of epithelial cells during infection has long been recognized 

as a powerful host mechanism to reduce microbial load at mucosal surfaces. 

Until now, it has been assumed that only infected epithelial cells are shed during 

infection, and this event is triggered following apoptosis [110]. Here, we have 

shown that during infection of the bladder by UPEC, not only do infected 

epithelial cells undergo a loss viability and shedding but uninfected cells as well, 

suggesting a generalized phenomenon for the death and detachment of epithelial 

cells. 

Although it is known that MCs are critical in promoting early bacterial 

clearance from the bladder via neutrophil recruitment following infection [200], 

remarkably our observations reveal how MCs and specifically MC granules 

regulate a powerful innate immune response to achieve bacterial reduction at 

mucosal surfaces. Based on our findings, MCs migrate towards and gather at the 

bladder mucosa during infection, where they degranulate and discharge MC 
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granules that are internalized by both infected and uninfected superficial 

epithelial cells, triggering detachment and the ultimate death of these epithelial 

cells. In particular, MC proteases found within the granules play a critical role in 

this process.  

That MC proteases produced by mucosally positioned MCs can regulate 

barrier functions of the gut and respiratory epithelium is well known. Indeed, the 

major MC proteases chymase and tryptase enhance gut permeability during 

infection as well as during certain chronic inflammatory disorders [164,247,250]. 

MC proteases modulate paracellular permeability by loosening tight junctions, 

which are responsible for maintaining epithelial integrity. The gut epithelium 

consists of a single layer of cells, and during infection, transient loosening of this 

barrier could permit outward flow of water and solutes into the lumen, 

mechanically flushing away adherent microbes and reducing their numbers. 

Unlike these mucosal sites, the epithelium of the bladder is stratified, and MC-

mediated responses to reduce the bacterial load appears to instead involve the 

detachment of the superficial epithelium, which is the outermost layer of the 

urothelium. It is noteworthy that detachment of the bladder superficial epithelial 

layer appears to involve cell separation accompanied by increased epithelial 

permeability as shown in vitro in Figures 13 and 14. 

Studies examining the actions of MC proteases on epithelial cells have 

often been conducted with solubilized agents applied extracellularly. However, 

our studies have revealed that the protease activity of MCs is closely linked with 
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discharged granules and that granule-induced cell detachment primarily occurs 

following granule engulfment. In this way, MC granules remarkably appear to 

resemble the cytolytic granules of NK cells and other cytotoxic immune cells. 

These noxious granules are typically discharged by active cytolytic cells proximal 

to cells targeted by the host for lysis. Upon uptake by target cells, cytolytic 

granules trigger death from within. The mode of action of cytolytic granules of NK 

cells involves the escape of granzyme proteases, which are borne in these 

granules, from early endosome compartments into the cytosol via pore channels 

formed by perforin, which is also a granule component [253]. Once in the cytosol, 

granzymes activate specific caspases to trigger apoptosis of the cell. In the case 

of MC granules, we have observed that internalized granules are found in 

lysosomes in epithelial cells, indicating that compartments harboring these 

granules at least remain intact until fusion with lysosomes occurs, presumably 

because these granules lack perforin or any other pore-forming mediator. 

However, lysosomes are typically acidic, and MC proteases, which are 

complexed with heparin in granules, may assume conformations that are 

functionally more active, resulting in degradation of the lysosomal membrane and 

escape of MC proteases into the cytosol. These proteases could potentially 

engage caspases in a manner similar to granzymes, resulting in cell death. Thus, 

in this context, MC granules functionally resemble traditional cytotoxic granules. 

It is noteworthy that while MC granules alone can initiate moderate levels of cell 

detachment and loss of viability, this activity is greatly enhanced during bacterial 
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infection, emphasizing the requirement for extrinsic inflammatory cues to 

vigorously expand this MC-mediated process, which is consistent with an innate 

immune response. 

Infection of the bladder provokes a strong inflammatory response 

characterized by the presence of neutrophils [254,255], which kill bacteria by 

releasing reactive oxygen species and antimicrobial peptides. While mast cells 

are known to be involved in the recruitment of neutrophils to the bladder during 

UTI [200], neutrophils also appear to directly interact with infected superficial 

cells, as demonstrated by electron microscopy studies that have localized 

neutrophils clustering underneath the lumen-adjacent urothelial layer [255]. In 

particular, neutrophils have been observed to adhere to superficial cells 

undergoing exfoliation [255]. While it is possible that neutrophils may play a role 

in directly mediating exfoliation processes, potentially by inducing cell death via 

reactive oxygen species release, the ex vivo and in vitro data presented here 

indicate that cell detachment and cell death can occur strictly in a mast cell 

granule-dependent manner. Based on this, there appears to be a clear role for 

mast cells in superficial cell exfoliation. 

Recent studies have revealed that the bladder epithelium has a highly 

effective proliferative program for replacing exfoliated cells that is activated 

immediately after tissue injury has been initiated [12,256]. This program is tightly 

regulated by signal feedback between basal cells of the urothelium and the 

stromal cells that underlie them, resulting in rapid repair of the mucosal barrier. 
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One clear benefit for simultaneous detachment of infected and uninfected 

bladder epithelial cells in the bladder superficial layer is that this permits the 

uniform and synchronous regeneration of the epithelium, which might be 

important for full recovery of bladder barrier function. It is possible that if only 

infected cells were lost, then replacement intermediate epithelial cells, which 

initially are only partially differentiated, would experience difficulty forming tight 

junctions with adjacent pre-existing and fully differentiated cells. 

 Previously, the contribution of MCs to innate immunity during bladder 

infection was linked to their regulation of immune cell trafficking at the site of 

infection. Here, we reveal a remarkable new function for these cells in regulating 

bladder epithelial cell loss, a powerful innate mechanism to reduce bacterial load 

in the mucosa. Recently it was reported that approximately 6 h after the onset of 

acute bladder infection in mice, MCs inexplicably switch from promoting a 

proinflammatory response to regulating the contraction of inflammation through 

the release of various anti-inflammatory mediators including IL-10 [175]. 

Coincidentally, our studies here and those of others employing mouse models 

reveal that epithelial cell shedding commences about 6 h post-infection [110]. 

Conceivably, in addition to promoting the loss of the superficial epithelium as 

reported here, MCs recruited into the bladder mucosa may mediate inflammatory 

suppression to facilitate the subsequent regeneration of the epithelium. These 

findings cumulatively suggest that MCs play a multifaceted role in modulating 
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innate immunity during infection, and this is but one element of an even broader 

role in maintaining tissue homeostasis in the host. 

2.4 Materials and methods 

2.4.1 Mouse strains and in vivo infections 

Six to 8 week old female C57BL/6 (NCI, Frederick, MD, USA) and MC-

deficient Wsh/Wsh (bred in the Duke animal facility) mice were utilized for all 

mouse experiments except for those with repleted Wsh/Wsh mice (described in the 

next section). UPEC strain CI5 [128,129,257], a clinical pyelonephritis isolate, 

was utilized for all murine infection experiments. Overnight cultures were 

inoculated from frozen stock in Luria broth (BD, Franklin Lakes, NJ, USA) and 

grown at 37°C. OD was determined, and cultures were washed and diluted in 

PBS. To induce cystitis, mice were anesthetized with pentobarbital and 

catheterized with polyethylene tubing (inner diameter: 0.28mm) (BD), and UPEC 

was instilled from a 1 mL tuberculin syringe with a 30G1/2 needle. Following 

instillation, the catheters were removed, and mice were allowed to recover before 

sacrifice at various time points. Bladders were sharply dissected from mice and 

immediately flash frozen in optimal cutting temperature (OCT) medium for 

immunofluorescent or toluidine blue staining. For samples intended for whole 

mount fluorescent imaging, bladders were excised, splayed open, and 

immediately fixed in 4% paraformaldehyde at 4°C. 
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2.4.2 Culture of bone marrow-derived mast cells and repletion of mast cell-
deficient mice 

Repletion of Wsh/Wsh mice was performed as previously described [175]. 

Bone marrow was recovered from freshly sacrificed C57BL/6 mice in ice-cold 

HBSS, washed, and cultured in complete RPMI containing 10% fetal bovine 

serum (FBS), 1% HEPES, and 10% stem cell factor supplemented with 10 ng/ml 

IL-3 for 8 to 12 weeks to obtain BMMCs. Cultures were maintained at a density of 

106 cells/ml, and cells were fed every 2-3 days or passaged approximately once 

per week as needed. To replete Wsh/Wsh mice, 107 BMMCs in 100 µl were 

intravesicularly infused and allowed to repopulate for 19 weeks, after which mice 

were utilized for in vivo infection experiments as described in the previous 

section.  

