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Abstract 

Introduction:  Partial bladder outlet obstruction (pBOO) is a significant 

problem that can affect renal health.  We hypothesize that changes occur 

in small leucine-rich proteoglycan (SLRP) composition of extracellular 

matrix over time in this process.  We hypothesize that medical treatment 

of this condition will improve functional and molecular outcomes. 

Methods:  Rats underwent surgical pBOO for 4-16 weeks time, and were 

compared to shams and untreated control animals.  Urodynamic 

measurements were taken, bladders were weighed, measured for 

thickness, and frozen for RT-PCR and mass spectrometry. 

Results:  Decorin and biglycan were found to be inversely related over 

the course of pBOO, with decorin decreasing in RNA and protein 

expression, and biglycan increasing.  Treatment of animals with 

oxybutynin or tadalafil resulted in favorable urodynamic, histologic and 

molecular changes. 

Conclusion:  SLRPs are differentially regulated in pBOO.  Treatment with 

oxybutynin or tadalafil delayed progression of pBOO pathology.  We 

believe that the process of pBOO is medically alterable.  
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Chapter 1: Introduction 

1.1 Scope of the Problem 

1.1.1 Definition 

 Partial bladder outlet obstruction (pBOO) is one of the most 

commonly seen conditions in urology.  This condition itself has a nearly 

ubiquitous presence in older men, but can also appear in females and 

children.  pBOO has been defined as an increase in bladder pressure 

required to void due to sphincteric resistance.  This can occur secondary 

to prostatic hypertrophy, anatomical abnormalities, or congenital defects. 

 The severity of the obstruction depends typically on its etiology.  

Prostatic hypertrophy, for example, proceeds in an insidious manner and 

progresses with age, leading to a decreased urine flow rate.  This leads to 

a progressive worsening in lower urinary tract symptoms, and has a 

profound effect on health related quality of life. 

 While the etiology of pBOO is directly related to an abnormal outlet 

and sphincter mechanism, the bladder can be thought of as an innocent 

bystander in the process.  In its normal form, the bladder can be thought 

of as having two roles: the continent storage of urine at low pressure, and 

the voluntary emptying of urine when deemed appropriate.  Storage 

requires a stable bladder with a closed sphincter, whereas emptying 

requires a contracting bladder coordinating with sphincter relaxation.  If 

the bladder has to function and contract against an obstructed outlet, it will 

undergo compensatory hypertrophy, as can be expected of any muscle in 
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the body.  With prolonged pBOO, this excess hypertrophy will eventually 

decompensate with a decreased ability to generate pressure, and 

eventual fibrosis1.  As such, an end-stage bladder forms, where a small 

capacity is evident, and lacking the compliance to store urine reliably at 

low resting pressures. 

 However, the resultant increase in lower urinary tract symptoms is 

not the most threatening issue behind a damaged bladder.  High urine 

storage pressures can cause backflow of urine towards the kidneys, in a 

process termed vesicoureteral reflux (VUR).  The pressure of urine on the 

kidneys secondary to the presence of this condition predisposes the 

patient not only to recurrent infection, but most importantly carries a 

significant lifelong risk of renal failure. 

1.1.2 Epidemiology of Male Partial Bladder Outlet Obstruction 

 In males, pBOO occurs almost exclusively due to benign prostatic 

hyperplasia (BPH).  This disease process occurs in 8 percent of 40-year-

old men, up to 50 percent of 50 to 60 year old men, and up to 88 percent 

of eighty-year-old men2, 3.  The disease process progresses slowly, 

leading to the appearance of multiple abnormalities in the urinary tract, 

including renal failure, bladder fibrosis, bladder calculi, recurrent urinary 

tract infections, and hematuria4-6.  Most apparent to the patient, however, 

is the onset of bothersome lower urinary tract symptoms, which have a 

profound impact on health related quality of life7.  Validated patient based 
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questionnaires, such as the International Prostate Symptom Score have 

been developed to quantify and prognosticate the progression of this 

disease8.  Severe cases require surgical intervention9-11, but the damage 

to the detrusor is often irreversible12. 

1.1.3 Epidemiology of Female Partial Bladder Outlet 

Obstruction 

 Female bladder outlet obstruction is a considerably less common 

entity than that in the male.  Community studies have identified a 10.8% 

prevalence rate of voiding difficulty in women over sixty years of age, with 

29% of these patients being identified to have BOO13-15.  Given the 

absence of the prostate gland in the female, etiologies for this condition 

include pelvic organ prolapse, primary bladder neck obstruction, iatrogenic 

obstruction secondary to stress incontinence surgery, and other 

anatomical abnormalities, including neoplasia, diverticula, and stricture 

disease15, 16.  While lower urinary tract symptoms prevail in patient 

presentation, and anatomical definition is mandatory, the International 

Continence Society emphasizes that urodynamic testing is mandatory for 

the diagnosis of BOO in a female, relying on elevated detrusor pressures 

and decreased flow rates17.  The treatment of this condition relies on the 

underlying cause.  Pelvic organ prolapse, anatomical abnormalities, and 

primary BOO are treated with surgical correction16, 18, 19, whereas less 

severe obstructive symptoms can often be managed medically20, 21.  The 

end result of untreated obstruction in females, however, is no different 
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than in males, resulting in bladder muscle hypertrophy, fibrosis, and 

eventual irreversible bladder damage.22 

1.1.4 Pediatric Bladder Outlet Obstruction 

 Bladder outlet obstruction in children is almost always secondary to 

congenital abnormalities. The most frequent cause for lower urinary tract 

dysfunction in children is neurologic abnormalities, which can comprise up 

to 25% of patients presenting to a pediatric urologist’s clinic23.  These 

conditions lead to lifelong need for medical care and intervention, and 

resultant morbidities for the patient include frequent urinary tract 

infections, the need for multiple surgical procedures, and a lifelong risk of 

progression to renal failure. 

1.1.4.1 Posterior Urethral Valves 

 Posterior urethral valves arise in 1/8000 to 1/25000 live births, and 

account for up to 10% of all prenatally diagnosed urinary tract 

obstructions24, 25.  The valve mechanism itself appears as a sheet of tissue 

that extends from the urethral floor at the verumontanum, extending 

proximally to the bulbar urethra in one of three distinct patterns25-27.  This 

tissue effectively obstructs the bladder in varying degrees.  In its most 

severe form, fetuses are identified to have Potter’s Facies, 

hydronephrosis, urinary ascites, oligohydraminos, leading to severe 

pulmonary hypoplasia and often death in neonatal life28.  In less severe 

forms, the bladder develops against a continually obstructed outlet, 
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becoming markedly abnormal in function, able to generate extremely high 

voiding pressures, and as a result, massively hypertrophic.  Such high 

voiding pressure, in the setting of chronic urinary retention with an 

obstructed outlet, leads to vesicoureteral reflux, predisposing the child for 

recurrent urinary tract infections, and renal damage later in life.  Coined 

the Valve-Bladder Syndrome, these children may eventually progress to 

end stage bladders, and renal failure without careful management, which 

unfortunately can occur in up to 10% of cases29, 30.  Recent literature has 

focused on early diagnosis of this condition, and the importance of the 

relief of obstruction on the developing bladder, better elucidating the 

natural history of this disease, and highlighting the importance of early 

treatment to prevent lifelong bladder dysfunction31, 32. 

1.1.4.2 Spinal Cord Dysraphism 

 Any clinical situation that impairs normal nervous system outflow to 

the bladder and sphincter complex can create a host of clinical problems.  

While trauma, tumors, and other insults to the nervous system can impair 

normal innervation and function, the most commonly seen scenario for a 

pediatric urologist is congenital spinal dysraphism.  While this can present 

in an occult manner, such as a tethered spinal cord, more severe and 

overt bladder dysfunction is seen in the setting of myelomeningocele.  

With the advent of folate supplementation for gestating mothers, as well 

as antenatal detection in combination with therapeutic abortion, the 

incidence of myelodysplasia has decreased to 0.7-1.0 cases per 1000 live 
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births33.  These children were historically at very high risk of renal failure, 

primarily due to dyssynergic bladder contractions against a fixed, tonic 

urinary sphincter (detrusor sphincter dyssynergia, DSD), leading to 

extremely high intravesical pressures, which secondarily cause the reflux 

of urine back towards the kidneys (vesicoureteral reflux). The bladder, 

contracting against a highly resistant outflow tract, becomes 

hypertrophied, and eventually fibrotic and non-functional34, 35. Progression 

of reflux has been documented, presenting in up to 5% of newborns, and 

up to 30-40% of 5 year olds in the absence of treatment35.  These children 

require lifelong urologic follow up for management of incontinence and 

monitoring of renal function, and require significant medical management, 

and eventually surgical procedures to relieve bladder pressure, most often 

using intestinal tissue for bladder augmentation36, 37.  Contemporary 

literature has emphasized the need for early and aggressive management 

of the problem, in an effort to prevent the progression to renal failure and 

need for transplant34, 38, 39.  However, current standards of medical 

management are still rudimentary, highlighting the need for a better 

molecular understanding of the pathology of this syndrome. 

1.2 Anatomy and Physiology 

1.2.1 Anatomy and Neural Control of the Bladder 

 The bladder is an organ that possesses several functions, each of 

which is reflected in its unique histological structure40.  Its role can be 
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simplified to the performance of two tasks: storage of urine, and emptying 

of urine.  The storage of urine demands that the bladder is a receptacle of 

adequate capacity, and able to store urine at low pressure.  It must be 

stable at rest, lacking spontaneous contraction, and compliant to 

increases in pressure and volume.  For attaining continence, it must face a 

closed sphincter.  The urinary sphincter mechanism has two distinct parts.  

Sympathetic efferent activity originates in L2 and L3 and travels through 

the hypogastric nerve, first via sympathetic ganglia and through the 

inferior mesenteric ganglion41.  This results in contraction of the smooth 

muscle of the bladder surrounding the outflow tract (the intrinsic / internal / 

smooth urinary sphincter).  Simultaneously, β-adrenoceptor activation 

results in the relaxation of the remainder of the smooth muscle of the 

bladder.  Gradual increases in urine volume are thus dynamically stored 

without appreciable increases in pressure.  Simultaneously, somatic 

efferent activity, via the pudendal nerve originating in S2,3,4 activates 

slow twitch muscle fibres in the voluntary component of the striated / 

extrinsic / external urinary sphincter, producing a dynamically tight closure 

resulting in continence42.  These outflow signals originate in Onuf’s 

nucleus, located on the lateral aspect of the ventral horn of the spinal 

cord.  

 Voiding is a complex reflex, initiated in higher centres in the central 

nervous system, feeding to the pontine micturition centre.  Initially, 

sympathetic outflow is inhibited, relaxing the internal sphincter.  
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Simultaneously, parasympathetic outflow commences, via the pelvic 

nerve, resulting in the activation of a complex sub-urothelial nerve network 

whose role is to stimulate the contraction of the bladder smooth muscle43.  

This action is mediated by acetylcholine release, primarily through the 

activation of muscarinic M3 receptors.  While M2 receptors are abundant 

throughout the bladder, their role in voiding and urine storage remains 

unclear.  Nitric oxide release follows, resulting in the relaxation of outlet 

mechanisms, and voiding commences44.  Maintenance of this reflex 

depends on the communication between the spinal cord and the pons, as 

well as the periaqueductal gray matter.  Overall, the entire storage and 

voiding mechanism is a complex interplay of central function, an intact 

spinal cord, and coordinated sympathetic and parasympathetic efflux45, 46. 

1.2.2 Physiology 

 They key aspect to safe storage of urine relies on the bladder’s 

ability to accommodate to volume changes, a property referred to as 

compliance.  While part of this is dependent on intact neural networks, the 

histologic structure of the bladder is equally important.  A transitional 

epithelial layer lines the internal lumen, with a multilayered epithelial cell 

architecture designed to allow for stretch43.  The muscle layer is a three-

layer smooth muscle sheet, which with filling reorganizes to a network of 

randomly oriented concentric fibres primed for contraction and emptying.  

The stroma itself contains a complex extracellular matrix, including 

collagen types I, III, and IV, fibroblasts, and elastin47, 48.  This stromal layer 
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remains passive in normal situations, allowing for maximal tissue stretch 

and compliance.  Stress situations cause alterations in its composition, 

leading to the pathophysiology of bladder decompensation. 

1.2.3 Pathophysiology 

 A considerable amount of animal model work has been performed 

to elucidate the pathologic mechanisms that occur in pBOO.  The detrusor 

muscle has stress placed on it during the voiding process, stemming from 

increased intravesical pressure required to pass urine through the partially 

obstructed bladder outlet.  As with any muscle, this chronic process 

results initially in hypertrophy, improved perfusion, and an ability to 

generate considerable intravesical pressure49.  This process is thought to 

occur secondary to multiple growth factors and hormones that affect 

bladder tissue growth.  As the muscle wall continues to hypertrophy in the 

setting of cellular stress, a loss of contractility is observed, with 

concomitant changes in collagen deposition and changes to the 

extracellular matrix50, 51.  Ultimately, the bladder becomes noncompliant 

and acontractile, and this unable to perform its functions of storage and 

transport of urine. 

 Smooth muscle hypertrophy in this setting not only results in the 

ability to generate increased pressure, but also leads to an unstable 

bladder, where uninhibited contractions occur during the filling process.  

For the patient, the clinical result is the onset of sudden urge incontinence. 
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1.3 Current Management 

 The current management of pBOO relies on a combination of 

medical and surgical management52.  While the relief of obstruction is the 

ultimate goal, this is often not attainable, particularly in the setting of 

congenital defects such as myelomeningocele, where the sphincter is 

tonically fixed53.  A secondary outcome is to prevent and modulate 

unfavorable changes that will inevitably occur to the bladder tissue, which 

becomes a priority in patients with uncorrectable defects, or those in a late 

stage of the disease process. 

1.3.1 Diagnosis 

 While useful information can be garnered from patient history, 

serum investigations, imaging, and physical examination, the primary tool 

used to diagnose pBOO is urodynamic testing6, 54.  It serves as a 

cornerstone of measurement for assessment of bladder capacity, 

compliance, stability, and voiding pressure.  Early studies have provided a 

threshold of 40 cm of H2O pressure as being associated with renal 

injury55, although many clinicians now use lower levels to initiate therapy56, 

57.  However, in the setting of a high-pressure bladder with an 

uncorrectable resistant outflow tract, the pathologic process behind 

bladder hypertrophy and eventual fibrosis progresses silently, and will 

inevitably lead to a patient with end stage bladder, and potentially renal 

failure58, 59. 
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1.3.2 Surgical Relief of Partial Bladder Outlet Obstruction 

 Adult partial bladder outlet obstruction occurs primarily in the 

setting of benign prostatic hypertrophy.  Those who fail medical 

management require surgical intervention60, 61.  The current gold standard 

for the relief of BPH related obstruction is through endoscopy, utilizing a 

number of procedures to open the bladder outlet.  These include primarily 

transurethral resection of the prostate (TURP), photovaporization of the 

prostate (PVP)62.  Other options include thermoablative therapies, such as 

needle ablation63, microwave ablation64, or high intensity focused 

ultrasound65, 66.  Finally, intraprostatic stents are available for use in 

selected patients67. 