2.4.3 Ussing chamber studies with porcine bladder  

Bladders were obtained from young pigs (25 kg on average) by dissection 

following chemical euthanasia.  For transport from the surgical suite to the 

laboratory, bladders were placed in oxygenated (95% O2, 5% CO2) ice-cold 

porcine Ringer's solution (in mmol/l: 154 Na+, 6.3 K+, 137 Cl-, 0.3 H2PO4, 1.2 Ca, 

0.7 Mg, 24 HCO3
-; pH 7.4). Detrusor and connective tissue were forcibly 

dissected away from the mucosal and submucosal layers of the bladder in 

oxygenated Ringer's solution to isolate the urothelium and the tissue directly 

adjacent to the urothelium. Mucosal sheets were then mounted on cassettes with 

a 0.33 cm2 opening and inserted into EM-CSYS-6 or EM-CSYS-8 Ussing 
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chambers (Physiologic Instruments, San Diego, CA, USA). The mucosal side of 

the tissue was bathed in Ringer's solution containing 10 mM mannitol, and the 

serosal tissue was bathed in Ringer's containing 10 mM glucose; all chambers 

were oxygenated and maintained at 37°C for the duration of the experiments.  

Mucosal and serosal chambers each contained a 5 ml volume of Ringer's 

solution. Transepithelial resistance of the urothelium was monitored to ensure 

tissue viability. To monitor urothelial permeability, fluorescein isothiocyanate 

(FITC)-dextran with a molecular weight of 40 kDa (Sigma-Aldrich, St. Louis, MO, 

USA) was applied to mucosal chambers at a final concentration of 50 µg/ml. A 

total of 108 UPEC strain CI5 bacteria were applied to the mucosal chamber to 

induce infection of the urothelium ex vivo. Serosal Ringer's solution was sampled 

in triplicate every half hour over a total of either 4 or 8 hours of infection to 

quantify FITC-dextran flux across the urothelium.  Uninfected chambers served 

as baseline controls. Flux was expressed as percent change from the initial 

sample before infection. Urothelial tissue samples were harvested for imaging 

following the termination of all experiments. Samples were flash frozen in optimal 

cutting temperature (OCT) for immunofluorescent or toluidine blue staining.   

2.4.4 Mast cell granule isolation for in vitro studies 

RBL-2H3 cells (ATCC) were cultured in MEM medium (Gibco Life 

Technologies, Grand Island, NY, USA) containing 10% FBS and grown to near-

confluence in 175 cm2 cell culture flasks. After briefly rinsing with PBS, 1 ug/ml 

ionomycin (Sigma-Aldrich) in Tyrode's buffer was applied for 1-2 h to induce 
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degranulation. The granule-containing supernatant was then removed and 

combined with a subsequent PBS wash. This granule-containing solution was 

briefly spun at 170 x g to separate out cell debris and then spun at 20,000 x g for 

10 min to pellet granules. Granules from 3 T-175 flasks were combined and 

resuspended in 100 µl water and stored at -80°C until use. For in vitro 

detachment and cell death experiments, a 10 µl aliquot of granules was used per 

well in a 24-well plate. For in vivo studies with granules applied in mouse 

bladders, 30 µl granules were instilled. 

2.4.5 Cell culture and in vitro studies 

Primary human uroepithelial cells were obtained from CELLnTec (via 

ZenBio, Research Triangle Park, NC, USA), cultured in keratinocyte serum-free 

media (Gibco Life Technologies), and seeded on 0.4-µm permeable transwell cell 

culture inserts (BD). Once cells were fully confluent on transwells, 10% FBS was 

added to the culture medium to induce cell differentiation. An epithelial 

voltohmmeter (Millipore, Billerica, MA, USA) was used to monitor the 

development of tight junctions over the course of 2-3 weeks by measuring 

transepithelial resistance (TER). FBS-containing cell culture medium was 

changed every 2-3 days. Differentiated epithelial structures were utilized once 

TER values reached approximately 2,000 Ω�cm2 and cellular stratification was 

visible by brightfield microscopy.  

To monitor MC granule-induced changes in permeability, FITC-dextran 
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(Sigma-Aldrich) was applied to the apical side of multi-layered primary epithelial 

cells on transwell supports and the basolateral chambers were initially sampled 

for baseline readings. Following the application of MC granules to the apical 

chambers, basolateral chambers were again samples after 3 h. FITC-dextran 

absorbance at 405 nm was quantified, and the relative amount of FITC-dextran 

flux was calculated by subtracting the baseline reading from the final reading for 

each well. Transwell membranes with attached epithelial structures were 

harvested and fixed in 1% paraformaldehyde for immunofluorescent staining. 

For in vitro detachment and viability experiments, the human 5637 bladder 

epithelial cell line (ATCC) was cultured in RPMI 1640 medium (Gibco Life 

Technologies) containing 10% FBS, 1% HEPES, 1% sodium pyruvate, and 1% 

glucose. Following growth to confluence in 24-well cell culture plates, 10 µg/ml 

mitomycin C (Sigma-Aldrich) was added to the medium for 2.5 h, and after 

washing, MC granules were added. After 16 h, detached cells were harvested 

from the culture supernatant, and the remaining attached cells were incubated 

with CMTMR dye (Molecular Probes, Eugene, OR, USA) for live-cell 

epifluorescence imaging. For experiments utilizing pre-infected cells, confluent 

5637 cells were infected with UPEC strain CI5 at an MOI of 100 for 1 h, followed 

by the application of 1 ug/ml gentamicin-containing media to kill extracellular 

bacteria. Cells were treated with granules as described. Detached cells were 

incubated with 10 µg/ml PI stain (Molecular Probes, Eugene, OR, USA) to label 

nonviable cells. Cells were cytospun onto charged slides, slides were visualized 
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via confocal microscopy, and the number of PI+ cells per field was counted for 5 

random fields and averaged. For experiments involving endocytosis inhibition, 

100 µM dynasore (Sigma-Aldrich) was added to cells 30 min prior to treatment 

with granules. 

2.4.6 Immunofluorescent and toluidine blue staining and microscopy  

For frozen tissue samples, 10-µm samples were cut on a CM1850 Leica 

Biosystems cryostat (Buffalo Grove, IL, USA) and deposited on charged slides; 

following this, the slides were fixed in ice-cold acetone, blocked in 1% BSA, and 

incubated at 4°C with primary antibodies overnight. After washing, fluorescently-

conjugated donkey secondary antibodies (Jackson Immunoresearch, West 

Grove, PA, USA) were applied for 1 h at room temperature. Slides were mounted 

with Prolong Gold Antifade Reagent (Molecular Probes) for visualization with a 

three-laser Nikon confocal microscope.   

Whole mount bladders for immunofluorescent imaging, following fixation 

for 1 h in 4% paraformaldehyde, were blocked overnight in 10% FBS. Primary 

mouse monoclonal antibodies against ZO-1 (Invitrogen) were applied overnight. 

Following washes, secondary donkey anti-mouse fluorescently-conjugated 

antibodies (Jackson ImmunoResearch) were incubated with the whole mount 

bladders. After final washes, bladders were gently compressed, mounted on 

slides with Prolong Gold, and visualized by confocal microscopy. 

Following fixation in 1% paraformaldehyde, multi-layered primary human 
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bladder epithelial cells grown on transwell membranes were blocked in 1% BSA 

and incubated overnight with primary mouse monoclonal antibodies against 

occludin (Invitrogen). Cells were washed with PBS, and then secondary donkey 

anti-mouse fluorescently-conjugated antibodies (Jackson ImmunoResearch) as 

well as conjugated phalloidin (Invitrogen) were applied. After final PBS washes, 

cells were mounted on slides with Prolong Gold and visualized by confocal 

microscopy. 

To visualize MCs in pig bladder tissue samples by brightfield microscopy, 

10-µm tissue sections were fixed in Carnoy's solution (60:30:10 

ethanol:chloroform:glacial acetic acid) and incubated with toluidine blue dissolved 

in 0.5 N hydrochloric acid. Slides were mounted with Permount (Fisher Scientific, 

Pittsburgh, PA, USA) for visualization by brightfield microscopy. 

2.4.7 Statistical analyses 

 Statistical analyses were performed using GraphPad Prism v. 6 

(GraphPad Software, La Jolla, CA, USA). Bacterial numbers were analyzed with 

student t-tests or ANOVA with Tukey's post-test, and p<0.05 was considered 

statistically significant. Porcine and in vitro permeability experiments were also 

analyzed with student t-tests (p<0.05 for significance), as were the quantitative 

assays for cell detachment and death.  
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3. Interplay between vesico-ureteric reflux and kidney infection 
in the development of reflux nephropathy∗ 
3.1 Introduction 

Primary vesico-ureteric reflux (VUR) is a congenital defect of the uretero-

vesical junction (UVJ), affecting up to 1% of children [78-80]. The UVJ consists of 

the intravesical ureter, which is the portion of the ureter that inserts through the 

bladder wall, and the trigone, or bladder musculature. During voiding, the trigone 

compresses the intravesical ureter against the bladder wall, occluding the UVJ 

and preventing the retrograde flow of urine. If the length of the intravesical ureter 

is too short or there is a defect in the trigone musculature, the UVJ will not be 

occluded and VUR will occur. VUR is a risk factor for urinary tract infections 

(UTIs) and reflux nephropathy (RN), a specific renal lesion characterized by 

chronic tubulointerstitial inflammation, fibrosis, and destruction of nephrons. RN 

is a common cause of end stage renal failure in children [101,258,259] and in 

adults [259,260]. Although most cases of VUR improve either spontaneously or 

from surgical correction of the UVJ defect, many patients are left with RN, which 

is poorly understood. Furthermore, despite intervention strategies, there has 

been no improvement in the incidence of end stage renal failure attributed to RN 

[101]. Therefore, there is a fundamental need to re-explore the biology of VUR 
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press. Accepted Mar 12, 2013; e-published Mar 15, 2013. 
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and RN to understand which patients are at risk for RN and to target therapeutic 

interventions [261-264].  

     VUR promotes the ascent of bacteria from the bladder into the renal 

pelvis and predisposes affected individuals to kidney infections [265-267], which 

are defined histologically as “pyelo-nephritis.” “Pyelitis” refers to the initial 

inflammation that is observed secondary to neutrophil influx into the submucosa, 

the collecting system and the renal pelvis, while “nephritis” refers to more 

extensive renal inflammation that encompasses other tubular segments and the 

interstitial compartment [268]. Reactive oxygen metabolites released by 

neutrophils in response to bacterial infection can, in excess, be toxic and induce 

renal scarring or fibrosis in animal models [269]. A large proportion of patients 

with VUR will develop “acquired RN,” which is characterized by chronic 

tubulointerstitial inflammation, fibrosis, and the destruction of nephrons after one 

or more kidney infections (17-19), and some will even progress to end stage 

renal failure (5, 20, 21).  Other patients with VUR and kidney infections will never 

develop RN (22). Patients have also been diagnosed with RN and no history of 

UTIs (23).  The mechanism for how RN arises in these patients is unclear, but it 

has been suggested that some of these patients may have “congenital RN,” in 

which a developmental defect leads to abnormal formation of the UVJ and the 

kidney such that there is histological evidence of focal or diffuse renal 

hypoplasia.  Another mechanism that has been proposed is that sterile reflux by 

itself may lead to elevated intrarenal pressure and “acquired RN.”  Interestingly, 
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the majority of patients that develop "acquired RN" are females, while "congenital 

RN" patients are predominantly male (reviewed in [87]. 

     To explore the dual roles of urinary tract infection and VUR in the 

development of acquired RN, we have studied a mouse model of VUR, the C3H 

mouse that we recently reported [270]. We report that VUR promotes and 

sustains kidney infection following bladder inoculation with uropathogenic E. coli 

(UPEC) and this leads to RN in the C3H mouse model. Reflux of sterile urine in 

the absence of infection does not lead to RN. This is the first study to examine 

the factors that lead to RN in a mouse model with spontaneous VUR. 

3.2 Results  

3.2.1 C3H/HeN mice are susceptible to VUR but do not spontaneously 
develop RN 

Previously, it was demonstrated that the HeJ mouse is a model of VUR 

that recapitulates what is observed in most affected children: the mice exhibit a 

delay in urinary tract formation that leads to a short intravesical ureter and they 

have normally-formed kidneys [270]. To confirm the presence of VUR in a related 

C3H substrain, the HeN mouse, which, unlike the HeJ mouse, has an intact 

TLR4 gene and normal innate immunity, we instilled methylene blue dye in pup 

bladders and evaluated the retrograde flow of dye from the bladder towards the 

kidneys (Fig. 19A). Almost all of the HeN pups demonstrated VUR (93%, 27/29), 

while none of the B6 pups demonstrated VUR (n=30) (Fig. 19C). We also tested 

juvenile (8-week) female HeN and B6 mice and found that all HeN mice exhibited 
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VUR (n=13), while only 1 B6 mouse (n=13) demonstrated unilateral reflux at an 

elevated hydrostatic pressure, suggesting that even older B6 mice continue to be 

resistant to VUR (Fig. 19B and C). These data demonstrate that the HeN mouse 

is VUR-susceptible in both newborn and juvenile stages of life.  

 

Figure 19: HeN mice are VUR-susceptible at birth and 8 weeks of age.  
Methylene blue dye is visible in the ureters of post-natal day 1 (A) and 8 week (B) 
HeN mice but not B6 mice. Dye was instilled into bladders and ureter ascent was 
noted. (C) Incidence of VUR in HeN and B6 newborn and 8-week female mice. 
Newborn HeN mice (n=29) exhibited 93% incidence of VUR, while B6 mice 
(n=30) had no incidence of VUR. 8-week female HeN mice (n=13) had 100% 
incidence of bilateral VUR, while only one B6 mouse exhibited unilateral VUR 
(n=13). (D) H&E staining of kidneys from juvenile C3H/HeN mice reveals normal 
pathology and no inflammation. 
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Figure 20: Untreated mice have morphologically normal kidneys.  
Untreated HeN, HeJ and B6 kidneys exhibit no renal pathology.  Paraffin-
embedded untreated kidneys from 8-week female mice were stained with 
Hematoxylin and Eosin (H&E) (first and second rows) or Masson Trichrome (MT) 
for collagen (blue) (third row and whole kidney). All samples have normal tubular 
architecture and no inflammation or collagen deposition. Images are 
representative of all kidneys examined (HeN: n=6, HeJ: n=6, B6: n=2). Scale 
bars: 4x = 1mm, 20x= 0.2mm, whole kidney = 2mm. 

VUR is associated with RN, a renal lesion characterized by 

tubulointerstitial inflammation and fibrosis [271,272]. Previous studies in the pig 

model have suggested that the reflux of sterile urine is sufficient to induce RN 

[273,274]. We evaluated kidneys from juvenile HeN and B6 mice for signs of RN 
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and found no abnormalities in kidney pathology for HeN mice (Fig. 19D) or in 

non-refluxing B6 controls (Fig. 20, right column). This suggests that RN does not 

develop from the reflux of sterile urine. 

3.2.2 C3H/HeN mice develop kidney infections following bladder 
inoculation 

We determined whether the reflux of infected urine from the bladder leads 

to kidney infection and RN. To induce bladder-confined infection, we instilled 108 

CFU of UPEC in a small volume into the bladders of juvenile HeN and B6 mice 

(described in 2.4.2 Materials and Methods).  

At 2 days post-infection, HeN kidneys were heavily colonized (median: 

4.4x102 CFU/kidney pair, n=10), while no bacteria were detectable in B6 kidneys 

(Fig. 21A). Kidney infection persisted at 6 days in HeN mice (median: 92.0 

CFU/kidney pair, n=24) (Fig. 21A). Four B6 mice (n=26, median: 0.0 CFU/kidney 

pair) exhibited small numbers of renal bacteria at 6 days, likely due to isolated 

and transient ascending infection. As previously observed [132,275], both B6 and 

HeN bladders exhibited sustained infection at 2 and 6 days post-infection (Fig. 

21B). To confirm UPEC infection in HeN kidneys, we performed 

immunohistochemistry on kidney sections using an antibody raised against the 

FimH antigen of UPEC. We detected regions with large expression of the UPEC 

antigen, particularly in the tubulointerstitial compartment in HeN kidneys (Fig. 22, 

left panel) accompanied by neutrophil influx (Fig. 22, right panel).  
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Figure 21: HeN mice develop kidney infection after bladder 
inoculation. Following induced bladder infection with UPEC strain CI5 via 
catheter, mice were sacrificed at 2 days or 6 days post-infection, and CFU counts 
were determined for combined kidney pairs (A) and bladders (B). (A) HeN mice 
(n=10) exhibit kidney infection at 2 days post-infection while B6 mice do not 
(n=10). HeN mice (n=24) have a significantly higher kidney bacterial burden than 
B6 mice (n=26) at 6 days post-infection. (B) HeN and B6 bladders do not carry 
significantly different bacterial burdens at 2 days or 6 days post-infection. Median 
bars indicated. All statistics calculated with Mann-Whitney U-test: Φsignificance 
cannot be calculated, ***p<0.0001. 