 In the setting of pediatric patients with posterior urethral valves, 

management is guided by age.  Older boys who present with a diagnosis 

of a valve can successfully be relieved of obstruction by endoscopic 

incision or resection28, 32, 68.  Placement of an indwelling catheter remains 

the first step in management, however if serum creatinine fails to 

normalize, a cutaneous vesicostomy is created.  The bladder lumen is 

brought up to the skin to create an incontinent conduit for the drainage of 

urine, resulting in extremely low resistance to emptying69, 70.  This 

treatment modality has been demonstrated to have benefit in terms of 

bladder drainage and upper tract drainage, with a limited complication 

profile71-73. 
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1.3.3 Medical Treatment of Partial Bladder Outlet Obstruction 

 The advent of effective medical therapy for benign prostatic 

hyperplasia has significantly changed the practice of urology.  In the past, 

obstructive voiding symptoms secondary to BPH were addressed only 

using endoscopic resection.  While a TURP is still one of the most 

frequently performed procedures in urology, it places the patient at risk of 

multiple perioperative complications74.  Caine and colleagues first studied 

alpha-adrenergic antagonist therapy in 197675, 76.  The premise of this 

medical therapy is to target smooth muscle fibres in the prostate stroma, 

leading to prolonged relaxation of the gland and subsequent opening of 

the prostatic urethra.  Subsequently, 5-α reductase inhibitors were 

developed to reduce outlet resistance using a separate biochemical 

mechanism77, 78.  The Type-II isoform of 5-α reductase is an intracellular 

enzyme within the prostate, which converts circulating testosterone to its 

active form, dihydrotestosterone79.  In the absence of testosterone, 

prostate growth is halted, and the gland itself will shrink80.  Multiple large-

scale studies have been conducted on the use of these two classes of 

medications, often in conjunction with one another81, 82, demonstrating a 

significant benefit in symptom reduction, as well as prevention of the 

sequelae of bladder outlet obstruction.  While these medications can 

target the offending pathologic mechanism, they do not have any ability to 

directly target or reduce the compensatory changes that occur in the 

bladder itself. 
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 One significant change in bladder function stems from smooth 

muscle hypertrophy.  A thicker more muscular bladder wall is often more 

unstable, and more likely to engage in spontaneous uninhibited 

contractions, resulting in either urinary incontinence or elevated bladder 

pressures83-85.  An unstable bladder is commonly seen in neurologic 

conditions, such as following a stroke86, or from a congenital abnormality 

to bladder innervation, as is seen in spina bifida87.  Oxybutynin was the 

first anticholinergic medication to be introduced to prevent bladder 

contraction88, and to this day remains a mainstay in urologic therapy.  It 

functions directly on the smooth muscle of the bladder wall, blocking 

acetylcholine binding to muscarinic receptors, which thereby prevents 

muscle depolarization and contraction89-91.  However, its nonspecific 

binding nature results in multiple other side effects for the patient, 

including dry mouth, constipation, blurry vision, flushing, and mental status 

changes, particularly in the elderly92, 93.  More specific isoforms of this 

medication have been developed, with improved side effect profiles94-97, 

but compliance remains an issue not only due to residual side effect, but 

also for cost98, 99. 

1.3.4 Clean Intermittent Catheterization 

 No medication is able to stimulate controlled bladder contraction 

and sphincteric relaxation, and therefore a mechanical form of assistance 

is required.  This can be achieved with a urinary catheter.  Prolonged 

bladder catheterization can lead to multiple deleterious complications100, 
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101.  Indwelling catheters are associated with an increased rate of urinary 

tract infection102.  Prolonged pressure on the urethral meatus can lead to 

necrosis, resulting in urethral erosion103.  Finally, continuous drainage of a 

previously normally functioning bladder leads to the absence of normal 

cyclic bladder contractions associated with voiding, which can lead to 

urinary retention from detrusor laxity.  Clean intermittent catheterization 

(CIC), first described in 1972104, allows for the avoidance of many of these 

issues, by allowing for regular drainage of a bladder without a continuous 

indwelling foreign body.   Its use is indicated in patients unable to 

otherwise void, or having a diagnosed high-pressure bladder on 

urodynamics.  Its complications include urinary tract infection, trauma to 

the lower urinary tract, and epididymo-orchitis105-108.  While the therapy is 

generally well tolerated, particularly in patients who lack perineal 

sensation, its invasive nature can often lead to a delay of its institution109.  

As a result, many of these patients have high urine storage pressure, and 

increased risk of renal injury. 

1.3.5 Lower Urinary Tract Reconstruction 

 Conservative measures for the management of partial bladder 

obstruction will fail in 1 out of 5 patients, in whom the bladder continues its 

process of hypertrophy, leading to a stiff fibrotic bladder with poor capacity 

and compliance110.  Eventually, bladder pressures will rise to an unsafe 

level, requiring surgical intervention.  Bladder augmentation relies on the 

inverse relationship between pressure and volume.  Historically, many 
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procedures have been attempted for bladder augmentation, ranging from 

autoaugmentation to grafting of synthetic material.  Today, the most 

commonly performed procedure for bladder augmentation relies on readily 

available tissue from the gastrointestinal tract, the most common of which 

is ileum. 

 In an ileocystoplasty111, a detubularized segment of ileum is folded 

on itself in a U or W configuration to form a ‘sheet’ of tissue, which is then 

sewn onto the anterior surface of the bladder.  This effectively increases 

capacity, and increases compliance due to the introduction of distensible 

tissue.  While this can effectively relieve high intravesical pressure, 

complications of this procedure are significant and not uncommon112. 

1.3.5.1 Gastrointestinal Complications 

 An ileocystoplasty requires a lower midline incision and entry into 

the intraperitoneal and extraperitoneal space, and small bowel 

resection113, 114.  As a result, adhesions following this procedure are 

common, and bowel obstructions have been reported in up to 3% of 

patients115.  Ileum is also the sole site of vitamin B12 absorption in the 

body, and if the terminal 15-20 centimetres of ileum are used, deficiency 

will occur116. 

 The bowel will continue to secrete mucus after placement in the 

urinary tract.  As such, mucus buildup can interfere with urinary drainage 

during voiding or catheterization, and daily bladder irrigation is 
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recommended to minimize its presence117, 118.  Excess mucus in the 

bladder can serve as a nidus for both stone formation and infection119. 

 Finally, the bowel itself can perforate, leading the spillage of urine 

into the intraperitoneal or extraperitoneal space.  This complication can be 

fatal, as these patients often have decreased sensation and present in 

severe sepsis.  While the etiology of delayed perforation is unclear, it has 

been suggested that it may be related to catheterization trauma, fixed 

extravesical adhesions, and chronic overdistension120.  In the Wayne 

State University series, perforations were noted in 9.6% of patients, 

averaging 4.3 years following their initial operation115.  Early recognition 

and surgical correction of this fatal complication is key to ensuring patient 

survival. 

1.3.5.2 Metabolic Complications 

 The exposure of functional small bowel to urine is an abnormal 

situation, and can cause multiple metabolic abnormalities, resulting from a 

functional piece of bowel with intact absorptive mechanisms being 

exposed to urine and the resultant absorption of ammonium ion.  Most 

frequently, when ileum or colon is used, these abnormalities present in a 

hypercholoremic metabolic acidosis121-124, which is exacerbated with any 

impairment of renal function.  This chronic excess of hydrogen ion leads to 

bone demineralization, in a physiologic attempt to buffer the blood pH, and 

eventually leads to osteoporosis and the impairment of linear growth.  
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Furthermore, a chronic acidosis leads to a decreased urinary excretion of 

citrate ion, which is a potent inhibitor of urinary stone formation.  Drug 

absorption can be increased for drugs relying on renal filtration, such as 

Dilantin, making close monitoring of levels a necessity125. 

1.3.5.3 Infectious Complications 

 Nearly all patients following ileocystoplasty will have chronic 

bacteriuria, thought to be related to the use of clean intermittent 

catheterization and mucus accumulation.  Recurrent symptomatic cystitis 

has been reported in 23% of patients following this procedure, with 13% 

having a febrile infection126.  Such high rates of infection can lead to 

further morbidity for these patients. 

1.3.5.4 Malignancy 

 Urine exposure to bowel, in the setting of ureterosigmoidostomy, 

has been estimated to increase the risk of development of 

adenocarcinoma by 7000 fold, compared to age matched controls127, 128.  

The etiology is thought to be related to chronic inflammation and 

carcinogen exposure, although the exact etiology is unknown.  

Adenocarcinoma, transitional cell carcinoma, and anaplastic lesions have 

been described following ileocystoplasty, with latent periods ranging from 

3 to 53 years129. 

1.4 Current Research 
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1.4.1 Molecular Pathways 

 While we have a crude understanding of the histologic and clinical 

effects of pBOO on the bladder, we require a better understanding of the 

molecular pathways involved before new therapies can be targeted and 

developed.  The pathways under analysis involve mediators of cellular 

stress and inflammation.  The signal transduction cascades in question 

involve transforming growth factor β (TGF-β), nitric oxide (NO), the 

mammalian target of rapamycin (mTOR), and many of their downstream 

targets.  From an extracellular point of view, other enzymes associated 

with the construction and degradation of extracellular matrix are under 

examination, such as the family of matrix metalloproteinases (MMPs) and 

the regulation of their inhibitors (TIMPs), connective tissue growth factor 

(CTGF), insulin-like growth factor (IGF), and multiple other cytokines and 

chemokines. 

1.4.1.1 TGF-β 

The transforming growth factor β (TGF-β) family comprises a large 

number of structurally related peptides that globally control a wide array of 

cellular processes130.  These growth factors have been implicated in 

proliferation, adhesion, migration, and death.  Its action, on a more 

systemic scale, has been implicated in wound healing, angiogenesis, and 

carcinogenesis131, 132.  Clearly, this is a cellular signal that regulates 

multiple cellular processes, and depends not only on the cellular 
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microenvironment, but also on associated signals enhancing or 

counteracting its actions. 

Three major isoforms have been identified in mammalian species – 

TGF-β1, TGF-β2, and TGF-β3133, 134.  Each of these ligands has its own 

set of specific TGF-β receptors that reside on the surface of the cell 

membrane134, 135.  The binding of this ligand leads to the dimerization of 

two TGF-β type I receptors and two TGF-β type II receptors, resulting in a 

tetrameric protein which in turn activates intracellular signaling mainly 

through the phosphorylation of SMAD proteins133, 136, 137.  While the protein 

itself is produced in an inactive form (pre-pro-TGF-β), a complex series of 

intracellular processes lead to the binding of a processed but inactive form 

to latency associated peptides (LAP), the dissociation of which allows for 

either a soluble or membrane-bound TGF-β to exert its action131. 

SMAD is a direct substrate for the protein serine kinase activity of 

the activated TGF-β receptor133.  Upon phosphorylation, activated SMAD 

protein complexes move to the nucleus and contact specific gene 

promoters, thus activating transcription.  Multiple isoforms of SMAD have 

been identified, each with unique function.  SMAD-3 deficient mice, for 

example, have been shown to generate a significant pro-fibrotic response, 

markedly accelerated wound healing, and a greatly elevated rate of 

carcinogenesis138.   
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One of the major discoveries in elucidating the role of TGF-β 

relates to its key role in the epithelial-mesenchymal transformation139.  

Multiple cell types are involved in inflammation and fibrosis, where the 

primary cell is the myofibroblast.  Its differentiation from epithelial cells is 

crucially dependent on TGF-β140.  Further research of this pathway 

demonstrated TGF-β’s role in metastasis and carcinogenesis, where 

malignant cells are often deficient in inhibitory signals of the TGF-β 

cascade132, 141, 142. 

In the process of bladder hypertrophy and fibrosis, TGF-β’s role has 

been well studied but is far from understood143, 144.  Its RNA signals have 

been shown to be upregulated in acute overdistension of the bladder, but 

subsequently downregulated in chronic obstruction145-149.  Exposure of 

bladder smooth muscle cells to TGF-β decreases key cellular adhesion 

molecules, which is thought to be part of the pathogenesis of poor bladder 

contractility150-153.  When the TGF-β type II receptor is absent, in the 

setting of a knockout mouse model, bladder fibrosis is inhibited149.  

Current research has shown us that TGF-β has a crucial role in the initial 

steps of the pathologic process of bladder hypertrophy and fibrosis, but its 

role past these initial steps remains a mystery. 

1.4.1.2 Nitric Oxide 

Since the discovery of nitric oxide (NO) as endothelial derived 

relaxation factor (EDRF) in the early 1980s154, a significant amount of 
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research has been performed in elucidating its synthesis, regulation, and 

role, particularly in the setting of smooth muscle relaxation.  While its 

function systemically can be summarized as the induction of smooth 

muscle relaxation, much still remains to be gained in terms of therapeutic 

potential in the modulation of its function155.  Furthermore, it has been 

identified as a primary neurotransmitter in non-adrenergic non-cholinergic 

neurons (NANC)156, 157, whose role not surprisingly stems around muscle 

relaxation.  Recent evidence and research have identified a role for NO 

release in the urinary tract158, initially in the setting of erectile dysfunction, 

and these smooth muscle relaxation mechanisms are only starting now to 

be therapeutically exploited for the relief of LUTS and pBOO.  

NO is produced by several isoforms of nitric oxide synthetase 

(NOS)159.  At present, three classes of NOS have been identified: an 

inducible form, relying on calcium ion release and calmodulin activation 

(iNOS), and endothelial form (eNOS), and a neuronal form, associated 

with the NANC system (nNOS)160.  Once nitric oxide is synthesized from 

its substrate, L-arginine, it its released into the circulation or cellular 

microenvironment.  Its interaction with guanydyl cyclase results in the 

intracellular formation of cGMP from GTP, resulting in multiple 

downstream effects.  In muscle tissue, cGMP can induce the opening of 

calcium channels, and the activation of protein kinase A2 and G, all of 

which collectively relaxes smooth muscle by disruption of actin-myosin 

bridges161-163. 
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The activity of these cyclic nucleotide second messenger systems 

is modulated by a large family of enzymes that catalyze its hydrolysis: 

phosphodiesterases (PDE).  At present there have been over 50 

isoenzymes identified in various tissues164.  

Inhibitors of phosphodiesterases were initially developed for the 

treatment of pulmonary hypertension, through the augmentation of NO 

effects on endothelium.  It was found that their effect could be used for 

other smooth muscle dependent processes, namely erectile 

dysfunction165.   

PDE inhibition for erectile dysfunction led to an unusual discovery.  

It was found that men who took this class of medications also experienced 

an improvement in voiding symptoms164.  Experimental work has 

previously shown that nitric oxide can induce detrusor muscle relaxation, 

as well as urethral relaxation161, 166, 167.  Mapping studies have identified a 

significant NANC contribution to the neuronal control of micturition158.  

PDE’s have been identified now in nearly all tissues pertaining to the lower 

urinary tract, from the distal ureter, to the bladder itself, the prostate, and 

the urethra168-171.  Multiple studies have now been conducted using PDE 

inhibitors to assess their impact on voiding symptoms, each of which has 

yielded a significant positive result172-178.  While the exact biochemical 

mechanism for PDE inhibition’s role in the relief of LUTS secondary to 

pBOO has yet to be elucidated, the role of nitric oxide and cGMP on the 

relaxation of the lower urinary tract cannot be ignored. 
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The role of NO in the inflammatory response, primarily through the 

induction of iNOS, has been well studied.  Similarly, the role of iNOS in the 

pathophysiology of pBOO is becoming clearer169.  BOO induction has 

been shown to induce mRNA transcription of iNOS, and the absence of 

this enzyme in a knockout model has been shown to ameliorate the 

changes associated with chronic obstruction179, 180.  Similarly, iNOS 

inhibition has been shown to reduce bladder contractility and fibrosis166.  