 

Figure 22: Bacteria are present in the kidneys of inoculated refluxing 
HeN mice. Immunostaining against the FimH molecule of CI5 strain UPEC was 
performed on HeN kidneys following bladder infection. Arrows indicate the 
presence of bacteria at 6 days post-infection in HeN kidneys on the left, while the 
adjacent section on the right is stained with H&E and reveals neutrophils in 
regions where UPEC is present. 
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Antigen was not detected in B6 kidneys (data not shown). The sections 

also revealed neutrophil influx consistent with an intense inflammatory reaction. 

These studies suggest that VUR promotes prolonged kidney infection post 

bladder-inoculation.  

3.2.3 C3H/HeN mice with kidney infections have  histological signs of renal 
inflammation and RN  

To determine if HeN mice with kidney infections develop renal 

inflammation and fibrosis, the hallmark signs of reflux nephropathy, we examined 

sections of kidneys at 6 days post-challenge that were stained with hematoxylin 

and eosin and with Masson’s trichrome (Fig. 23A). Infected HeN kidneys showed 

significant inflammation with a loss of delineation between the cortex and the 

medulla and extensive neutrophil infiltration extending from the renal pelvis to the 

tubulointerstitial compartment (Fig. 23A). These histological findings were not 

observed in saline-treated HeN or UPEC-inoculated B6 mice (Fig. 23A), or in 

saline-treated B6 mice (Fig. 24, right column).  

Masson's Trichrome (MT) staining also revealed the presence of large 

collagen deposits in infected HeN kidneys. We quantified the degree of 

inflammation and fibrosis using an adapted scoring system (described in 

Materials and Methods in Table 1) [276,277]. Infected HeN kidneys had 

significantly higher inflammation (median: 1.00) and fibrosis scores (median: 

1.00) than saline-treated HeN (inflammation: median 0.00; fibrosis: median 0.00) 

and UPEC-inoculated B6 mice (inflammation: median 0.00; fibrosis: median 0.00) 
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(Fig. 23B and C). In summary, HeN mice develop significant RN following kidney 

infection. 

 

Figure 23: HeN mice develop reflux nephropathy after bladder 
inoculation. Infected HeN kidneys exhibit RN while saline-treated HeN kidneys 
and bladder-infected B6 kidneys do not. Paraffin-embedded 6 days kidneys were 
stained with H&E (first and second rows) or Masson’s trichrome (MT) for collagen 
deposition (blue) (third row and lowest row showing whole kidney images). Large 
blue collagen deposits and a loss of kidney architecture are evident at 20X 
magnification (third row, left panel) and in whole kidney images in infected HeN 
kidneys but not saline HeN kidneys (third row, middle panel) and bladder-infected 
B6 kidneys (third row, right panel). Inflammation and neutrophil influx are evident 
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in infected HeN kidneys but not saline HeN or bladder-infected B6 kidneys as 
well (first and second rows). Images are representative of all kidneys examined 
(HeN UPEC: n=16, HeN saline: n=18, B6 UPEC: n=10). 

 

Figure 24: Saline-treated HeJ and B6 mice have morphologically 
normal kidneys.  Saline-treated HeJ and B6 mice exhibit no renal pathology.  
Paraffin-embedded untreated kidneys were stained with H&E (first and second 
rows) or Masson's trichrome (MT) for collagen (blue) (third row and whole 
kidney). All samples have normal tubular architecture and no inflammation or 
collagen deposition. Images are representative of all kidneys examined (HeJ: 
n=8, B6: n=10). Scale bars: 4x = 1mm, 20x= 0.2mm, whole kidney = 2mm. 
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3.2.4 VUR sustains kidney infection 

To investigate whether VUR sustains kidney infection, we developed a 

protocol to induce kidney infections in VUR-resistant B6 mice as well as VUR-

susceptible HeN mice. We artificially and temporarily induced reflux during 

bacterial challenge by instilling bacteria into the bladder with a larger volume of 

inoculum, forcing bacteria to enter the ureters and kidneys (Fig. 30). Kidney and 

bladder bacterial burdens were compared in HeN and B6 mice at 6 hours, 2 

days, and 6 days post-challenge.  

 

Figure 25: HeN but not B6 mice exhibit sustained renal infection 
following induced kidney inoculation. HeN and B6 mice were infected via 
catheter instillation in a manner to directly induce kidney infection and sacrificed 
at 6 hours, 2 days, and 6 days post-infection to quantify CFU counts in kidneys 
and bladders. (A) Both HeN (n=7) and B6 (n=6) kidneys are infected at 6 hours 
post-infection with no significant difference in kidney or bladder burden. At 2 days 
post-infection, B6 mice (n=10) have cleared kidney infections, and HeN mice 
(n=8) have significantly higher bacterial burdens, which persist at 6 days post-
infection (B6: n=5, HeN: n=9). (B) CFU counts in infected HeN and B6 bladders 
at 6 hours and 6 days post-infection are not significantly different; however, HeN 
bladders have significantly higher bacterial burdens at 2 days post-infection. 
Median bars indicated. All statistics calculated with Mann-Whitney U-test: 
*p=0.0289, **p=0.0025, ***p<0.0001. 
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At 6 hours, UPEC was present in similar numbers in both B6 and HeN 

kidneys (B6: median: 1.7x103 CFU/kidney pair, n=6 vs. HeN: median: 3.5x103 

CFU/kidney pair, n=7, p=0.3964), indicating that comparable levels of kidney 

infection were achieved with this protocol (Fig. 25A). However by 2 days, B6 

mice had cleared their kidney infections, whereas HeN mice did not (B6: median: 

1.0 CFU/kidney pair, n=10 vs. HeN: median: 4.3x102 CFU/kidney pair, n=8 

p<0.0001) (Fig. 25A). Significant kidney infection was sustained in HeN mice 

even at 6 days, while B6 kidneys remained mostly clear of infection (HeN: 

median: 2.4x103 CFU/kidney pair, n=9 vs. B6: median: 1.0 CFU/kidney pair, n=5, 

p=0.0289) (Fig. 25A). Additionally, we observed that bladder bacterial numbers 

were equivalent at 6 hours post-challenge (B6: median 1.8x105 CFU/bladder, 

n=6; HeN: median 1.5x104 CFU/bladder, n=5; p=0.1255) and this continued at 6 

days post-infection (B6: 4.0x102 CFU/bladder, n=5; HeN: 2.0x104 n=9; p=0.153), 

although at 2 days post-infection, the HeN bladder bacterial load was significantly 

higher than that of B6 mice (p=0.0025) (Fig. 25B); this may be due to an overall 

diminished number of bacteria in the urinary tract due to kidney clearance by 2 

days. Overall, these observations suggest that VUR promotes and sustains 

kidney infection through the reflux of bacteria from the bladder to the kidneys.  

To determine whether sustained kidney infection is required for the 

development of RN or whether a single acute episode is sufficient to induce this 

pathology, we compared kidney histology in B6 and HeN mice at 6 days (Fig. 
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26A and B) and 14 days (images not shown, quantification in Fig. 26C and D) 

post-challenge via direct kidney inoculation.  

 

Figure 26: Sustained kidney infection is required for the development 
of reflux nephropathy. HeN and B6 mice were infected via catheter instillation 
to induce kidney infection and sacrificed at 6 days and 14 days post-infection. (A) 
H&E staining and (B) MT staining reveal the presence of inflammation and 
collagen deposition in infected HeN kidneys but not infected B6 kidneys at 6 days 
post-infection. Neutrophil influx is evident in HeN kidneys (A, lower left panel, 
arrow), as well as collagen deposition (B, lower left panel). (C) When quantified, 
HeN kidneys exhibit significantly more inflammation at both 6 days and 14 days 
post-infection than B6 mice (HeN: n=8, B6: n=8, unpaired t-test: 6 days 
*p=0.0323, 14 days *p=0.0308). (D) Similarly, HeN kidneys also have 
significantly more collagen present at 6 days and 14 days post-infection 
compared to B6 mice (HeN: n=8, B6: n=8, Student's t-test: *p=0.0177, 
**p=0.0029). 
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At 6 days, HeN kidneys exhibited significantly more inflammation (HeN 

median: 3.00, n=8 vs. B6 median: 1.00, n =8; p=0.0323) and collagen deposition 

(HeN median: 2.00, n=8 vs. B6 median: 1.00, n=8; p=0.0177), and this trend 

remained at 14 days post-infection for inflammation (HeN median: 1.50, n=8 vs. 