Furthermore, elevated levels of NO can diminish the pro-inflammatory 

effects of TGF-β on bladder tissues181.  Given these important 

experimental results, it has been shown that treatment of obstructed mice 

with sildenafil can decrease detrusor overactivity, hypertrophy, and 

fibrosis182.  As such, the modulation of the NO response lends itself to be 

a prime therapeutic target in pBOO pathology. 

1.4.1.3 mTOR 

 The mammalian target of rapamycin (mTOR) is a central, 

evolutionarily conserved signaling molecule that can control multiple 

cellular processes183.  The inhibition of this molecule’s action has shown to 

be immunosuppressive, as is seen in the setting of organ 

transplantation184.  Similarly, administration has been shown to have 

strong antiproliferative effects, evident in the setting of delayed wound 

healing following transplant185, 186.  Its use has been seen in scar 

modulation187, 188, and more recently for the inhibition of transplant 

arteriosclerosis189, and in coronary artery stents for the prevention of 
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intimal hyperplasia and stent failure190, 191.  We are only recently beginning 

to understand the role of this molecule in carcinogenesis192, 193, and its 

inhibition has been investigated in lung cancer194, 195, urothelial cancer196-

198, and hepatocellular carcinoma199-201.  This molecule is a strong 

mediator of cellular proliferation, and its selective inhibition may prove 

useful in a number of clinical scenarios. 

 Activation of mTOR183 happens through a complex multistep 

pathway that begins with upstream activation of phosphinositide-3-kinase 

(PI3K) and AKT activation, leading to inactivation of the tuberous sclerosis 

complex 1 and 2 (TSC1 / TSC2) heterodimer202.  The inactivation TSC1 / 

TSC2 leads to the release of inhibition of Rheb, with subsequent activation 

of mTOR through Rheb GTPase activity.  From there, mTOR can 

associate with one of two molecules, Rictor and Raptor, leading to multiple 

downstream effects203, 204.  Association with Rictor activates AKT, SGK1, 

and PKCα, leading to actin cytoskeleton modification, cellular proliferation, 

and survival205.  Association with Raptor activates S6K1, 4EBP1, and 

HIF1-α, leading to a coordinated promotion of protein and lipid synthesis, 

and subsequent cell growth and proliferation206, 207. 

 Given that the pBOO initially involves a hyperplastic and 

proliferative phase, it would seem to follow that inhibition of cellular 

processes that drive hyperplasia might be beneficial to preventing pBOO 

pathology.  There has been to date one combined in vitro / in vivo study 

on the role of mTOR inhibition on bladder smooth muscle cells (BSMC) 
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and in an obstructed rat model208.  Administration of rapamycin to stressed 

BSMCs inhibited proliferation, de-differentiation, and activation of 

downstream targets of the mTOR pathway.  In vivo analysis showed a 

decrease in smooth muscle actin, and maintenance of MMP-7 activity, 

both in keeping with antiproliferative effects.  These data suggest that the 

mTOR pathway is activated in pBOO, likely through mechanical stretch 

and possibly hypoxia208.  At present, we have no indication of what early 

administration of mTOR inhibitors to an obstructed bladder can achieve, 

both from a clinical / urodynamic perspective, as well as a histopathologic 

one. 

1.4.1.4 Fibrocytes 

 While the concept that circulating fibroblast-like cells are directly 

involved in the wound healing response, more conclusive evidence for the 

existence of these cells has surfaced in recent years.  These cells, known 

as fibrocytes, appear to be a bone marrow derived and spleen matured 

circulating cells that home to sites of tissue injury throughout the body209.  

The can serve as a potent antigen presenting cell, can activate T-cells, 

and produce multiple cytokines, chemokines, and extracellular matrix 

proteins involved in fibrogenesis and wound healing210, 211.  In a normal 

homeostatic state, fibrocytes tend to comprise between 0.1%-0.5% of cells 

in the circulation.  However, in circumstances of severe systemic injury, 

such as burns, their prevalence in the circulation can increase to nearly 

10%212.  While initial descriptions of these cells was limited primarily to 
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scar formation and liver fibrosis, newer evidence suggests that this 

population of cells may be implicated in fibrotic processes throughout the 

body. 

Multiple combinations of unique surface markers have been used to 

characterize these cells, the most commonly accepted ones are CD45, 

CD34, CD11b, collagen I, and LSP-1213.  Their cellular ultrastructure 

appears as a spindle-shaped cell, unique from both a fibroblast and a 

leukocyte, with multiple pseudopodia and microvilli.  Following their 

activation by T-cells, in the presence of TGF-β, they hone to injured tissue, 

express collagen I & III, PDGF, IL-1, MIP, and α-SMA214.  As such, wound 

healing and scarring appears to be partially dependent on this unique 

population215. 

Initial reports discovered the presence of these cells in normal216 

and hypertrophic scars217, 218, as well as in liver fibrosis219.  New studies 

have identified the presence of fibrocytes in lung fibrosis220, as well as 

kidney fibrosis221.  The mouse model of unilateral ureteral obstruction has 

served as a very useful clinical model of renal fibrosis, particularly when 

considering that the contralateral kidney can serve as an endogenous 

control222.  Studies on the fibrotic process on these animals have identified 

the presence of fibrocytes in fibrotic kidneys, and further elucidated 

nuances in the T-cell / chemokine / fibrocyte interaction that leads to 

activation of the fibrotic process and collagen deposition223-227.  

Interestingly, the first report of fibrocytes being present in human renal 
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biopsy studies from patients with renal fibrosis became available earlier 

this year228.   

 Fibrocytes, as yet, have never been described directly in the 

bladder outside of chronic inflammation and urothelial carcinoma229.  To 

date, only one study has shown the presence of bone marrow derived 

cells in an pBOO mouse model230.  Unfortunately, no further 

immunohistochemical analysis was performed in this setting, and the 

cellular identification of these cells has yet to be elucidated.  Given our 

understanding of fibrocyte differentiation and involvement in many fibrotic 

processes, it would not be unreasonable to consider the possibility that 

fibrocytes could be involved in the process of bladder fibrosis as well. 

 Nephrogenic systemic fibrosis is an unusual clinical entity that was 

identified in a small subset of patients undergoing gadolinium-enhanced 

magnetic resonance imaging231.  While gadolinium was initially thought to 

be safe to use in patients with impaired renal function, the presence of this 

crippling fibrotic syndrome in gadolinium-exposed patients has challenged 

that notion.  Current research into this syndrome has revealed that 

monocyte and macrophage interacting with both chelated and unchelated 

gadolinium leads to their activation, and activated fibrocytes have been 

identified in the scars that occur in this syndrome232-236.  While the precise 

etiology and predisposing factors to the initiation of this systemic 

inflammatory cascade is unclear, this serves as a model for what can 

happen when fibrocyte activation is out of control.   
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 Studies into unilateral ureteral obstruction and nephrogenic 

systemic fibrosis have yielded several important results in terms of 

immune modulation.  Kidney fibrosis is greatly decreased with either 

blockade of TGF-β or SMAD, either directly or in a knockout model224, 237.  

Kidney fibrosis and T-cell activation is greatly decreased with 

administration of rapamycin, and subsequent mTOR blockade222.  

Furthermore, nephrogenic systemic fibrosis can be arrested or alleviated 

with early administration of rapamycin238.   

1.4.2 Regenerative Medicine 

 The very concept of regenerative medicine is a departure from 

much of current surgical practice.  Rather than looking at the modulation 

of pathophysiologic processes, the promise of regeneration involves the 

repair or replacement of abnormal or dysfunctional tissues.  Attempts have 

been made for multiple cell types and organs, including bone, liver, heart, 

and even kidney.  However, the first publication and introduction of a 

commercially available regenerated organ into clinical trials is a bladder239.  

While significant hurdles remain in the incorporation of this technology into 

mainstream urologic practice, the current outlook of the field is 

astoundingly promising. 

1.4.2.1 Unseeded Scaffolds 

 The first attempts at bladder augmentation with artificial or 

biosynthetic tissues involved the incorporation of a scaffold in place of a 
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bladder augment.  The choice of material is critical in this circumstance.  

Non-absorbable materials in the urinary tract become a nidus for stone 

formation.  Attempts were first made using collagen, acellular matrix, 

alginate, small intestine submucosa (SIS), and polyglycolic acid 

polymers240-245.  The latter materials showed most promise.  In select 

circumstances and reports, these materials were found not only to be 

organically and immunologically inert, but in in some cases even allowed 

for the growth of multilayered bladder tissue, consisting of muscle and 

urothelial layers246.  Problems remained, that while a transitional 

epithelium was successfully expanded onto the graft, the muscle layer 

remained abnormal, disorganized, and poorly vascularized.  Eventually, 

the graft itself would fibrose, leading to a decrease in bladder capacity.  

Although neovascularization can be improved using porous graft 

materials, this is not compatible with the concept of a watertight 

bladder247.  While reports of the success of these materials were variable, 

both in the initial success and incorporation of the graft, as well as its 

longevity and freedom from fibrosis, they served as a proof-of-concept that 

this technology could eventually succeed. 

1.4.2.2 Seeded Scaffolds 

 In an attempt to create a more physiologic bladder replacement 

material, attempts were made using cell seeded acellular matrix grafts248-

250.  The success that was achieved by Atala in constructing a regenerated 

neobladder relied on this concept239.  The concept begins with obtaining a 
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bladder biopsy from a patient, and separately expanding both the 

urothelial cells and muscle layers in vitro.  Once adequate cell numbers 

are obtained, these are seeded onto a hemispherical collagen or collagen 

/ polyglycolic acid scaffold, and allowed to culture for several weeks.  The 

seeded scaffold is then sewn onto the bladder, acting as an augmentation, 

and wrapped in omentum for vascular supply.  This procedure was initially 

performed on beagles251, and subsequently on humans.  The most 

important success that can be identified from these studies is that bladder 

regeneration is possible, the serving as proof of concept.  Criticism of this 

study, however, lies mainly in the choice of scaffold material.  While 

muscle and urothelial layers in this model do grow in a physiologic 

fashion, the compliance is unchanged.  As such, urodynamic data from 

these grafts shows primarily an increase in capacity, but not in 

compliance.  While promising, this does not fit the representation of a true 

replacement of bladder tissue. 

 Other cells have been used in the seeding of grafts.  Specifically, 

bone marrow derived mesenchymal stem cells (BSMC) have been used 

with successful seeding on grafts252-255.  Given these cells are multipotent, 

their use has been seen in tissue engineering for vascular grafts, cartilage, 

and neural materials.  Their ability to differentiate into smooth muscle, as 

demonstrated with vascular regeneration, has shown promise in the field 

of bladder regeneration. 
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  The search for a new scaffold material resulted in the 

discovery of poly(1,8-octanediol-co-citrate) (POC)256, 257.  This is a 

biodegradable polymer that is immunologically inert with a short half-life, 

has a customizable elastic modulus, and can serve as a scaffold material 

with no ill effects on cells.  These properties alone make POC a more 

ideal scaffold material than the previously used collagens.   

Combining a POC scaffold with BSMC has yielded the most 

promising application of bladder tissue regeneration to date258.  Sharma’s 

group successfully created a POC scaffold with similar elastic modulus to 

native bladder tissue, with successful seeding of BSMCs.  Their results 

showed a new graft that develops typical bladder tissue architecture, with 

retention of normal bladder muscle formation and expression of normal 

contractile proteins.  Muscle to collagen ratios in the BSMC seeded grafts 

were nearly physiologic, in comparison to smooth muscle seeded POC 

grafts.  This technology, while awaiting proof in a human host, appears to 

have the greatest promise for the partial regeneration of bladder tissue. 

 While each of the new scaffolds developed has shown 

biocompatibility and similar histology to normal tissue, the only functional 

data available indicate an augmented bladder capacity.  The remaining 

characteristics of the graft, specifically contractility and muscle stability, 

remain unknown.  Further research will be required before human 

application of these novel biosynthetic tissues. 
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1.5 Conclusions and Formulation of the Research Problem 

 The translation of the considerable amount of research performed 

in this field will ultimately be the future challenge in its clinical application.  

While not for shortage of avenues to exploit, many of these need further 

exploration in animal models prior to application in humans.  The 

availability of an inexpensive and easily reproducible rat model for pBOO 

will be essential in allowing this translation to occur. 

 Today’s current research environment has provided us with a 

considerable amount of information regarding the inflammatory cascade, 

from the cellular level to the molecular pathways that modulate it.  

Pharmacologic research has presented several medications, which can 

affect the pBOO pathway.  While excellent work has been done in the 

clinical use of α-blockers and 5-α reductase inhibitors to treat benign 

prostatic hypertrophy, there has yet to be an attempt at translating the use 

of immune modulators to treat the diseased bladder.  Given the promise 

shown in the use of mTOR inhibitors and PDE inhibitors in other clinical 

settings, their use to treat pBOO may prove clinically relevant. 

 We will attempt to modulate the pathophysiologic process of partial 

bladder outlet obstruction by oral medical therapy.  Sprague-Dawley rats 

will undergo surgical partial bladder outlet obstruction.  Three cohorts of 

rats will be created, based on daily oral therapy with either rapamycin, 

tadalafil, or oxybutynin, as well as a control arm over a 16 week 
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timeframe.  We hypothesize that the established process of pBOO from 

inflammation, to hypertrophy, to fibrosis will be diminished by each of 

these medications.  Tadalafil, by increasing intracellular cGMP levels and 

inhibiting phosphodiesterase activity, may help relax the bladder through 

this process, thereby preventing the cascade of inflammation and 

hypertrophy.  Rapamycin, by its immune modulatory and antiproliferative 

effects, could prevent the inflammatory phase of obstruction, and this 

prevent the fibrosis seen in late pBOO.  Oxybutynin will be administered at 

high doses to these rats, as it is the current gold standard therapy.  Use of 

these medications to inhibit pathophysiologic decompensation is entirely 

novel, and based on our understanding of molecular biology and 

pharmacology, these agents could prove to be effective. 

  

 The potential for treating pBOO is remarkable, and a considerable 

amount has been learned to this point.  With a validated model now in 

place, we can now begin to further investigate the medical treatment of 

pBOO, from both a functional and molecular biology aspect.  We can 

attempt new tissue engineering procedures, and assess the functional 

improvements they portend.  This foray into the research of bladder outlet 

obstruction will provide key information for the future translation of these 

therapies to improve our patient’s well being. 



	  

	   34	  
	  

1.6  References 

 
1. Metcalfe PD, Wang J, Jiao H, et al. Bladder outlet obstruction: 

progression from inflammation to fibrosis. BJU International. 2010: no-no. 

2. Berry SJ, Coffey DS, Walsh PC, Ewing LL. The development of 

human benign prostatic hyperplasia with age. J Urol. 1984; 132: 474-9. 

3. Barry MJ, Fowler FJ, Bin L, Pitts JC, Harris CJ, Mulley AG. The 

natural history of patients with benign prostatic hyperplasia as diagnosed 

by North American urologists. J Urol. 1997; 157: 10-4; discussion 4-5. 

4. Chicharro-Molero JA, Burgos-Rodriguez R, Sanchez-Cruz JJ, del 

Rosal-Samaniego JM, Rodero-Carcia P, Rodriguez-Vallejo JM. 

Prevalence of benign prostatic hyperplasia in Spanish men 40 years old or 

older. J Urol. 1998; 159: 878-82. 

5. Girman CJ. Natural history and epidemiology of benign prostatic 

hyperplasia: relationship among urologic measures. Urology. 1998; 51: 8-

12. 

6. Dmochowski RR. Bladder outlet obstruction: etiology and 

evaluation. Rev Urol. 2005; 7 Suppl 6: S3-S13. 

7. Girman CJ, Jacobsen SJ, Tsukamoto T, et al. Health-related quality 

of life associated with lower urinary tract symptoms in four countries. 

Urology. 1998; 51: 428-36. 

8. Barry MJ, Fowler FJ, O'Leary MP, et al. The American Urological 

Association symptom index for benign prostatic hyperplasia. The 



	  

	   35	  
	  

Measurement Committee of the American Urological Association. J Urol. 

1992; 148: 1549-57; discussion 64. 

9. Hoekstra RJ, Van Melick HHE, Kok ET, Ruud Bosch JLH. A 10-

year follow-up after transurethral resection of the prostate, contact laser 

prostatectomy and electrovaporization in men with benign prostatic 

hyperplasia; long-term results of a randomized controlled trial. BJU 

International. 2010; 106: 822-6. 

10. Jacobsen SJ, Jacobson DJ, Girman CJ, et al. Treatment for benign 

prostatic hyperplasia among community dwelling men: the Olmsted 

County study of urinary symptoms and health status. J Urol. 1999; 162: 

1301-6. 

11. Jacobsen SJ, Girman CJ, Lieber MM. Natural history of benign 

prostatic hyperplasia. Urology. 2001; 58: 5-16; discussion  

12. Mirone V, Imbimbo C, Longo N, Fusco F. The detrusor muscle: an 

innocent victim of bladder outlet obstruction. Eur Urol. 2007; 51: 57-66. 

13. Diokno AC, Brock BM, Brown MB, Herzog AR. Prevalence of 

urinary incontinence and other urological symptoms in the 

noninstitutionalized elderly. J Urol. 1986; 136: 1022-5. 

14. Groutz A, Gordon D, Lessing JB, Wolman I, Jaffa A, David MP. 

Prevalence and characteristics of voiding difficulties in women: are 

subjective symptoms substantiated by objective urodynamic data? 

Urology. 1999; 54: 268-72. 



	  

	   36	  
	  

15. Nitti VW, Tu LM, Gitlin J. Diagnosing bladder outlet obstruction in 

women. J Urol. 1999; 161: 1535-40. 

16. Kaufman MR, Scarpero H, Dmochowski RR. Diagnosis and 

management of outlet obstruction in the female. Curr Opin Urol. 2008; 18: 

365-9. 

17. Abrams P, Cardozo L, Fall M, et al. The standardisation of 

terminology in lower urinary tract function: report from the standardisation 

sub-committee of the International Continence Society. Urology. 2003; 61: 

37-49. 

18. de Boer TA, Salvatore S, Cardozo L, et al. Pelvic organ prolapse 

and overactive bladder. Neurourol Urodyn. 2010; 29: 30-9. 

19. Lowder JL, Frankman EA, Ghetti C, et al. Lower urinary tract 

symptoms in women with pelvic organ prolapse. Int Urogynecol J Pelvic 

Floor Dysfunct. 2010; 21: 665-72. 

20. Costantini E, Lazzeri M, Bini V, et al. Open-label, longitudinal study 

of tamsulosin for functional bladder outlet obstruction in women. Urol Int. 

2009; 83: 311-5. 

21. Chang S-J, Chiang I-N, Yu H-J. The effectiveness of tamsulosin in 

treating women with voiding difficulty. Int J Urol. 2008; 15: 981-5. 

22. Lekskulchai O, Dietz HP. Is detrusor hypertrophy in women 

associated with voiding dysfunction? Aust N Z J Obstet Gynaecol. 2009; 

49: 653-6. 



	  

	   37	  
	  

23. Bauer S, B. Neuropathic Dysfunction of the Lower Urinary Tract. In: 

Kavoussi LR, Novick AC, Partin AW, Peters CA, Wein AJ, (eds.). 

Campbell-Walsh Urology. Philadelphia: Saunders, 2007, p. 3625. 

24. Thomas DF, Gordon AC. Management of prenatally diagnosed 

uropathies. Arch Dis Child. 1989; 64: 58-63. 

25. Atwell JD. Posterior urethral valves in the British Isles: a multicenter 

B.A.P.S. review. J Pediatr Surg. 1983; 18: 70-4. 

26. Dewan PA. Type III posterior urethral valves: presentation and 

management. J Pediatr Surg. 1996; 31: 867. 

27. Dewan PA. Congenital posterior urethral obstruction: the historical 

perspective. Pediatr Surg Int. 1997; 12: 86-94. 

28. Dinneen MD, Duffy PG. Posterior urethral valves. Br J Urol. 1996; 

78: 275-81. 

29. Churchill BM, McLorie GA, Khoury AE, Merguerian PA, Houle AM. 

Emergency treatment and long-term follow-up of posterior urethral valves. 

Urol Clin North Am. 1990; 17: 343-60. 

30. Imaji R, Moon DA, Dewan PA. Congenital posterior urethral 

membrane: variable morphological expression. J Urol. 2001; 165: 1240-2; 

discussion 2-3. 

31. Wen JG, Li Y, Wang QW. Urodynamic investigation of valve 

bladder syndrome in children. Journal of pediatric urology. 2007; 3: 118-

21. 



	  

	   38	  
	  

32. Youssif M, Dawood W, Shabaan S, Mokhless I, Hanno A. Early 

valve ablation can decrease the incidence of bladder dysfunction in boys 

with posterior urethral valves. J Urol. 2009; 182: 1765-8. 

33. Williams LJ, Rasmussen SA, Flores A, Kirby RS, Edmonds LD. 

Decline in the prevalence of spina bifida and anencephaly by 

race/ethnicity: 1995-2002. Pediatrics. 2005; 116: 580-6. 

34. MacLellan DL. Management of pediatric neurogenic bladder. Curr 

Opin Urol. 2009; 19: 407-11. 

35. Flood HD, Ritchey ML, Bloom DA, Huang C, McGuire EJ. Outcome 

of reflux in children with myelodysplasia managed by bladder pressure 

monitoring. J Urol. 1994; 152: 1574-7. 

36. Bauer SB. Neurogenic bladder: etiology and assessment. Pediatr 

Nephrol. 2008; 23: 541-51. 

37. de Jong TPVM, Chrzan R, Klijn AJ, Dik P. Treatment of the 

neurogenic bladder in spina bifida. Pediatr Nephrol. 2008; 23: 889-96. 

38. Reddy PP, Borgstein NG, Nijman RJM, Ellsworth PI. Long-term 

efficacy and safety of tolterodine in children with neurogenic detrusor 

overactivity. Journal of pediatric urology. 2008; 4: 428-33. 

39. Verpoorten C, Buyse GM. The neurogenic bladder: medical 

treatment. Pediatr Nephrol. 2008; 23: 717-25. 

40. de Groat WC. Anatomy and physiology of the lower urinary tract. 

Urol Clin North Am. 1993; 20: 383-401. 



	  

	   39	  
	  

41. Yoshimura N, de Groat WC. Neural control of the lower urinary 

tract. Int J Urol. 1997; 4: 111-25. 

42. de Groat WC, Fraser MO, Yoshiyama M, et al. Neural control of the 

urethra. Scand J Urol Nephrol Suppl. 2001: 35-43; discussion 106-25. 

43. de Groat WC. The urothelium in overactive bladder: passive 

bystander or active participant? Urology. 2004; 64: 7-11. 

44. Abrams P, Andersson K-E, Buccafusco JJ, et al. Muscarinic 

receptors: their distribution and function in body systems, and the 

implications for treating overactive bladder. Br J Pharmacol. 2006; 148: 

565-78. 

45. Fowler CJ, Griffiths D, de Groat WC. The neural control of 

micturition. Nat Rev Neurosci. 2008; 9: 453-66. 

46. Birder L, de Groat W, Mills I, Morrison J, Thor K, Drake M. Neural 

control of the lower urinary tract: peripheral and spinal mechanisms. 

Neurourol Urodyn. 2010; 29: 128-39. 

47. de Groat WC, Yoshimura N. Changes in afferent activity after spinal 

cord injury. Neurourol Urodyn. 2010; 29: 63-76. 

48. Msci JQCM. Basic Bladder Neurophysiology. Urol Clin North Am. 

2010; 37: 487-94. 

49. Metcalfe PD, Wang J, Jiao H, et al. Bladder outlet obstruction: 

progression from inflammation to fibrosis. BJU international. 2010. 



	  

	   40	  
	  

50. Kojima M, Inui E, Ochiai A, et al. Reversible change of bladder 

hypertrophy due to benign prostatic hyperplasia after surgical relief of 

obstruction. J Urol. 1997; 158: 89-93. 

51. Andersson KE. Storage and voiding symptoms: pathophysiologic 

aspects. Urology. 2003; 62: 3-10. 

52. Clayton DB, Brock JW, Joseph DB. Urologic management of spina 

bifida. Dev Disabil Res Rev. 2010; 16: 88-95. 

53. Mourtzinos A, Stoffel JT. Management goals for the spina bifida 

neurogenic bladder: a review from infancy to adulthood. Urol Clin North 

Am. 2010; 37: 527-35. 

54. McGuire EJ. Urodynamics of the neurogenic bladder. Urol Clin 

North Am. 2010; 37: 507-16. 

55. McGuire EJ, Woodside JR, Borden TA, Weiss RM. Prognostic 

value of urodynamic testing in myelodysplastic patients. J Urol. 1981; 126: 

205-9. 

56. Dik P, Klijn AJ, van Gool JD, de Jong-de Vos van Steenwijk CCE, 

de Jong TPVM. Early start to therapy preserves kidney function in spina 

bifida patients. Eur Urol. 2006; 49: 908-13. 

57. Ahmad I, Granitsiotis P. Urological follow-up of adult spina bifida 

patients. Neurourol Urodyn. 2007; 26: 978-80. 

58. Joseph DB. Current approaches to the urologic care of children 

with spina bifida. Curr Urol Rep. 2008; 9: 151-7. 



	  

	   41	  
	  

59. Kumar R, Singhal N, Gupta M, Kapoor R, Mahapatra AK. 

Evaluation of clinico-urodynamic outcome of bladder dysfunction after 

surgery in children with spinal dysraphism - a prospective study. Acta 

Neurochir (Wien). 2008; 150: 129-37. 

60. Tubaro A, Montanari E. Management of symptomatic BPH in Italy: 

who is treated and how? Eur Urol. 1999; 36 Suppl 3: 28-32. 

61. Borth CS, Beiko DT, Nickel JC. Impact of medical therapy on 

transurethral resection of the prostate: a decade of change. Urology. 

2001; 57: 1082-5; discussion 5-6. 

62. Ruszat R, Seitz M, Wyler SF, et al. GreenLight laser vaporization of 

the prostate: single-center experience and long-term results after 500 

procedures. Eur Urol. 2008; 54: 893-901. 

63. Zlotta AR, Giannakopoulos X, Maehlum O, Ostrem T, Schulman 

CC. Long-term evaluation of transurethral needle ablation of the prostate 

(TUNA) for treatment of symptomatic benign prostatic hyperplasia: clinical 

outcome up to five years from three centers. Eur Urol. 2003; 44: 89-93. 

64. Gravas S, Laguna P, Kiemeney LALM, de la Rosette JJMCH. 

Durability of 30-minute high-energy transurethral microwave therapy for 

treatment of benign prostatic hyperplasia: a study of 213 patients with and 

without urinary retention. Urology. 2007; 69: 854-8. 

65. Sullivan L, Casey RW, Pommerville PJ, Marich KW. Canadian 

experience with high intensity focused ultrasound for the treatment of 

BPH. Can J Urol. 1999; 6: 799-805. 



	  

	   42	  
	  

66. Bihrle R, Foster RS, Sanghvi NT, Fry FJ, Donohue JP. High-

intensity focused ultrasound in the treatment of prostatic tissue. Urology. 

1994; 43: 21-6. 

67. Yachia D, Beyar M, Aridogan IA. A new, large calibre, self-

expanding and self-retaining temporary intraprostatic stent (ProstaCoil) in 

the treatment of prostatic obstruction. Br J Urol. 1994; 74: 47-9. 

68. Dewan PA, Zappala SM, Ransley PG, Duffy PG. Endoscopic 

reappraisal of the morphology of congenital obstruction of the posterior 

urethra. Br J Urol. 1992; 70: 439-44. 

69. Noe HN, Jerkins GR. Cutaneous vesicostomy experience in infants 

and children. J Urol. 1985; 134: 301-3. 

70. Bruce RR, Gonzales ET. Cutaneous vesicostomy: a useful form of 

temporary diversion in children. J Urol. 1980; 123: 927-8. 

71. Podesta ML, Ruarte A, Herrera M, Medel R, Castera R. Bladder 

functional outcome after delayed vesicostomy closure and antireflux 

surgery in young infants with 'primary' vesico-ureteric reflux. BJU 

International. 2001; 87: 473-9. 

72. Krahn CG, Johnson HW. Cutaneous vesicostomy in the young 

child: indications and results. Urology. 1993; 41: 558-63. 

73. Vastyan AM, Pinter AB, Farkas A, Vajda P, Somogyi R, Juhasz Z. 

Cutaneous vesicostomy revisited--the second 15 years. Eur J Pediatr 

Surg. 2005; 15: 170-4. 



	  

	   43	  
	  

74. Mebust WK, Holtgrewe HL, Cockett AT, Peters PC. Transurethral 

prostatectomy: immediate and postoperative complications. A cooperative 

study of 13 participating institutions evaluating 3,885 patients. J Urol. 

1989; 141: 243-7. 

75. Caine M. The present role of alpha-adrenergic blockers in the 

treatment of benign prostatic hypertrophy. J Urol. 1986; 136: 1-4. 

76. Caine M, Pfau A, Perlberg S. The use of alpha-adrenergic blockers 

in benign prostatic obstruction. Br J Urol. 1976; 48: 255-63. 

77. Gormley GJ, Stoner E, Bruskewitz RC, et al. The effect of 

finasteride in men with benign prostatic hyperplasia. The Finasteride 

Study Group. N Engl J Med. 1992; 327: 1185-91. 

78. Gormley GJ, Stoner E, Bruskewitz RC, et al. The effect of 

finasteride in men with benign prostatic hyperplasia. 1992. J Urol. 2002; 

167: 1102-7; discussion 8. 

79. Jenkins EP, Andersson S, Imperato-McGinley J, Wilson JD, Russell 

DW. Genetic and pharmacological evidence for more than one human 

steroid 5 alpha-reductase. J Clin Invest. 1992; 89: 293-300. 