B6 median: 0.0, n=8; p=0.0308) and collagen deposition (HeN median: 2.00, n=8 

vs. B6 median: 1.00, n=8; p=0.0029) (Fig. 26C and D). Saline-treated kidneys did 

not exhibit signs of inflammation or collagen deposition (data not shown). 

Cumulatively, these data suggest that VUR sustains kidney infection, and this 

leads to the pathological changes of RN. B6 mice likely exhibit less severe signs 

of inflammation or fibrosis following induced kidney infection because they 

quickly clear bacteria and do not experience re-infection of the kidneys in the 

absence of VUR.  

3.2.5 Inflammation and fibrosis following bacterial clearance 

There is little information about the natural history of inflammation and 

kidney fibrosis in RN once the infection is cleared. We observed that most HeN 

mice eventually clear the kidney infection by 14 days post-challenge (data not 

shown). The elimination of bacteria from the kidneys as part of a pathogen-

specific immune response in the host, allows us to examine the degree of kidney 

inflammation and fibrosis following clearance of infection. Because the presence 

of bacteria is critical for RN, we examined another refluxing C3H mouse 

substrain, HeJ, for comparison. The HeJ mouse possesses a point mutation in 

the Toll-like receptor 4 (TLR-4) gene that results in a defective neutrophil 
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response [254] and limited clearance of bacteria compared to HeN mice 

[254,278,279]. Importantly for our studies, HeN and HeJ mice reflux to the same 

degree [270]. Consistent with the literature, HeJ mice carried a significantly 

higher renal bacterial burden than HeN mice (HeJ: 1.5x104 ± 6.2x104 CFU/kidney 

pair, n=10 vs. HeN: 7.0x102 ± 2.5x102 CFU/kidney pair, n=9, p=0.0013) at 6 days 

post-challenge (Fig. 27).  The kidney infection persisted in HeJ mice at 14 days, 

while in HeN mice, it was cleared (data not shown).  

 

Figure 27: HeJ mice carry a higher kidney bacterial burden than HeN 
mice. HeN and HeJ mice were infected with UPEC via catheter to induce bladder 
infection, and mice were sacrificed at 6 days post-infection to determine kidney 
CFU counts. HeJ mice harbor significantly higher kidney bacterial burdens than 
HeN mice (median bar indicated; HeN: n=9, HeJ: n=10, Mann-Whitney U-test: 
**p=0.0013), but bladder burden is equivalent for both HeJ and HeN mice (data 
not shown). 

We then examined RN progression post-bladder challenge. At 2 days, 

both inflammation and collagen deposition levels were significantly elevated 

compared to uninfected controls in both HeN and HeJ mice (data not shown); 

uninfected HeN and HeJ mice did not exhibit signs of RN (Fig. 20), nor did 
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saline-treated HeJ mice (Fig. 24). By 6 days, inflammation and collagen 

deposition were comparable in both substrains (Fig. 28A, top row).  

 

Figure 28: Sustained renal infection perpetuates reflux nephropathy. 
HeN and HeJ mice were infected with UPEC via catheter to induce bladder 
infection, and mice were sacrificed at 6 days post-infection to examine 
histopathology. (A) H&E (left block) and MT staining (right block) reveal the 
presence of inflammation and collagen deposition in both HeN and HeJ kidneys 
at 6 days post-infection (top row), but at 28 days there is more inflammation and 
fibrosis in HeJ compared to HeN kidneys (bottom row). (B) Quantification reveals 
a significant difference in scoring for inflammation (***p<0.0001) and collagen 
(**p=0.0022) between HeN and HeJ mice at 28 days post-infection (HeN: n=14, 
HeJ: n=10). 

By 28 days, inflammation and collagen deposition in HeN mice were 

significantly lower than in HeJ mice (p<0.0001) (Fig. 28B), and this was clearly 
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evident with Masson's trichrome and H&E staining (Fig. 28A, bottom row). This 

suggests that the severity of RN depends on the duration of bacterial infection 

and the ability of the host immune response to clear infection. 

3.3 Discussion 

This is the first report to describe the critical interplay of VUR and 

sustained kidney infection in the development of RN in a naturally occurring 

animal model of VUR: the inbred C3H mouse (Fig. 7). We demonstrate that VUR 

alone is not sufficient for the development of RN. An additional insult is required: 

sustained bacterial infection of the kidneys. We show that, unlike non-refluxing 

B6 mice, HeN mice develop sustained kidney infections following infection of the 

bladder due to reflux. Finally, we report that when infecting bacteria are cleared 

from the kidneys, inflammation and collagen deposition levels are reduced 

compared to kidneys with ongoing infection, clearly demonstrating the role of the 

host immune response in modulating the severity of RN. Together, these factors 

contribute to the pathogenesis of RN. 

The ability to investigate VUR, infection, and RN pathogenesis in a 

naturally occurring mouse model of reflux is significant, as most of the previous 

studies have reported on a minipig model involving surgical resection of the UVJ 

to induce VUR [273,274,280-283]. In this model, the role of infection in reflux 

nephropathy has been difficult to ascertain. Some of the pig studies have 

reported that sterile VUR alone is sufficient to induce RN [273,274,282], while 

other studies have reported that infection with UPEC is required to induce RN 
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[280,281]. There is a lack of appropriate controls in these studies, making the 

results difficult to interpret. Given the lack of consistency with results from 

surgical VUR models, we found it crucial to explore renal scarring in a model with 

naturally-occurring VUR.  The C3H mouse recapitulates the most common 

pediatric clinical presentation: specifically, VUR in the presence of normally-

formed kidneys. 

Our observations in this naturally occurring mouse model of reflux suggest 

that intrarenal pressure associated with sterile VUR is not sufficient to trigger RN.  

Our studies also suggest that a single bout of kidney infection in the absence of 

VUR is not sufficient to cause significant levels of renal inflammation and fibrosis, 

as B6 mice subjected to a single kidney infection failed to exhibit these signs 

(Fig. 5). Instead, sustained UPEC infection is required for the development of RN 

(Figs. 3 and 5). In an immunocompetent host, the kidneys respond to infection by 

mounting an immediate innate immune response that includes neutrophil influx, 

which rapidly clears infecting bacteria [278]. In our study, kidney infections were 

largely cleared from B6 mice by 2 days post-challenge, which is presumably not 

sufficient time for the recruited inflammatory cells to elicit a cytotoxic reaction of 

the magnitude required to initiate fibrosis. Kidneys from B6 mice after a single 

infection showed little to no signs of inflammation or fibrosis at 6 days after 

challenge, in contrast to kidneys from HeN mice that showed sustained infection 

and signs of RN (Fig. 5). Thus, RN is evident only in the presence of sustained 

kidney infection. 



 

 91 

In our studies, we subjected refluxing C3H mice to one bladder infection 

with UPEC strain CI5 (which is a non-hemolytic strain). Our histopathology 

findings demonstrate interstitial inflammatory infiltration and tubulo-interstitial 

fibrosis that are well-described and essential features seen in all cases of RN 

[284-287]. In more severe cases of RN, secondary glomerular pathology is also 

seen with glomerular sclerosis and periglomerular fibrosis noted [284,288]. Once 

the disease is more severe and encompasses the glomeruli, one would expect 

that affected patients would begin to show proteinuria and a decrease in the 

glomerular filtration rate as measured by serum creatinine. The pathology 

described in the literature is generally skewed towards the most severe cases; 

for example, the Risdon study [287] describes the histology from patients with 

RN who underwent nephrectomy. As has been previously outlined [289], there 

are many methods to assess renal fibrosis, and while none are considered the 

gold standard, Masson's Trichome is one suggested stain. The findings we 

present in the mouse are consistent with human RN, which consists of a 

spectrum of pathological findings from mild to severe. We would anticipate that if 

the mice were subjected to multiple bladder infections and to more virulent 

bacterial strains, even more severe pathological findings would be detected. 