80. Peters CA, Walsh PC. The effect of nafarelin acetate, a luteinizing-

hormone-releasing hormone agonist, on benign prostatic hyperplasia. N 

Engl J Med. 1987; 317: 599-604. 

81. McConnell JD, Roehrborn CG, Bautista OM, et al. The long-term 

effect of doxazosin, finasteride, and combination therapy on the clinical 



	  

	   44	  
	  

progression of benign prostatic hyperplasia. N Engl J Med. 2003; 349: 

2387-98. 

82. Kirby RS, Roehrborn C, Boyle P, et al. Efficacy and tolerability of 

doxazosin and finasteride, alone or in combination, in treatment of 

symptomatic benign prostatic hyperplasia: the Prospective European 

Doxazosin and Combination Therapy (PREDICT) trial. Urology. 2003; 61: 

119-26. 

83. Cucchi A. The development of detrusor instability in prostatic 

obstruction in relation to sequential changes in voiding dynamics. J Urol. 

1994; 151: 1342-4. 

84. Sutherland RS, Baskin LS, Kogan BA, Cunha G. Neuroanatomical 

changes in the rat bladder after bladder outlet obstruction. Br J Urol. 1998; 

82: 895-901. 

85. Holm NR, Horn T, Smedts F, Nordling J, de la Rossette J. The 

detrusor muscle cell in bladder outlet obstruction--ultrastructural and 

morphometric findings. Scand J Urol Nephrol. 2003; 37: 309-15. 

86. Nitti VW, Adler H, Combs AJ. The role of urodynamics in the 

evaluation of voiding dysfunction in men after cerebrovascular accident. J 

Urol. 1996; 155: 263-6. 

87. Roach MB, Switters DM, Stone AR. The changing urodynamic 

pattern in infants with myelomeningocele. J Urol. 1993; 150: 944-7. 



	  

	   45	  
	  

88. Moisey CU, Stephenson TP, Brendler CB. The urodynamic and 

subjective results of treatment of detrusor instability with oxybutynin 

chloride. Br J Urol. 1980; 52: 472-5. 

89. Anderson GF, Fredericks CM. Characterization of the oxybutynin 

antagonism of drug-induced spasms in detrusor. Pharmacology. 1977; 15: 

31-9. 

90. Fredericks CM, Anderson GF, Kreulen DL. A study of the 

anticholinergic and antispasmodic activity of oxybutynin (Ditropan) on 

rabbit detrusor. Invest Urol. 1975; 12: 317-9. 

91. Diokno AC, Lapides J. Oxybutynin: a new drug with analgesic and 

anticholinergic properties. J Urol. 1972; 108: 307-9. 

92. Ouslander JG, Blaustein J, Connor A, Orzeck S, Yong CL. 

Pharmacokinetics and clinical effects of oxybutynin in geriatric patients. J 

Urol. 1988; 140: 47-50. 

93. Thuroff JW, Bunke B, Ebner A, et al. Randomized, double-blind, 

multicenter trial on treatment of frequency, urgency and incontinence 

related to detrusor hyperactivity: oxybutynin versus propantheline versus 

placebo. J Urol. 1991; 145: 813-6; discussion 6-7. 

94. Griebling TL, Kraus SR, Richter HE, Glasser DB, Carlsson M. 

Tolterodine extended release is well tolerated in older subjects. Int J Clin 

Pract. 2009; 63: 1198-204. 



	  

	   46	  
	  

95. Ulahannan D, Wagg A. The safety and efficacy of tolterodine 

extended release in the treatment of overactive bladder in the elderly. Clin 

Interv Aging. 2009; 4: 191-6. 

96. Sand PK, Morrow JD, Bavendam T, Creanga DL, Nitti VW. Efficacy 

and tolerability of fesoterodine in women with overactive bladder. Int 

Urogynecol J Pelvic Floor Dysfunct. 2009; 20: 827-35. 

97. Chapple CR, Van Kerrebroeck PE, Junemann KP, Wang JT, 

Brodsky M. Comparison of fesoterodine and tolterodine in patients with 

overactive bladder. BJU International. 2008; 102: 1128-32. 

98. Basra RK, Wagg A, Chapple C, et al. A review of adherence to 

drug therapy in patients with overactive bladder. BJU International. 2008; 

102: 774-9. 

99. Sears CL, Lewis C, Noel K, Albright TS, Fischer JR. Overactive 

bladder medication adherence when medication is free to patients. J Urol. 

2010; 183: 1077-81. 

100. Dewire DM, Owens RS, Anderson GA, Gottlieb MS, Lepor H. A 

comparison of the urological complications associated with long-term 

management of quadriplegics with and without chronic indwelling urinary 

catheters. J Urol. 1992; 147: 1069-71; discussion 71-2. 

101. Cameron AP, Wallner LP, Tate DG, Sarma AV, Rodriguez GM, 

Clemens JQ. Bladder management after spinal cord injury in the United 

States 1972 to 2005. J Urol. 2010; 184: 213-7. 



	  

	   47	  
	  

102. Hardy AG. Complications of the indwelling urethral catheter. 

Paraplegia. 1968; 6: 5-10. 

103. Meeks JJ, Erickson BA, Helfand BT, Gonzalez CM. Reconstruction 

of urethral erosion in men with a neurogenic bladder. BJU International. 

2009; 103: 378-81. 

104. Lapides J, Diokno AC, Silber SJ, Lowe BS. Clean, intermittent self-

catheterization in the treatment of urinary tract disease. J Urol. 1972; 107: 

458-61. 

105. Lindehall B, Abrahamsson K, Hjalmas K, Jodal U, Olsson I, Sillen 

U. Complications of clean intermittent catheterization in boys and young 

males with neurogenic bladder dysfunction. J Urol. 2004; 172: 1686-8. 

106. Lindehall B, Abrahamsson K, Jodal U, Olsson I, Sillen U. 

Complications of clean intermittent catheterization in young females with 

myelomeningocele: 10 to 19 years of followup. J Urol. 2007; 178: 1053-5. 

107. Turi MH, Hanif S, Fasih Q, Shaikh MA. Proportion of complications 

in patients practicing clean intermittent self-catheterization (CISC) vs 

indwelling catheter. J Pak Med Assoc. 2006; 56: 401-4. 

108. Campbell JB, Moore KN, Voaklander DC, Mix LW. Complications 

associated with clean intermittent catheterization in children with spina 

bifida. J Urol. 2004; 171: 2420-2. 

109. Dik P, Klijn AJ, van Gool JD, de Jong-de Vos van Steenwijk CC, de 

Jong TP. Early start to therapy preserves kidney function in spina bifida 

patients. Eur Urol. 2006; 49: 908-13. 



	  

	   48	  
	  

110. Allen TD. Results of urinary tract reconstruction in boys with end 

stage bladders resulting from obstructive uropathy. J Urol. 1997; 158: 

1942-5. 

111. Cibert J. Bladder enlargement through ileocystoplasty. J Urol. 1953; 

70: 600-4. 

112. Kispal Z, Balogh D, Erdei O, et al. Complications after bladder 

augmentation or substitution in children: a prospective study of 86 

patients. BJU International. 2010. 

113. Bihrle R. The Indiana pouch continent urinary reservoir. Urol Clin 

North Am. 1997; 24: 773-9. 

114. Smith JJ, Swierzewski SJ. Augmentation cystoplasty. Urol Clin 

North Am. 1997; 24: 745-54. 

115. Shekarriz B, Upadhyay J, Demirbilek S, Barthold JS, González R. 

Surgical complications of bladder augmentation: comparison between 

various enterocystoplasties in 133 patients. Urology. 2000; 55: 123-8. 

116. Stein R, Lotz J, Andreas J, et al. Long-term metabolic effects in 

patients with urinary diversion. World J Urol. 1998; 16: 292-7. 

117. DeFoor W, Minevich E, Reddy P, et al. Bladder calculi after 

augmentation cystoplasty: risk factors and prevention strategies. J Urol. 

2004; 172: 1964-6. 

118. Kaefer M, Hendren WH, Bauer SB, et al. Reservoir calculi: a 

comparison of reservoirs constructed from stomach and other enteric 

segments. J Urol. 1998; 160: 2187-90. 



	  

	   49	  
	  

119. Mathoera RB, Kok DJ, Nijman RJ. Bladder calculi in augmentation 

cystoplasty in children. Urology. 2000; 56: 482-7. 

120. DeFoor W, Tackett L, Minevich E, Wacksman J, Sheldon C. Risk 

factors for spontaneous bladder perforation after augmentation 

cystoplasty. Urology. 2003; 62: 737-41. 

121. Kristjansson A, Davidsson T, Mansson W. Metabolic alterations at 

different levels of renal function following continent urinary diversion 

through colonic segments. J Urol. 1997; 157: 2099-103. 

122. Koch MO, McDougal WS, Reddy PK, Lange PH. Metabolic 

alterations following continent urinary diversion through colonic segments. 

J Urol. 1991; 145: 270-3. 

123. Sridhar KN, Samuell CT, Woodhouse CR. Absorption of glucose 

from urinary conduits in diabetics and non-diabetics. Br Med J (Clin Res 

Ed). 1983; 287: 1327-9. 

124. Savarirayan F, Dixey GM. Syncope following 

ureterosigmoidostomy. J Urol. 1969; 101: 844-5. 

125. Dahl DM, McDougal, W.S. Use of Intestinal Segments in Urinary 

Diversion. In: Kavoussi LR, Novick AC, Partin AW, Peters CA, Wein AJ, 

(eds.). Campbell-Walsh Urology. Philadelphia: Saunders, 2007, p. 2534. 

126. Metcalfe PD, Rink RC. Bladder augmentation: complications in the 

pediatric population. Curr Urol Rep. 2007; 8: 152-6. 

127. Pickard R. Tumour formation within intestinal segments transposed 

to the urinary tract. World J Urol. 2004; 22: 227-34. 



	  

	   50	  
	  

128. Khan MN, Naqvi AH, Lee RE. Carcinoma of sigmoid colon following 

urinary diversion: a case report and review of literature. World J Surg 

Oncol. 2004; 2: 20. 

129. Lane T, Shah J. Carcinoma following augmentation ileocystoplasty. 

Urol Int. 2000; 64: 31-2. 

130. Li MO, Wan YY, Sanjabi S, Robertson A-KL, Flavell RA. 

Transforming growth factor-beta regulation of immune responses. Annu 

Rev Immunol. 2006; 24: 99-146. 

131. Massagué J. How cells read TGF-beta signals. Nat Rev Mol Cell 

Biol. 2000; 1: 169-78. 

132. Massagué J, Blain SW, Lo RS. TGFbeta signaling in growth 

control, cancer, and heritable disorders. Cell. 2000; 103: 295-309. 

133. Massagué J. TGF-beta signal transduction. Annu Rev Biochem. 

1998; 67: 753-91. 

134. Chang H, Brown CW, Matzuk MM. Genetic analysis of the 

mammalian transforming growth factor-beta superfamily. Endocr Rev. 

2002; 23: 787-823. 

135. Baskin LS, Sutherland RS, Thomson AA, Hayward SW, Cunha GR. 

Growth factors and receptors in bladder development and obstruction. Lab 

Invest. 1996; 75: 157-66. 

136. Johnson K, Kirkpatrick H, Comer A, Hoffmann FM, Laughon A. 

Interaction of Smad complexes with tripartite DNA-binding sites. J Biol 

Chem. 1999; 274: 20709-16. 



	  

	   51	  
	  

137. Massagué J. Wounding Smad. Nat Cell Biol. 1999; 1: E117-9. 

138. Ashcroft GS, Yang X, Glick AB, et al. Mice lacking Smad3 show 

accelerated wound healing and an impaired local inflammatory response. 

Nat Cell Biol. 1999; 1: 260-6. 

139. Zavadil J, Böttinger EP. TGF-beta and epithelial-to-mesenchymal 

transitions. Oncogene. 2005; 24: 5764-74. 

140. Barendrecht MM, Mulders ACM, van der Poel H, van den Hoff MJB, 

Schmidt M, Michel MC. Role of transforming growth factor beta in rat 

bladder smooth muscle cell proliferation. J Pharmacol Exp Ther. 2007; 

322: 117-22. 

141. Blobe GC, Schiemann WP, Lodish HF. Role of transforming growth 

factor beta in human disease. N Engl J Med. 2000; 342: 1350-8. 

142. Siegel PM, Massagué J. Cytostatic and apoptotic actions of TGF-

beta in homeostasis and cancer. Nat Rev Cancer. 2003; 3: 807-21. 

143. Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M. 

Growth factors and cytokines in wound healing. Wound Repair Regen. 

2008; 16: 585-601. 

144. Baskin LS, Sutherland RS, Thomson AA, et al. Growth factors in 

bladder wound healing. J Urol. 1997; 157: 2388-95. 

145. Baskin LS, Hayward SW, Sutherland RA, DiSandro MS, Thomson 

AA, Cunha GR. Cellular signaling in the bladder. Front Biosci. 1997; 2: 

d592-5. 



	  

	   52	  
	  

146. Chen MW, Krasnapolsky L, Levin RM, Buttyan R. An early 

molecular response induced by acute overdistension of the rabbit urinary 

bladder. Mol Cell Biochem. 1994; 132: 39-44. 

147. Chen MW, Levin RM, Buttyan R. Peptide growth factors in normal 

and hypertrophied bladder. World J Urol. 1995; 13: 344-8. 

148. Chul Kim J, Il Seo S, Hyun Park Y, Kon Hwang TA. Changes in 

detrusor and urinary growth factors according to detrusor function after 

partial bladder outlet obstruction in the rat. Urology. 2001; 57: 371-5. 

149. Anumanthan G, Tanaka ST, Adams CM, et al. Bladder stromal loss 

of transforming growth factor receptor II decreases fibrosis after bladder 

obstruction. J Urol. 2009; 182: 1775-80. 

150. Frazier K, Williams S, Kothapalli D, Klapper H, Grotendorst GR. 

Stimulation of fibroblast cell growth, matrix production, and granulation 

tissue formation by connective tissue growth factor. J Invest Dermatol. 

1996; 107: 404-11. 

151. Howard PS, Kucich U, Coplen DE, He Y. Transforming growth 

factor-beta1-induced hypertrophy and matrix expression in human bladder 

smooth muscle cells. Urology. 2005; 66: 1349-53. 

152. Liu B, Feng D, Lin G, et al. Signalling molecules involved in mouse 

bladder smooth muscle cellular differentiation. Int J Dev Biol. 2010; 54: 

175-80. 

153. Sharif-Afshar A-R, Donohoe JM, Pope JC, Adams MC, Brock JW, 

Bhowmick NA. Stromal hyperplasia in male bladders upon loss of 



	  

	   53	  
	  

transforming growth factor-beta signaling in fibroblasts. J Urol. 2005; 174: 

1704-7; discussion 7. 

154. Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells 

in the relaxation of arterial smooth muscle by acetylcholine. Nature. 1980; 

288: 373-6. 

155. Moncada S, Palmer RM, Higgs EA. Nitric oxide: physiology, 

pathophysiology, and pharmacology. Pharmacol Rev. 1991; 43: 109-42. 

156. Sanders KM, Ward SM. Nitric oxide as a mediator of nonadrenergic 

noncholinergic neurotransmission. Am J Physiol. 1992; 262: G379-92. 

157. Andersson KE, Persson K. The L-arginine/nitric oxide pathway and 

non-adrenergic, non-cholinergic relaxation of the lower urinary tract. Gen 

Pharmacol. 1993; 24: 833-9. 

158. Andersson KE, Persson K. Nitric oxide synthase and nitric oxide-

mediated effects in lower urinary tract smooth muscles. World J Urol. 

1994; 12: 274-80. 

159. Werner-Felmayer G, Werner ER, Fuchs D, Hausen A, Reibnegger 

G, Wachter H. On multiple forms of NO synthase and their occurrence in 

human cells. Res Immunol. 1991; 142: 555-61; discussion 89. 

160. Andrew PJ, Mayer B. Enzymatic function of nitric oxide synthases. 

Cardiovasc Res. 1999; 43: 521-31. 

161. Adam RM. Recent insights into the cell biology of bladder smooth 

muscle. Nephron Exp Nephrol. 2006; 102: e1-7. 



	  

	   54	  
	  

162. Lucas KA, Pitari GM, Kazerounian S, et al. Guanylyl cyclases and 

signaling by cyclic GMP. Pharmacol Rev. 2000; 52: 375-414. 

163. Theobald RJ. The effect of NG-monomethyl-L-arginine on bladder 

function. Eur J Pharmacol. 1996; 311: 73-8. 

164. Andersson K-E, Uckert S, Stief C, Hedlund P. Phosphodiesterases 

(PDEs) and PDE inhibitors for treatment of LUTS. Neurourol Urodyn. 

2007; 26: 928-33. 

165. Corbin JD, Francis SH, Webb DJ. Phosphodiesterase type 5 as a 

pharmacologic target in erectile dysfunction. Urology. 2002; 60: 4-11. 

166. Lemack GE, Zimmern PE, Vazquez D, Connell JD, Lin VK. Altered 

response to partial bladder outlet obstruction in mice lacking inducible 

nitric oxide synthase. J Urol. 2000; 163: 1981-7. 

167. Takeda M, Araki I, Mochizuki T, et al. The forefront for novel 

therapeutic agents based on the pathophysiology of lower urinary tract 

dysfunction: pathophysiology of voiding dysfunction and pharmacological 

therapy. J Pharmacol Sci. 2010; 112: 121-7. 

168. Andersson KE, Persson K. Nitric oxide synthase and the lower 

urinary tract: possible implications for physiology and pathophysiology. 

Scand J Urol Nephrol Suppl. 1995; 175: 43-53. 

169. Johansson R, Pandita RK, Poljakovic M, Garcia-Pascual A, De 

Vente J, Persson K. Activity and expression of nitric oxide synthase in the 

hypertrophied rat bladder and the effect of nitric oxide on bladder smooth 

muscle growth. J Urol. 2002; 168: 2689-94. 



	  

	   55	  
	  

170. Johansson RK, Poljakovic M, Andersson K-E, Persson K. 

Expression of nitric oxide synthase in bladder smooth muscle cells: 

regulation by cytokines and L-arginine. J Urol. 2002; 168: 2280-5. 

171. Giglio D, Tobin G. Muscarinic receptor subtypes in the lower urinary 

tract. Pharmacology. 2009; 83: 259-69. 

172. Kedia GT, Uckert S, Jonas U, Kuczyk MA, Burchardt M. The nitric 

oxide pathway in the human prostate: clinical implications in men with 

lower urinary tract symptoms. World J Urol. 2008; 26: 603-9. 

173. Gales BJ, Gales MA. Phosphodiesterase-5 inhibitors for lower 

urinary tract symptoms in men. Ann Pharmacother. 2008; 42: 111-5. 

174. Kaminetsky J. Comorbid LUTS and erectile dysfunction: optimizing 

their management. Curr Med Res Opin. 2006; 22: 2497-506. 

175. Tinel H, Stelte-Ludwig B, Hutter J, Sandner P. Pre-clinical evidence 

for the use of phosphodiesterase-5 inhibitors for treating benign prostatic 

hyperplasia and lower urinary tract symptoms. BJU International. 2006; 

98: 1259-63. 

176. Guven EO, Balbay MD, Mete K, Serefoglu EC. Uroflowmetric 

assessment of acute effects of sildenafil on the voiding of men with 

erectile dysfunction and symptomatic benign prostatic hyperplasia. Int Urol 

Nephrol. 2009; 41: 287-92. 

177. McVary KT, Monnig W, Camps JL, Jr., Young JM, Tseng LJ, van 

den Ende G. Sildenafil citrate improves erectile function and urinary 

symptoms in men with erectile dysfunction and lower urinary tract 



	  

	   56	  
	  

symptoms associated with benign prostatic hyperplasia: a randomized, 

double-blind trial. J Urol. 2007; 177: 1071-7. 

178. Kaplan SA, Gonzalez RR, Te AE. Combination of alfuzosin and 

sildenafil is superior to monotherapy in treating lower urinary tract 

symptoms and erectile dysfunction. Eur Urol. 2007; 51: 1717-23. 

179. Felsen D, Dardashti K, Ostad M, et al. Inducible nitric oxide 

synthase promotes pathophysiological consequences of experimental 

bladder outlet obstruction. J Urol. 2003; 169: 1569-72. 

180. Lemack GE, Burkhard F, Zimmern PE, McConnell JD, Lin VK. 

Physiologic sequelae of partial infravesical obstruction in the mouse: role 

of inducible nitric oxide synthase. J Urol. 1999; 161: 1015-22. 

181. Vodovotz Y. Control of nitric oxide production by transforming 

growth factor-beta1: mechanistic insights and potential relevance to 

human disease. Nitric Oxide. 1997; 1: 3-17. 

182. Beamon CR, Mazar C, Salkini MW, Phull HS, Comiter CV. The 

effect of sildenafil citrate on bladder outlet obstruction: a mouse model. 

BJU International. 2009; 104: 252-6. 

183. Foster KG, Fingar DC. Mammalian target of rapamycin (mTOR): 

conducting the cellular signaling symphony. J Biol Chem. 2010; 285: 

14071-7. 

184. Saunders RN, Metcalfe MS, Nicholson ML. Rapamycin in 

transplantation: a review of the evidence. Kidney Int. 2001; 59: 3-16. 



	  

	   57	  
	  

185. Ekici Y, Emiroglu R, Ozdemir H, Aldemir D, Karakayali H, Haberal 

M. Effect of rapamycin on wound healing: an experimental study. 

Transplant Proc. 2007; 39: 1201-3. 

186. Grim SA, Slover CM, Sankary H, Oberholzer J, Benedetti E, Clark 

NM. Risk factors for wound healing complications in sirolimus-treated 

renal transplant recipients. Transplant Proc. 2006; 38: 3520-3. 

187. Ong CT, Khoo YT, Mukhopadhyay A, et al. mTOR as a potential 

therapeutic target for treatment of keloids and excessive scars. Exp 

Dermatol. 2007; 16: 394-404. 

188. Viera MH, Amini S, Valins W, Berman B. Innovative therapies in the 

treatment of keloids and hypertrophic scars. J Clin Aesthet Dermatol. 

2010; 3: 20-6. 

189. Susa D, van de Engel S, van Damme LC, et al. Donor pre-

treatment with tacrolimus reduces transplant vasculopathy. Pharmacol 

Res. 2009; 59: 273-8. 

190. Ishikawa T, Mutoh M, Nakano Y, et al. Retrospective comparison of 

clinical and angiographic outcomes after primary stenting using sirolimus-

eluting and bare-metal stents in nonrandomized consecutive 568 patients 

with first ST-segment elevated myocardial infarctions. J Cardiol. 2010. 

191. Kaiser C, Galatius S, Erne P, et al. Drug-eluting versus bare-metal 

stents in large coronary arteries. N Engl J Med. 2010; 363: 2310-9. 



	  

	   58	  
	  

192. Yuan R, Kay A, Berg WJ, Lebwohl D. Targeting tumorigenesis: 

development and use of mTOR inhibitors in cancer therapy. J Hematol 

Oncol. 2009; 2: 45. 

193. Ciuffreda L, Di Sanza C, Incani UC, Milella M. The mTOR pathway: 

a new target in cancer therapy. Curr Cancer Drug Targets. 2010; 10: 484-

95. 

194. Ricciardi S, de Marinis F. New agents in advanced non-small-cell 

lung cancer treatment. Oncology. 2009; 77 Suppl 1: 103-12. 

195. Pal SK, Figlin RA, Reckamp K. Targeted therapies for non-small 

cell lung cancer: an evolving landscape. Mol Cancer Ther. 2010; 9: 1931-

44. 

196. Garcia JA, Danielpour D. Mammalian target of rapamycin inhibition 

as a therapeutic strategy in the management of urologic malignancies. Mol 

Cancer Ther. 2008; 7: 1347-54. 

197. Hansel DE, Platt E, Orloff M, et al. Mammalian target of rapamycin 

(mTOR) regulates cellular proliferation and tumor growth in urothelial 

carcinoma. Am J Pathol. 2010; 176: 3062-72. 

198. Mansure JJ, Nassim R, Chevalier S, Rocha J, Scarlata E, Kassouf 

W. Inhibition of mammalian target of rapamycin as a therapeutic strategy 

in the management of bladder cancer. Cancer Biol Ther. 2009; 8: 2339-

47. 



	  

	   59	  
	  

199. Whittaker S, Marais R, Zhu AX. The role of signaling pathways in 

the development and treatment of hepatocellular carcinoma. Oncogene. 

2010; 29: 4989-5005. 

200. Zender L, Villanueva A, Tovar V, Sia D, Chiang DY, Llovet JM. 

Cancer gene discovery in hepatocellular carcinoma. J Hepatol. 2010; 52: 

921-9. 

201. Llovet JM, Bruix J. Molecular targeted therapies in hepatocellular 

carcinoma. Hepatology. 2008; 48: 1312-27. 

202. Manning BD, Cantley LC. United at last: the tuberous sclerosis 

complex gene products connect the phosphoinositide 3-kinase/Akt 

pathway to mammalian target of rapamycin (mTOR) signalling. Biochem 

Soc Trans. 2003; 31: 573-8. 

203. Chen XG, Liu F, Song XF, et al. Rapamycin regulates Akt and ERK 

phosphorylation through mTORC1 and mTORC2 signaling pathways. Mol 

Carcinog. 2010; 49: 603-10. 

204. Toschi A, Lee E, Xu L, Garcia A, Gadir N, Foster DA. Regulation of 

mTORC1 and mTORC2 complex assembly by phosphatidic acid: 

competition with rapamycin. Mol Cell Biol. 2009; 29: 1411-20. 

205. Sarbassov DD, Ali SM, Kim DH, et al. Rictor, a novel binding 

partner of mTOR, defines a rapamycin-insensitive and raptor-independent 

pathway that regulates the cytoskeleton. Curr Biol. 2004; 14: 1296-302. 

206. Chen J, Fang Y. A novel pathway regulating the mammalian target 

of rapamycin (mTOR) signaling. Biochem Pharmacol. 2002; 64: 1071-7. 



	  

	   60	  
	  

207. Toschi A, Lee E, Gadir N, Ohh M, Foster DA. Differential 

dependence of hypoxia-inducible factors 1 alpha and 2 alpha on mTORC1 

and mTORC2. J Biol Chem. 2008; 283: 34495-9. 

208. Aitken KJ, Tolg C, Panchal T, et al. Mammalian target of rapamycin 

(mTOR) induces proliferation and de-differentiation responses to three 

coordinate pathophysiologic stimuli (mechanical strain, hypoxia, and 

extracellular matrix remodeling) in rat bladder smooth muscle. Am J 

Pathol. 2010; 176: 304-19. 

209. Metz CN. Fibrocytes: a unique cell population implicated in wound 

healing. Cell Mol Life Sci. 2003; 60: 1342-50. 

210. Stenmark KR, Frid MG, Yeager ME. Fibrocytes: potential new 

therapeutic targets for pulmonary hypertension? Eur Respir J. 2010; 36: 

1232-5. 

211. Medina A, Ghahary A. Fibrocytes can be reprogrammed to promote 

tissue remodeling capacity of dermal fibroblasts. Mol Cell Biochem. 2010; 

344: 11-21. 

212. Wang JF, Jiao H, Stewart TL, Shankowsky HA, Scott PG, Tredget 

EE. Fibrocytes from burn patients regulate the activities of fibroblasts. 

Wound Repair Regen. 2007; 15: 113-21. 

213. Mattoli S, Bellini A, Schmidt M. The Role of a Human 

Hematopoietic Mesenchymal Progenitor in Wound Healing and Fibrotic 

Diseases and Implications for Therapy. Curr Stem Cell Res Ther. 2009. 



	  

	   61	  
	  

214. Wu Y, Wang J, Scott PG, Tredget EE. Bone marrow-derived stem 

cells in wound healing: a review. Wound Repair Regen. 2007; 15 Suppl 1: 

S18-26. 

215. Quan TE, Cowper SE, Bucala R. The role of circulating fibrocytes in 

fibrosis. Curr Rheumatol Rep. 2006; 8: 145-50. 

216. Ishida Y, Kimura A, Takayasu T, Eisenmenger W, Kondo T. 

Detection of fibrocytes in human skin wounds and its application for 

wound age determination. Int J Legal Med. 2009; 123: 299-304. 

217. Yang L, Scott PG, Dodd C, et al. Identification of fibrocytes in 

postburn hypertrophic scar. Wound Repair Regen. 2005; 13: 398-404. 

218. Wang J, Jiao H, Stewart TL, Shankowsky HA, Scott PG, Tredget 

EE. Improvement in postburn hypertrophic scar after treatment with IFN-

alpha2b is associated with decreased fibrocytes. J Interferon Cytokine 

Res. 2007; 27: 921-30. 

219. Kisseleva T, Uchinami H, Feirt N, et al. Bone marrow-derived 

fibrocytes participate in pathogenesis of liver fibrosis. J Hepatol. 2006; 45: 

429-38. 

220. Moeller A, Gilpin SE, Ask K, et al. Circulating fibrocytes are an 

indicator of poor prognosis in idiopathic pulmonary fibrosis. Am J Respir 

Crit Care Med. 2009; 179: 588-94. 

221. Niedermeier M, Reich B, Rodriguez Gomez M, et al. CD4+ T cells 

control the differentiation of Gr1+ monocytes into fibrocytes. Proc Natl 

Acad Sci USA. 2009; 106: 17892-7. 



	  

	   62	  
	  

222. Wu M-J, Wen M-C, Chiu Y-T, Chiou Y-Y, Shu K-H, Tang M-J. 

Rapamycin attenuates unilateral ureteral obstruction-induced renal 

fibrosis. Kidney Int. 2006; 69: 2029-36. 

223. Park HC, Yasuda K, Ratliff B, et al. Postobstructive regeneration of 

kidney is derailed when surge in renal stem cells during course of 

unilateral ureteral obstruction is halted. AJP: Renal Physiology. 2010; 298: 

F357-64. 

224. Chung ACK, Huang XR, Zhou L, Heuchel R, Lai KN, Lan HY. 

Disruption of the Smad7 gene promotes renal fibrosis and inflammation in 

unilateral ureteral obstruction (UUO) in mice. Nephrology Dialysis 

Transplantation. 2009; 24: 1443-54. 