The intrinsic susceptibility of C3H mice to reflux could explain why these 

strains are widely known to exhibit “more severe” or “chronic” UTIs compared to 

other mouse strains following experimental infection [276,290]. Various studies to 

elucidate the underlying basis have been undertaken with varying conclusions, 
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but a quantitative trait loci (QTL) mapping study in C3H/HeJ mice did reveal loci 

associated with increased susceptibility to bladder and kidney infections on 

chromosome 4 and 6, respectively [291]. A significant QTL for VUR susceptibility 

was previously identified on chromosome 12. These studies demonstrate that 

C3H mice can be used to model genetic predispositions to both UTI and VUR, 

perhaps reproducing what is seen in some affected children.  

Our work demonstrates that the severity of RN correlates with the 

presence of sustained infection, such that when kidney infection is cleared, there 

is less inflammation and fibrosis compared to what is seen in the presence of 

sustained infection. Both our work and previous studies have demonstrated that 

HeJ mice maintain a higher renal bacterial burden than HeN mice [278]. Unlike 

HeN mice, HeJ mice do not clear kidney infections by 14 days (data not shown) 

or even by 4 weeks [290]. The fact that HeN mice exhibited significantly less RN 

than HeJ mice at 28 days post-challenge suggests that the severity of RN 

correlates with bacterial clearance. These findings correlate with a previous study 

in which mIL-8Rh KO mice sustained higher renal bacterial burdens than wild-

type mice and eventually developed fibrosis and renal scarring [227]. Thus, both 

infection and the host immune response are likely critical factors that dictate the 

severity of RN. The C3H/HeN model of VUR could therefore be used to evaluate 

targeted therapies to prevent the development and the progression of RN. 
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3.4 Materials and methods 

3.4.1 Mouse strains and VUR assay in newborn and juvenile mice 

     The incidence of VUR was examined in newborn and juvenile mice (8 

weeks) from the following inbred strains: C3H/HeN (HeN) mice (Charles River, 

Wilmington, MA), C3H/HeJ (HeJ) and C57BL/6J (B6) mice (Jackson 

Laboratories, Bar Harbor, ME) as previously described [270]. Briefly, mice were 

euthanized and dissected via midline incision to expose the urinary tract. 

Methylene blue dye was injected into the bladder using a pressure gradient, and 

VUR was defined by the presence of dye moving retrogradely from the bladder 

into the ureters and renal pelvis. All mouse work was performed in accordance 

with guidelines established by the Canadian Council on Animal Care (CCAC) and 

the Office of Laboratory Animal Welfare in the U.S. Department of Health and 

Human Services. 

3.4.2 Bacterial culture and mouse infections 

     Uropathogenic E. coli (UPEC) strain CI5, a clinical pyelonephritis 

isolate, was utilized for all murine infections [128,129,257]. Overnight cultures 

were inoculated from frozen stock in Luria broth (BD, Franklin Lakes, NJ, USA) 

and grown at 37°C. OD was determined, and cultures were washed and diluted 

in PBS. Juvenile 8-week female C57BL/6J, C3H/HeN, or C3H/HeJ mice were 

anaesthetized and catheterized with polyethylene tubing (inner diameter: 

0.28mm) (BD), and UPEC was instilled from a 1 mL tuberculin syringe with a 

30G1/2 needle. The use of 8-week mice was necessitated by technical limitations 
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for the catheterization procedure, but, as demonstrated in Fig. 1, juvenile HeN 

mice are fully VUR-susceptible. Additionally, due to technical considerations, 

female mice were utilized due to ease of catheterization. To induce bladder-only 

infection, 108 bacteria in 30 µL were slowly instilled over 20 s into the bladder, 

while 108 bacteria in 50 µL were quickly instilled over 4 s to induce kidney 

infection [175] (protocol schematic shown in Fig. X). Mice were euthanized by 

CO2 asphyxiation, and bladders and kidneys were isolated, homogenized, and 

plated on MacConkey agar to quantify colony-forming units (CFU). Statistics 

were calculated with the Mann-Whitney U-test. 

 

Figure 29: Differential inoculation of kidneys and bladders.  To induce 
bladder infection only, a small volume (30 uL) of inoculum containing 108 UPEC 
is slowly infused through a catheter into the bladder of an anaesthetized mouse. 
To infect both the bladder and kidneys, we instilled 108 UPEC in a larger volume 
(50 uL) quickly, forcing inoculum through the ureters and up to the kidneys. 
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3.4.3 Kidney pathology 

     Kidneys were dissected, fixed in 4% paraformaldehyde, and paraffin-

embedded. Three and 7 µm serial sections of each kidney were stained with 

either hematoxylin and eosin or Masson’s Trichrome to visualize adjacent kidney 

sections. A subset of slides from the most proximal to midline areas of the kidney 

were examined for inflammation and fibrosis and scored using two adapted 

scales (Table 1) [276,277]. All specimens were examined without knowledge of 

infective protocol. Statistics were calculated with Student's t test. 

 

Table 1: Rank scoring for inflammation and collagen deposition. 
H&E-stained kidneys were assess for inflammation and assigned scores as 
indicated. Masson’s trichrome-stained kidneys were assessed for collagen 

deposition and assigned scores as indicated. Scoring indices were adapted from 
previous publications [276,277]. 

Inflammation Collagen deposition 

0 Normal 0 Normal (baseline structural 
levels) 

1 
Focal inflammation 

(neutrophils/monocytes influx and 
edema) in the pelvis 

1 Focal increase in collagen 
deposition in the pelvis 

2 Focal inflammation from pelvis to 
medulla 2 

Focal increase in collagen 
deposition from pelvis to 

medulla 

3 Multifocal inflammation and cells 
from pelvis to medulla 3 

Multifocal increase in collagen 
deposition from pelvis to 

medulla 

4 Extensive inflammation from 
pelvis to medulla 4 Extensive collagen deposition 

throughout the pelvis, medulla, 
and cortex 5 Extensive inflammation from 

pelvis to cortex  
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3.4.4 Immunohistochemistry and immunofluorescent detection of UPEC 

     Immunohistochemical staining was performed to detect the presence of 

UPEC antigen in the kidneys. Three µm kidney sections were blocked with 1% 

bovine serum albumin (BSA) and incubated overnight with a primary antibody 

specific to the FimH adhesin protein of UPEC Cl5 [33]. Following incubation, 

slides were treated with 0.6% hydrogen peroxide for 15 min to block endogenous 

peroxidase activity, and a biotinylated secondary antibody (Vector, Burlington, 

Ontario, CA) was applied. Slides were treated with DAB (Vector) and 

counterstained with Mayer’s Hematoxylin (Sigma-Aldrich, St. Louis, MO). 
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4. Future directions and perspectives on host-mediated 
responses to urinary tract infections 

 

As the second most common type of infection seen in an ambulatory care 

setting, urinary tract infections (UTIs) represent a major cost burden to the 

healthcare system in the United States and account for 8.4 million doctor visits 

per year [48]. UTIs most commonly manifest as bladder infections, or cystitis, 

while kidney infections in normal healthy adults are far more rare. However, 

pyelonephritis becomes a pediatric concern in children born with urinary tract 

defects such as vesico-ureteric reflux (VUR), who often experience more 

frequent UTIs. This dissertation has examined two very different scenarios 

involving urinary tract infections: (1) the innate immune response to and 

structural consequences of acute infection of the bladder, and (2) the damage 

incurred to the kidneys with sustained infection due to an underlying urinary tract 

defect. While these two situations differ in their temporality and the nature of the 

tissue alterations that take place, there are valuable insights that can collectively 

be drawn from these studies.  

First, it is important to note that, based on the body of work described 

here, specific host responses to UTI are highly dependent on the stage of 

infection. In the bladder, infection provokes mast cell accumulation and 

degranulation in the urothelial region within six hours, and mast cell-dependent 

exfoliation of the superficial epithelium has largely occurred within twelve hours. 

This acute response to bladder infection is critical for effectively diminishing 
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bacterial numbers in the bladder as rapidly as possible following onset. In the 

absence of exfoliation, as observed in mast cell-deficient Wsh/Wsh mice, bladders 

retain significantly higher bacterial numbers and are unable to clear infection at 

twelve hours. Previous work has shown that the chemical inhibition of exfoliation 

also leads to higher bacterial titers [110]. Once UPEC invades the superficial 

epithelium, it rapidly divides and forms intracellular bacterial communities (IBCs) 

inside the superficial cells, and these IBCs facilitate UPEC differentiation into a 

form primed for further invasion of the urothelium [133,134]. To decrease the 

frequency of IBC development, it is critical to rid the bladder of bacteria as early 

as possible. Therefore, the loss of the superficial epithelium early in infection is a 

strategic host response to flush bacteria that have already invaded the 

urothelium as well as to potentially titer bacteria present in the urine by facilitating 

binding to detached cells. 

While exfoliation is a host response intended to reduce bacterial load 

during acute infection, the fibrotic host response encountered in the kidneys 

following VUR-facilitated pyelonephritis is designed not to reduce bacterial 

numbers but to attempt to repair tissue damage resulting from sustained 

infection. Reflux nephropathy is characterized by collagen deposition and 

scarring and a heavy inflammatory response. In VUR-susceptible mice, infection 

persists for days and weeks despite the fact that inflammation is evident because 

the presence of reflux results in constant cycling of bacteria between the bladder 

and kidneys; in this environment, it is difficult to fully clear bacteria and thus the 
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kidneys are constantly re-inoculated, perpetuating infection. It is believed that a 

sustained inflammatory response to persistent infection, and particularly the 

reactive oxygen species released from neutrophils, is responsible for damaging 

renal tissue. Therefore, when VUR is present, the host not only wages a constant 

battle to fight infection but must also initiate processes to attempt to repair the 

damage inflicted on the kidneys. The fibrotic response seen in the kidneys, as 

evidenced by collagen deposition, is indicative of renal wound repair. In this way, 

host responses to UTIs of long duration are focused on mitigating damage that 

has already been done. 

Both cystitis and pyelonephritis provoke distinct host responses to 

infection, and these responses help to determine not just the course of infection 

but specific alterations to the structure of infected tissue. In infected bladders, the 

superficial layer of the urothelium undergoes mast cell-assisted exfoliation and is 

lost, while in the kidneys, the inflammatory response to sustained infection due to 

the presence of vesico-ureteric reflux induces the fibrotic scarring response. 

These different processes further illustrate how host-induced changes address 

different scenarios. Large-scale epithelial loss, while drastic, serves to help 

reduce the bacterial burden and potentially titer away bacteria present in the 

urine, and is not permanent. The superficial epithelium regenerates rapidly after 

exfoliation, and urothelial integrity is restored within a matter of days. However, 

reflux nephropathy following sustained infection is a far more permanent 

response and has consequences for renal function. Fibrosis is an attempt to 
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repair the damage caused by sustained infection and inflammation but also can a 

loss of renal filtration capacity, sometimes to such a severe degree as to cause 

eventual renal failure. Therefore, it appears that while acute infection provokes a 

temporary tissue alteration without long-lasting consequences, the host response 

to long-term infection is more permanent. Additionally, due to its temporary 

nature, exfoliation of the superficial epithelium can be considered beneficial to 

the host because it does not permanently affect urothelial integrity and permits 

the clearance of bacteria. However, nephropathy can have more serious 

repercussions for kidney function, does not actually have a role in bacterial 

clearance, and seeks to mitigate damage already present, and thus cannot 

necessarily be considered a net positive response for the host. 

The research described in this dissertation has uncovered important 

processes underlying two distinct UTI scenarios, and, as discussed above, 

comparison of the two allows interesting conclusions to be drawn regarding 

cystitis versus pyelonephritis and acute versus sustained infection, particularly in 

the context of an underlying urinary tract defect. It is also important to emphasize 

the individual relevance of each study and identify some of the persistent 

questions that still remain, and the following sections will do so. 

4.1 Mast cells direct the exfoliation response to bladder infection 

4.1.1 Relevance 

From a pathogen perspective, successful infection of the bladder requires 

the ability to strongly bind to and invade the urothelium to maintain a foothold and 
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avoid the flushing action of urine. Thus, to prevent microbial incursion, it is 

imperative that the host interferes with this binding and invasion and reduces the 

potential for further infection. This is particularly true for the single most common 

uropathogen, uropathogenic E. coli, which tightly binds the urothelium via its 

FimH receptor and is able to take advantage of the natural endocytic properties 

of superficial cells to enter the epithelium and hide from neutrophils and 

antimicrobial molecules. In order to combat these bacteria residing in the 

superficial epithelium, the bladder has developed a highly unique mechanism to 

expel bacteria: the exfoliation of superficial cells.  

Until now, prevailing thought has indicated that exfoliation is an apoptosis-

dependent process; a previous study demonstrated that the application of a pan-

caspase inhibitor to infected bladders facilitated the retention of the superficial 

epithelium [110]. However, through the work described in Chapter 2 of this 

dissertation, it has become clear that more complicated processes may also be 

at work. The presence of both infected and uninfected superficial cells in urine 

samples from mice with bladder infections is indicative that the superficial 

epithelium at large is targeted for exfoliation during cystitis, and, furthermore, all 

of these exfoliated cells undergo cell death. Further exploration of the exfoliation 

process led to the revelation that mast cells play a critical role in directing the 

detachment and death of urothelial cells during cystitis . 
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Figure 30: Mast cell-mediated detachment and death of urothelial 
cells during infection. During bladder infection, the host directs the loss of the 
superficial epithelium to reduce the bacterial burden. Following UPEC invasion of 
the urothelium (I), mast cells are recruited from the detrusor layer to the bladder 
mucosa (II), where they degranulate and release granules that traffic to 
superficial cells (III). Granules are then taken up into the superficial cells (IV) and 
can be found in lysosomes. Granule-associated mast cell proteases appear to be 
involved in granule exit from lysosomes and dispersion throughout the 
cytoplasm. (V) Superficial cells then undergo granule-induced detachment from 
urothelium and, ultimately, death. 

  

Mast cell involvement in exfoliation is a highly novel finding. While mast 

cells are critical in the innate immune response to pathogens, creating an 

inflammatory environment and facilitating the recruitment of neutrophils for direct 

microbial killing, and their role in modulating epithelial permeability in the gut is 

well-known, the direct mediation of large-scale epithelial loss has not, to our 
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knowledge, been previously described in any mucosal setting. Therefore, mast 

cells appear to be highly potent facilitators not only of pathogen-targeted 

inflammation but of direct host tissue manipulation and detachment. 

4.1.2 Future directions 

Our work has clearly revealed a significant role for MCs and specifically 

MC granules in the exfoliation response to bladder infection, but the exact 

mechanism by which MC granules initiate superficial cell detachment and death 

is not clear. For example, while granules can be found in Lamp1+ vesicles in 

epithelial cells, it appears that granules also escape into the cytosol, but the 

underlying significance of this escape is not clear. It is also not clear whether 

exfoliated cells undergo necrosis or another type of cell death such as 

pyroptosis. Bladder infections are characterized by large amounts of neutrophil 

influx and inflammation, and both necrosis and pyroptosis are pro-inflammatory 

forms of cell death, compared to apoptosis, which is a "silent" cell death. 

However, pyroptosis, while pro-inflammatory, is characterized by a degree of 

regulation, including inflammasome activation via caspase-1 and potentially 

caspase-11 and DNA fragmentation (reviewed in [292]). Thus, future work will 

need to determine exactly how exfoliated cells undergo death. 

 From our work, another issue that still must be addressed is the 

question of how mast cells are activated and recruited during bladder infection. 

While mast cells can indeed be activated by direct contact with bacteria and 

bacterial components [152,293-296], this scenario is unlikely in the bladder. In 
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the early stages of infection, the urothelium is still very much intact, and 

represents a formidable barrier to the invasion of bacteria into deeper epithelial 

layers. Furthermore, mast cells are largely present in the detrusor region, and the 

physical separation between bacteria at the urothelial surface and mast cells 

found deep in the tissue is virtually insurmountable. Yet, mast cells are recruited 

to the urothelium by six hours after infection, before any evidence of significant 

exfoliation. Therefore, a likely scenario is that bacterial infection activates the 

urothelium, which in turn releases mediators such as alarmins that diffuse 

through the tissue to activate mast cells and promote their influx. For example, 

initial studies suggest that expression of the cytokine IL-33 is induced during 

uropathogenic E. coli infection of mouse bladders, and IL-33 is also released in 

the bladders of human cystitis patients [297]. IL-33, a member of the IL-1 family 

that signals through the ST2 receptor [298], is endogenously expressed by a 

variety of epithelial tissues in the mouse [299] and has recently been 

characterized as an alarmin molecule released by epithelial cells in response to 

insult [300,301]. IL-33 is present in cells as both a nuclear pre-cursor and a 

mature cytoplasmic form, which is released from cells when they are damaged. 