225. Chevalier RL, Forbes MS, Thornhill BA. Ureteral obstruction as a 

model of renal interstitial fibrosis and obstructive nephropathy. Kidney Int. 

2009; 75: 1145-52. 

226. Wada T, Sakai N, Matsushima K, Kaneko S. Fibrocytes: a new 

insight into kidney fibrosis. Kidney Int. 2007; 72: 269-73. 

227. Cochrane AL, Kett MM, Samuel CS, et al. Renal structural and 

functional repair in a mouse model of reversal of ureteral obstruction. J 

Am Soc Nephrol. 2005; 16: 3623-30. 

228. Sakai N, Furuichi K, Shinozaki Y, et al. Fibrocytes are involved in 

the pathogenesis of human chronic kidney disease. Human Pathology. 

2010; 41: 672-8. 



	  

	   63	  
	  

229. Nimphius W, Moll R, Olbert P, Ramaswamy A, Barth PJ. CD34+ 

fibrocytes in chronic cystitis and noninvasive and invasive urothelial 

carcinomas of the urinary bladder. Virchows Arch. 2007; 450: 179-85. 

230. Tanaka ST, Martinez-Ferrer M, Makari JH, et al. Recruitment of 

bone marrow derived cells to the bladder after bladder outlet obstruction. J 

Urol. 2009; 182: 1769-74. 

231. Cowper SE, Boyer PJ. Nephrogenic systemic fibrosis: an update. 

Curr Rheumatol Rep. 2006; 8: 151-7. 

232. Newton BB, Jimenez SA. Mechanism of NSF: New evidence 

challenging the prevailing theory. J Magn Reson Imaging. 2009; 30: 1277-

83. 

233. Quatresooz P, Paquet P, Hermanns-Le T, Pierard GE. 

Immunohistochemical aspects of the fibrogenic pathway in nephrogenic 

systemic fibrosis. Appl Immunohistochem Mol Morphol. 2010; 18: 448-52. 

234. Vakil V, Sung JJ, Piecychna M, et al. Gadolinium-containing 

magnetic resonance image contrast agent promotes fibrocyte 

differentiation. J Magn Reson Imaging. 2009; 30: 1284-8. 

235. Del Galdo F, Wermuth PJ, Addya S, Fortina P, Jimenez SA. 

NFkappaB activation and stimulation of chemokine production in normal 

human macrophages by the gadolinium-based magnetic resonance 

contrast agent Omniscan: possible role in the pathogenesis of 

nephrogenic systemic fibrosis. Ann Rheum Dis. 2010; 69: 2024-33. 



	  

	   64	  
	  

236. Wiesinger B, Kehlbach R, Hemsen J, et al. Effects of Magnetic 

Resonance Imaging Contrast Agents on Human Umbilical Vein 

Endothelial Cells and Evaluation of Magnetic Resonance Imaging 

Contrast Media-Triggered Transforming Growth Factor-Beta Induction in 

Dermal Fibroblasts (HSF) as a Model for Nephrogenic Systemic Fibrosis. 

Invest Radiol. 2011; 46: 71-6. 

237. Hwang M, Kim H-J, Noh H-J, et al. TGF-beta1 siRNA suppresses 

the tubulointerstitial fibrosis in the kidney of ureteral obstruction. Exp Mol 

Pathol. 2006; 81: 48-54. 

238. Swaminathan S, Arbiser JL, Hiatt KM, et al. Rapid improvement of 

nephrogenic systemic fibrosis with rapamycin therapy: possible role of 

phospho-70-ribosomal-S6 kinase. J Am Acad Dermatol. 2010; 62: 343-5. 

239. Atala A, Bauer SB, Soker S, Yoo JJ, Retik AB. Tissue-engineered 

autologous bladders for patients needing cystoplasty. Lancet. 2006; 367: 

1241-6. 

240. Pattison M, Webster TJ, Leslie J, Kaefer M, Haberstroh KM. 

Evaluating the in vitro and in vivo efficacy of nano-structured polymers for 

bladder tissue replacement applications. Macromol Biosci. 2007; 7: 690-

700. 

241. Kropp BP. Small-intestinal submucosa for bladder augmentation: a 

review of preclinical studies. World J Urol. 1998; 16: 262-7. 



	  

	   65	  
	  

242. Calvano CJ, Moran ME, Parekh A, Desai PJ, Cisek LJ. 

Laparoscopic augmentation cystoplasty using the novel biomaterial 

Surgisis: small-intestinal submucosa. J Endourol. 2000; 14: 213-7. 

243. Portis AJ, Elbahnasy AM, Shalhav AL, et al. Laparoscopic 

augmentation cystoplasty with different biodegradable grafts in an animal 

model. J Urol. 2000; 164: 1405-11. 

244. Kropp BP, Cheng EY, Lin HK, Zhang Y. Reliable and reproducible 

bladder regeneration using unseeded distal small intestinal submucosa. J 

Urol. 2004; 172: 1710-3. 

245. Santucci RA, Barber TD. Resorbable extracellular matrix grafts in 

urologic reconstruction. Int Braz J Urol. 2005; 31: 192-203. 

246. Akbal C, Lee SD, Packer SC, Davis MM, Rink RC, Kaefer M. 

Bladder augmentation with acellular dermal biomatrix in a diseased animal 

model. J Urol. 2006; 176: 1706-11. 

247. Cartwright LM, Shou Z, Yeger H, Farhat WA. Porcine bladder 

acellular matrix porosity: impact of hyaluronic acid and lyophilization. 

Journal of biomedical materials research Part A. 2006; 77: 180-4. 

248. Oberpenning F, Meng J, Yoo JJ, Atala A. De novo reconstitution of 

a functional mammalian urinary bladder by tissue engineering. Nat 

Biotechnol. 1999; 17: 149-55. 

249. Zhang Y, Kropp BP, Moore P, et al. Coculture of bladder urothelial 

and smooth muscle cells on small intestinal submucosa: potential 



	  

	   66	  
	  

applications for tissue engineering technology. J Urol. 2000; 164: 928-34; 

discussion 34-5. 

250. Atala A. Tissue engineering in urology. Curr Urol Rep. 2001; 2: 83-

92. 

251. Kwon TG, Yoo JJ, Atala A. Local and systemic effects of a tissue 

engineered neobladder in a canine cystoplasty model. J Urol. 2008; 179: 

2035-41. 

252. Chung SY, Krivorov NP, Rausei V, et al. Bladder reconstitution with 

bone marrow derived stem cells seeded on small intestinal submucosa 

improves morphological and molecular composition. J Urol. 2005; 174: 

353-9. 

253. Zhang Y, Lin H-K, Frimberger D, Epstein RB, Kropp BP. Growth of 

bone marrow stromal cells on small intestinal submucosa: an alternative 

cell source for tissue engineered bladder. BJU International. 2005; 96: 

1120-5. 

254. De Coppi P, Callegari A, Chiavegato A, et al. Amniotic fluid and 

bone marrow derived mesenchymal stem cells can be converted to 

smooth muscle cells in the cryo-injured rat bladder and prevent 

compensatory hypertrophy of surviving smooth muscle cells. J Urol. 2007; 

177: 369-76. 

255. Anumanthan G, Makari JH, Honea L, et al. Directed differentiation 

of bone marrow derived mesenchymal stem cells into bladder urothelium. 

J Urol. 2008; 180: 1778-83. 



	  

	   67	  
	  

256. Huebsch N, Mooney DJ. Inspiration and application in the evolution 

of biomaterials. Nature. 2009; 462: 426-32. 

257. Sharma AK, Bury MI, Marks AJ, et al. A Non-Human Primate Model 

for Urinary Bladder Regeneration Utilizing Autologous Sources of Bone 

Marrow Derived Mesenchymal Stem Cells. Stem cells (Dayton, Ohio). 

2010. 

258. Sharma AK, Hota PV, Matoka DJ, et al. Urinary bladder smooth 

muscle regeneration utilizing bone marrow derived mesenchymal stem 

cell seeded elastomeric poly(1,8-octanediol-co-citrate) based thin films. 

Biomaterials. 2010; 31: 6207-17. 

 

 

  



	  

	   68	  
	  

Chapter 2 - Experimentation:  Differential Expression of Class I Small 

Leucine-Rich Proteoglycans in an Animal Model of Partial Bladder 

Outlet Obstruction 

A version of this chapter has been accepted for publication in the Journal 

of Urology AAP supplement, October 2012. 

2.1  Introduction 

 Partial bladder outlet obstruction (pBOO) is a significant and 

common problem in urology, resulting in sequelae seen in both adult and 

pediatric patients.  Recent experimental work has demonstrated the 

progressive deterioration of the bladder in an animal pBOO model though 

a process of initial inflammation, followed by hypertrophy, and ending in 

fibrosis1.  The end-stage of the obstructive pathology involves fibrosis from 

deposition of collagen in the bladder wall2.  How this process occurs and is 

regulated remains to be elucidated. 

 Small leucine-rich proteoglycans (SLRPs) are a series of structurally 

and functionally related extracellular matrix molecules that are present in 

connective tissue and regulate key steps in cell adhesion, gene 

expression, and growth factor activity3.  The process of collagen 

fibrillogenesis is thought to be regulated by a tightly controlled and 

orchestrated sequence of SLRPs binding to collagen fibrils, resulting in a 

correctly synthesized matrix with specifically determined physical 

properties.  SLRPs are divided into four classes based on their temporal 
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expression3.  Prior work has shown in models of pulmonary fibrosis4, liver 

cirrhosis5, and hypertrophic scar6 that the expression and synthesis of two 

specific SLRPs is pathologically altered: decorin tends to be 

downregulated, and biglycan tends to be upregulated. 

 Decorin and biglycan are class I SLRPs.  Decorin has multiple high 

affinity binding sites to collagen, and has been shown to regulate the 

diameter of collagen fibrils so that resultant helices are thinner and more 

regular in diameter7.  Biglycan has two separate glycosaminoglycan 

chains, both of which are thought to be critical in its binding mechanism to 

the forming collagen helix.  Biglycan has been shown to be important in 

regulating collagen cross linking without having an effect on fibril 

diameter8. 

 SLRPs have not been described in fibrosed bladder.  Prior work has 

demonstrated that the pathology behind the process of pBOO is heavily 

dependent on immune system activation9.  We hypothesized that the 

scarring process in this model should provide a similar SLRP profile as 

other previously studied scar models, in that pBOO would show a 

progressive decrease in decorin, alongside an increase in biglycan. 

2.2  Materials & Methods 

2.2.1  Animal Use & Surgical Partial Bladder Outlet Obstruction 

 Full approval from the University of Alberta Animal Care and Use 

Committee was obtained prior to commencing research.  Adult female 
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Fisher rats underwent a pBOO procedure as previously described10.  

Anesthesia was induced with isoflurane, and the bladder exposed through 

a lower midline incision.  An 18 gauge angiocatheter was introduced into 

the bladder through a superior cystotomy and advanced to the urethra. 

Urodynamics were performed at an infusion rate of 0.1 cc per minute, with 

pressure measurements being obtained by a transducer at 15 second 

intervals.  Infusion was halted once leakage was visually detected at the 

urethral meatus. 

 Following conclusion of urodynamic measurements, the catheter was 

advanced antegrade into the urethra, and dissection of the bladder neck 

was undertaken with a right angle clamp.  The clamp was passed around 

the urethra immediately below the level of the ureters, and a 2-0 silk 

suture was passed around and gently tied, using the angiocatheter as a 

calibration stent.  The catheter was then removed and the cystotomy 

closed.  The abdomen was closed in two layers. 

 Rats were sacrificed at 4, 8, and 12 week time points, alongside a 

sham group at 11 weeks.  A total of three (n=3) animals were included in 

each time point, resulting a total of 12 animals.  In the sham, the surgical 

procedure was identical aside from the passing of a silk suture around the 

urethra.  Animal weight was obtained prior to surgery, and followed over 

the course of the experiment as a measure of animal health. 

 At sacrifice, urodynamics were performed and organs harvested.  
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Harvested tissue was either snap frozen in liquid nitrogen for subsequent 

protein and nucleic acid analysis or fixed in 4% paraformaldehyde as well 

as Shandon Cryomatrix (Thermo Scientific, UT).  Paraffin and Cryomatrix 

blocks were mounted and sectioned. 

2.2.2  RT-PCR 

 Total RNA was extracted from snap-frozen tissue specimens. Tissue 

was deep frozen in liquid nitrogen, then homogenized using a Micro-

Dismembrator (B. Braun Biotech Inc., Allentown, PA).  The powder was 

reconstituted in Trizol solution.  Total RNA extracted using RNeasy spin 

columns (Qiagen, Mississauga, ON, Canada).  Contamination from 

genomic DNA was removed by DNAse digestion for 60 minutes.  First 

strand cDNA was synthesized using random primers in a first strand 

synthesis kit (Sigma, Oakville, ON, Canada).  Real-time RT-PCR was 

conducted using Power SYBR Green PCR Master Mix (ABI, Foster City, 

CA) in a 25 µL tube for a total reaction volume of 25 µL containing 1 µL of 

first strand product and 0.2 µM of gene specific upstream and downstream 

primers for decorin and biglycan.  For control reactions, GAPDH primers 

were used.  Amplification and analysis were performed using an ABI 7300 

real-time system (Applied Biosystems, Foster City, CA).  Cycling 

conditions were an initial denaturation at 95oC for 3 minutes, followed by 

40 cycles consisting of a 15 second denaturation interval at 95oC, and a 

30 second interval for annealing and primer extension at 60oC.  GAPDH 

amplification was used for standardization of the amplification curves.  
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Primer sequences for biglycan were GATGGCCTGAAGCTCAA for the 

forward sequence, and GGTTGTTGAAGAGGCTG for the reverse.  Primer 

sequences for decorin were TGGCAGTCTGGCT for the forward 

sequence, and ACTCACGGCAGTG for the reverse.  Primer sequences 

for GAPDH were CCTGGAGAAACCTGCCAAGTAT for the forward 

sequence, and CTCGGCCGCCTGC for the reverse. 

2.2.3  Immunofluorescent Staining 

 Using Cryomatrix blocks, sections at 8 µm were mounted and initially 

fixed in acetone for 10 minutes, then permeabilized using Triton-X 100 

solution at 0.5% for 10 minutes.  Slides were then washed with PBS, and 

blocked using BSA 5% for 1 hour at room temperature.  Incubation with 

primary antibodies was done at 4oC temperature overnight at 1:200 

dilution in a solution of PBS containing 1% BSA. 

 Primary antibodies used were sourced from Santa Cruz 

Biotechnology (Santa Cruz, CA), including mouse anti-human decorin 

(SC-73896) and rabbit anti-human biglycan (SC-33788).  Secondary 

antibody incubation was then performed using Alexa-fluor conjugated 

antibodies sourced from R&D Systems (Minneapolis, MN), including anti-

rabbit-594 and anti-mouse-488, for 1 hour at room temperature.  After 

washing the sections with PBS, DAPI staining and coverslip mounting was 

performed using ProLong Gold Antifade reagent (Invitrogen, ON, 

Canada).  Control immunostaining was performed using an appropriate 
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nonimmune serum resulting in negative staining results (data not shown).  