In particular, it has been shown that IL-33 stimulates the production of pro-

inflammatory mediators by mast cells [158,302], particularly IL-33 released from 

necrotic cells [303], and IL-33-induced signaling in mast cells occurs in a c-kit-

dependent manner [304]. This raises the possibility that IL-33 might function in 

epithelium-to-mast cell signaling during bladder infections. It will be important to 
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explore such processes that might underlie mast cell recruitment and activation if 

we are to gain a comprehensive view of mast cells during cystitis and in 

exfoliation.  

4.2 Vesico-ureteric reflux and sustained kidney infection provoke reflux 
nephropathy 

4.2.1 Relevance 

Vesico-ureteric reflux (VUR), a congenital disease affecting approximately 

1% of children, is associated with the renal lesion reflux nephropathy, which can 

lead to end-stage renal disease and can ultimately result in the need for renal 

transplant. As such, VUR is of significant pediatric concern. VUR is also a risk 

factor for urinary tract infections, and thus affected patients are often given 

prophylactic antibiotics to prevent the occurrence of cystitis and/or pyelonephritis. 

However, the relationship between VUR and infection in the development of 

reflux nephropathy has not been clear. Various studies in a minipig surgical 

model of VUR have not definitively demonstrated whether infection in conjunction 

with VUR leads to the development of reflux nephropathy; some studies have 

posited that sterile reflux alone is enough to induce the lesion, while others have 

implicated infection.  Therefore, it has been of vital importance to identify a 

reproducible animal model to investigate the role of infection in the progression 

from VUR to reflux nephropathy. 

In the studies described in Chapter 3, the C3H/HeN mouse, a model of 

spontaneous VUR, was used to demonstrate that urinary tract infection, 
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specifically kidney infection, is necessary for the development of reflux 

nephropathy, which is characterized by the presence of inflammation and fibrotic 

scarring of the kidneys. VUR-susceptible mice inoculated with uropathogenic E. 

coli experience sustained kidney infection and ultimately developed reflux 

nephropathy (Fig. 30). Furthermore, reflux nephropathy only occurred in mice 

that experienced VUR; transient kidney infection was not sufficient to induce the 

formation of lesions. Finally, as demonstrated with the C3H/HeJ mouse, which is 

VUR-susceptible but possesses an innate immune defect and an inability to clear 

bacteria from the kidneys, sustained kidney infection exacerbated reflux 

nephropathy. 

 

 

Figure 31: Model for the synergistic roles of VUR and sustained 
kidney infection in the development of reflux nephropathy.  RN does not 
develop in the presence of VUR alone (left image) or transient kidney infection or 
bladder infection alone (middle image). RN requires the presence of both VUR 
and sustained kidney infection to induce renal scar formation (right image). 
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With the insights gained from our work, the knowledge that kidney 

infection is necessary for the development of reflux nephropathy in VUR-

susceptible animals should significantly impact treatment strategies for VUR 

patients. While prophylactic antibiotic therapy is widely administered to pediatric 

VUR patients to prevent the occurrence of urinary tract infections, it has not been 

clear whether this strategy has in fact had any real effect in reducing the 

sequelae of VUR, as the incidence of end-stage renal disease resulting from 

reflux nephropathy has not changed in over half a century. Therefore, more 

aggressive therapeutic solutions may be needed to prevent urinary tract 

infections and to target inflammation once infection has occurred. 

4.2.2 Future directions 

The mouse model of VUR utilized here in our work will likely serve as a 

valuable resource for future studies, as it is the first naturally occurring animal of 

VUR to be described. The development of therapeutic regimens that effectively 

address both kidney infections and the resulting tissue damage in pediatric VUR 

patients is of paramount importance. Currently, it is clear that antibiotic 

prophylaxis is not sufficient to prevent long-term sequelae of reflux nephropathy 

in VUR patients, given that the incidence of end-stage renal failure due to reflux 

nephropathy has remained unchanged for decades. Therefore, new approaches 

are needed to effectively treat and prevent reflux nephropathy in the clinical 

setting. 



 

 108 

One potential approach is the mitigation of the harmful inflammatory 

response that ensures during pyelonephritis. Preliminary data from our lab with a 

superoxide dismutase (SOD) mimetic administered subcutaneously to refluxing 

mice inoculated with UPEC suggests that the scavenging of reactive oxygen 

species released by neutrophils as part of the inflammatory response to 

pyelonephritis largely prevents the development of renal scarring (unpublished 

data). Further work is needed to evaluate potential dosing, toxicity, and other 

aspects of this SOD mimetic profile in mice before final conclusions can be 

drawn, but the idea that the suppression of harmful mediators released during 

innate cell influx can prevent kidney damage is promising. A variety of other 

compounds have been shown to inhibit the neutrophil oxidative burst with the 

potential to mitigate tissue damage, such as flavonoids [305], the sigma1 

receptor agonist dimemforan [306], and cis-urocanic acid [307], to name a few, 

while other drugs such as corticosteroids are able to inhibit neutrophil-induced 

inflammation [308]. Combinatorial therapeutic strategies involving antimicrobial 

agents and drugs that prevent neutrophil-mediated damage may ultimately 

prevent the development of reflux nephropathy and subsequent complications. 

Additionally, our C3H mouse model lends itself to studies to elucidate the 

processes underlying the fibrotic response to pyelonephritis and, furthermore, 

long-term studies to assess the permanence or reversibility of reflux 

nephropathy. With the previous lack of a sufficient animal model, it has been 

difficult to experimentally assess the exact mechanisms that promote fibrosis in 
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the kidneys during infection in VUR-susceptible individuals. However, such 

experiments are now possible. One potential hypothesis for the development of 

renal scarring involves epithelial-mesenchymal transition (EMT), which results in 

renal tubule cells transitioning into myofibroblasts due to cell injury (reviewed in 

[309] and [310]). The harsh pro-inflammatory environment in the kidneys 

following infection could easily induce cellular insult, perhaps resulting in EMT. 

Further studies will be needed to investigate markers of EMT in C3H kidneys and 

determine whether this process can be implicated in reflux nephropathy. 

4.3 Conclusions 

This dissertation has elucidated the processes underlying two important 

infection scenarios in the urinary tract: the exfoliation of the superficial epithelium 

in response to cystitis and the development of reflux nephropathy in 

pyelonephritic VUR-susceptible individuals. Until now, exfoliation in response to 

bacterial bladder infection had been frequently observed in both rodent and 

human models, and this superficial cell loss was believed to be an apoptosis-

dependent process that targeted infected superficial cells, but the possibility that 

there might be more complex processes underlying this host response had not 

been explored. However, the work described here has uncovered a highly novel 

role for mast cells and mast cell granules in directing the exfoliation response, 

highlighting the importance of a controlled, large-scale loss of the superficial 

epithelium in the bladder response to infection.  
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Additionally, for many decades the relationship between VUR and kidney 

infection and the role of both of these factors in the development of the renal 

lesion reflux nephropathy has been unclear, and clinical studies have had 

difficulty in distinguishing correlation from causality. The lack of a natural and 

easily manipulated animal model prior to this had also hampered efforts to fully 

explore the dynamics of infection and VUR. The research described in this 

dissertation using the VUR-susceptible C3H/HeN mouse has finally allowed the 

individual and synergistic contributions of VUR and pyelonephritis to be 

elucidated, and for the first time it has been demonstrated that kidney infection 

and VUR together appear to be necessary for reflux nephropathy to develop, 

while neither induces this response on its own. 

 Collectively, this work may have significant clinical implications for the 

treatment of cystitis and pyelonephritis. Therapeutic regimens that enhance mast 

cell recruitment and activation in the bladder in combination with conventional 

antimicrobial treatment may prove beneficial in speeding the process of bacterial 

clearance and decreasing the formation of intracellular reservoirs, which are 

likely involved in the recurrence of infections. Furthermore, in patients who suffer 

from recurrent urinary tract infections, the application of mast cell activators may 

facilitate the clearance of residual protected bacteria from the urothelium and 

lessen the incidence of repeated episodes. In VUR patients, efforts to suppress 

or mitigate the damaging effects of sustained inflammation in combination with 

traditional antimicrobial therapy may prevent the development of reflux 
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nephropathy and permit, for the first time in decades, a reduction in the incidence 

of end stage renal failure secondary to reflux nephropathy. It is to be hoped that 

the studies described in this dissertation facilitate a better understanding of 

pathogen-host interactions and ultimately allow the development of better 

therapeutic regimens and clinical outcomes for UTI patients. 
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