Images were captured using Carl Ziess Laser Confocal Microscope 

equipped with LSM5 software (Carl Ziess MicroImaging Inc., Thornwood, 

NY).  Image pixel intensity was measured using ImageJ software (National 

Institutes of Health, USA).  A total of four images were captured per slide. 

2.2.4  Statistical Analysis 

 Data are presented as mean (standard deviation), and for parametric 

statistical analysis an unpaired two-tailed Student’s t-test was performued 

using STATA Version 10.0 software (StataCorp, College Station, TX).  A 

p-value of <0.05 was considered to indicate statistical significance. 

2.3  Results 

2.3.1  Animal Health 

 All animals used in our data collection survived to experimental 

endpoints in good health.  Analysis of body weight revealed no significant 

difference between obstructed and sham animals. 

2.3.2  Immunofluorescent Staining for Decorin 

 A clear trend for decreased fluorescent intensity over the 

experimental time course was evident on anti-decorin stained sections 

(Figure 2.1).  Anti-decorin staining was localized to the interstitial areas 

surrounding muscle fibers, with minimal staining in urothelial layers.  

Quantitation of pixel intensity in ImageJ revealed a decrease in intensity 
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spanning across the experimental time course, with a statistically 

significant difference compared to sham appearing at 12 weeks (45.7 +/- 

5.6 vs 16.3 +/- 1.7 intensity units, 2.76 fold, p=0.02) (Figure 2.2). 

2.3.3  Immunofluorescent Staining for Biglycan 

 Image intensity was clearly augmented when examining anti-biglycan 

fluorescence over the experimental time course.  Once again, staining 

was localized to the interstitial areas surrounding muscle fibers with 

minimal staining in the urothelial layers (Figure 2.3).  Quantitation of pixel 

intensity in ImageJ revealed an increase in intensity across the 

experimental time course, with a statistically significant difference 

compared to sham at 12 weeks (65.5 +/- 2.48 vs 35.9 +/- 1.38 intensity 

units, p=0.02) (Figure 2.4). 

2.3.4  Realtime Quantitative PCR 

 Quantitative PCR revealed a progressive downregulation of decorin 

mRNA over the experimental time course.  This was most significant at 

the 12 week time point compared to sham (Mean CT Fold Change 0.45 +/- 

0.24 vs 2.54 +/- 0.34, p=0.02), and also significant at the 8 week time 

point (p=0.01) (Figure 2.5). 

 There was a simultaneous upregulation of biglycan mRNA observed 

over the experiment. This was most pronounced at the 12 week time point 

(Mean CT Fold Change 2.04 +/- 0.33 vs .82 +/- 0.43, p=0.08) (Figure 2.6) 
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2.4  Discussion 

 While the end stage of pBOO remains a scarred, fibrotic bladder both 

clinically and in animal models, the process leading to the development of 

this fibrosis remains a mystery.  Recent studies have shown SLRPs to be 

essential to the process of normal collagen fibrillogenesis in other 

anatomic sites and pathologic processes.  However, the pattern of SLRP 

expression in an abnormal bladder has yet to be described. 

 We present the first description of differential SLRP expression in a 

model of an abnormal bladder.  While SLRPs, specifically decorin, have 

been identified in bladder tissue in the past11, they have yet to be 

described in a model allowing for temporal examination of the pathologic 

process.  Other anatomic sites have shown that as abnormal collagen is 

synthesized and scar is laid down, biglycan tends to be more present than 

in normal tissues, and decorin tends to be more absent6, 12.  Our results in 

this paper confirm these findings in the setting of bladder inflammation and 

fibrosis. 

 The aim of this study was to confirm altered SLRP regulation in an 

obstructed bladder.  We found a downregulation of decorin mRNA over 

the time course of the experiment, and upregulation of biglycan mRNA.  

These results were significant at the 12 week time point compared to 

sham, but the trend was visible over the duration of the experimental time 

course.  Immunofluorescent staining revealed the same trend in these 

molecules.  These results provide evidence of consistency of the altered 
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regulation of these molecules on both a message and protein level.  

Decreased levels of decorin have previously been linked to development 

of scars, with reduction of scar mirroring the return of decorin to normal 

levels12.  Furthermore, a diminished amount of decorin leads to the 

synthesis of collagen fibrils that are irregular in diameter, and thus show 

impaired tensile strength13.  In a tissue that continually cycles, stretches, 

and contracts, it is not inconceivable that weak and continually damaged 

collagen may lead to a further progression of local inflammation.  

Furthermore, decorin has been shown to have a key role in the induction 

of apoptosis14.  Its absence early in the process of pBOO could help 

contribute to the muscle hypertrophy and hypercellularity that was 

previously described by our group.  Altogether, an abnormally diminished 

level of decorin in this setting may contribute to the development of 

scarring in our model, this accelerating the development of an end-stage 

bladder. 

 The role of biglycan in the inflammatory process only beginning to be 

understood.  Prior work has shown that it may portend a role in 

inflammatory signaling, where in a renal obstruction model, biglycan levels 

were found to increase prior to macrophage infiltration15.  Other work has 

shown that soluble biglycan can interact with Toll-like receptors on 

macrophages16. Furthermore, biglycan deficient mice in a unilateral 

ureteral obstruction model demonstrate impaired mononuclear cell 

infiltration16.  Biglycan deficient mice have been shown to have a survival 
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benefit in lipopolysaccharide induced sepsis, with lower circulating levels 

of inflammatory cytokines17.  It is becoming clear that this is a key 

molecule in the activation of the immune system, and not merely a 

bystander in the building blocks of the extracellular matrix.  The increase 

we demonstrate in biglycan levels correlates with the induction of an 

inflammatory response.  Our prior work demonstrated a strong and 

prominent inflammatory infiltrate in pBOO-affected bladders, which 

correlated with the upregulation of multiple pro-inflammatory markers.  As 

biglycan appears to be crucial in the functioning of the inflammatory 

response, the robust and early increase we see in biglycan levels in this 

study would corroborate these results. 

 SLRPs appear to have an important role in immune system signaling 

and regulation as well.  Studies have shown that decorin and biglycan, 

both in in-vitro18 and in-vivo4 models, can bind to TGF-β1, which is a key 

fibrotic mediator and involved in multiple systems of cellular signaling, 

proliferation, and inflammation.  These studies suggest that there exists an 

inverse relationship between TGF-β1 signalling and resultant fibrosis, and 

SLRP expression. 

 Our group has previously reported the natural history of pBOO in this 

model1.  We identified that these animals demonstrated from an initial 

inflammatory phase to smooth muscle hypertrophy at 4 weeks, and 

eventual fibrosis by 8-13 weeks.  Urodnamic changes mirrored this 

process, with an initial increase in bladder capacity followed by a 
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decrease, as well as progressive increases in pressure .  Collagen levels 

increased throughout the process.  Our demonstration of the temporal 

relatinoship of SLRPs correlates with this data, giving further evidence that 

the pathway to fibrosis begins early after pBOO. 

 The promise of understanding the function and regulation of SLRPs 

could hold considerable therapeutic potential.  It has been previously 

shown that augmenting decorin levels in scar models can lead to a 

favorable scarring outcome19, 20.  The regulation of biglycan can 

theoretically lead to the development of a novel systemic or local anti-

inflammatory strategy.  Such treatements could potentially delay or 

prevent the onset of bladder fibrosis and development of the “end-stage” 

bladder  .  Garnering a better understanding of how to control the 

molecular mechanisms of inflammation in the bladder can potentially 

prevent multiple urologic morbidities, delay need for bladder 

augmentation, and potentially even improve quality of life by maintaining 

voiding function. 

 Our study has several important limitations that must be considered.  

Our numbers in this study are limited with 3 animals per experimental time 

point.  The time course of the experiment also only progresses to 12 

weeks, which potentially is not long enough to see further changes in 

bladder function and SLRP expression.  While these are important 

limitations to consider, we feel that they do not impede the interpretation of 

the trends present in our data. 
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 We present the first demonstration of differential SLRP expression in 

a model of a fibrotic bladder.  The results we present here provide a new 

avenue for future therapeutic development for the prevention of bladder 

fibrosis in a clinical setting.  A better understanding of the regulation of 

these important molecules and their exact roles in collagen fibrillogenesis 

can provide key information for the treatment of long term partial bladder 

outlet obstruction. 
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2.5  Figures 

 

Figure 2.1: Immunofluorescent staining for decorin.  Staining is localized 
to the interstitial areas of the bladder wall.  A decrease in pixel intensity is 
evident over the experimental time course. 
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Figure 2.2: Image intensity analysis for decorin immunofluorescent 
staining.   

A clear decrease in pixel intensity is seen over the experimental time 
course. 
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Figure 2.3: Immunofluorescent staining for biglycan.  Staining is localized 
to the interstitial areas of the bladder wall.  An increase in pixel intensity is 
evident over the experimental time course. 
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Figure 2.4: Image intensity analysis for biglycan immunofluorescent 
staining.   

A clear increase in pixel intensity is seen over the experimental time 
course. 
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Figure 2.5: Decorin expression by RT-qPCR.   

Decorin is consistently downregulated over the experimental time course. 
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Figure 2.6: Biglycan expression by RT-qPCR.   

Biglycan is consistently upregulated over the experimental time course, 
and approaches statistical significance at 12 weeks. 
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Chapter 3: Experimentation – Novel Oral Medical Management of 

Partial Bladder Outlet Obstruction in an Animal Model 

3.1  Introduction 

 Partial bladder outlet obstruction (pBOO) is a problem seen in 

nearly all disciplines of urology, ranging from males with benign prostatic 

hyperplasia or urethral stricture, to children with posterior urethral valves 

or spinal cord dysraphisms1.  Clinically this presents in a slow insidious 

process, where the bladder initially can compensate for increased voiding 

pressure requirements, however this eventually progresses to a thick-

walled and fibrosed organ that lacks adequate contractility or compliance2.  

While a great deal of clinical knowledge has been accrued regarding the 

natural history and management of this condition, the mechanisms behind 

bladder decompensation remain poorly understood. 

 The mainstay of treatment of pBOO involves three targets: relieving 

obstruction, maintaining low voiding pressures, and maintaining adequate 

bladder capacity.  In the myelodysplasia cohort, where hypercontractile 

denervated bladder contracts against a dyssynergic sphincter, aggressive 

management is undertaken with anticholinergic therapy and clean 

intermittent catheterization.  While this is effective, many of these patients 

still develop high storage pressures, and as such require surgical 

intervention3. 
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 An animal model for pBOO has been previously described in a rat, 

and found to mimic the clinical scenario well4.  This model demonstrates 

discrete temporal changes that occur in the bladder secondary to the 

induction of obstruction.  Initially the bladder becomes hypertrophic and 

large, accommodating for the increased voiding pressure requirements.  

As time progresses, the bladder decompensates and voiding pressures 

increase.  Analysis of this model showed changes in multiple inflammatory 

cytokines, indicating that this deterioration happens in specific phases.  As 

such, we postulated that alteration of specific molecular signaling 

pathways should be able to alter the process of bladder decompensation. 

 We identified three medications to assess in our animal model of 

pBOO: oxybutynin, rapamycin, and tadalafil.  Oxybutynin is the current 

standard-of-care anticholinergic medication used to treat overactive and 

obstructive bladders.  Its mechanism of action centers on targeting 

muscarinic receptors in the bladder, and inducing relaxation of smooth 

muscle5.  Rapamycin is a potent inhibitor of the mTOR pathway, and has 

been shown to be antifibrotic and antiproliferative in both clinical6 and in-

vitro7 studies.  As multiple inflammatory cytokines related to mTOR had 

been identified in our previous work, we postulated that rapamycin 

treatment could have an effect on this process.  Phosphodiesterase-5 

inhibitors were initially developed for treatment of pulmonary hypertension, 

and are commonly used in urology for treatment of erectile dysfunction.  

They have been found to concurrently improve lower urinary tract 
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symptom scores8, presumably by targeting PDE-5 enzymes found in the 

lower urinary tract and relaxing the bladder9.  Tadalafil has the longest 

half-life of the PDE-5 inhibitors, and as such it was felt to be good 

candidate for treatment of this condition in this study. 

 We hypothesized that treatment of an obstructed bladder in an 

animal model with oxybutynin, rapamycin, or tadalafil would provide an 

improved urodynamic profile in comparison to untreated obstructed 

controls undergoing the natural disease history.  

3.2  Materials & Methods 

3.2.1  The Animal Model 

 Prior to commencing experiments, full approval was obtained from 

the University of Alberta Animal Care and Use Committee.  Female 

Sprague-Dawley Rats at 200-225 grams underwent pBOO induction 

surgery4.  Female rats were specifically used due to favorable anatomy for 

the obstruction procedure.  Anesthesia was induced using isoflurane.  The 

animal was positioned supine, shaved and sterilized using Germi-Stat 

solution.  A lower midline incision was used to expose the bladder, and an 

18-gauge angiocatheter introduced through a superior cystotomy and 

advanced to the urethra.  The urethra and ureters were dissected bluntly, 

and a 4-0 silk tie passed posterior to the urethra.  The silk tie was then tied 

gently to induce partial obstruction around the bladder neck, using the 
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angiocatheter as a calibrating stent.  The catheter was then removed, and 

the cystotomy closed using a 4-0 vicryl suture.  The abdomen was closed 

in layers, anesthesia was reversed, and animals were allowed to recover. 

 A total of five experimental animals were used for each medication 

at specific experimental time points, defined as 4, 8, 12, and 16 weeks 

post-pBOO surgery.  Three controls, which underwent pBOO induction but 

did not receive medication were used at each time point. 

3.2.2  Animal Health 

 Postoperative monitoring was done in a twice-daily fashion for the 

first three postoperative days.  Animals were assessed for overall 

appearance, grooming, and porphyrin staining.  Using these variables, 

pain scores were calculated using a standard scoring sheet.  Morphine 

was administered at these assessments as required.  Following this initial 

postoperative period, animals were assessed during daily gavage, and 

weighed weekly. 

3.2.3  Medication Administration 

 One week following surgery, medication administration was 

commenced using oral gavage on a daily basis.  Control animals received 

gavage of 1cc saline, in order to account for potential stress effects of the 

gavage procedure, while experimental animals received 3 mg/kg 

oxybutynin, 2 mg/kg tadalafil, or 2 mg/kg rapamycin.   
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3.2.4  Urodynamic Testing, Animal Sacrifice, and Tissue Collection 

 Once the animals reached experimental end points, urodynamic 

testing was performed under anesthesia.  An 18-gauge angiocatheter was 

introduced into the bladder dome and secured with a purse-string suture.  

The bladder was completely drained.  A y-connector with tubing was 

attached to the angiocatheter with one end at a saline pump, and the other 

to a Digi-Med LPA 400 System (Micro-Med Inc, KY, USA), set to read 

pressure measurements once per second.  Infusion of saline was the 

commenced at 0.1 cc / minute.  Peak bladder capacity was determined 

when leakage of urine was first seen at the urethral meatus. 

 After obtaining urodynamic measurements, animals were sacrificed 

using anesthetic overdose and exsanguination. Bladders and kidneys 

were harvested, and inspected for presence or absence of hydronephrosis 

and bladder stones.  Bladder wet weight was obtained.  Paraffin sections 

were obtained by placing tissue in foam blocks for support and 

minimization of contraction in 4% PFA solution.  Frozen sections were 

obtained by embedding tissue in Shandon Cryomatrix (Themo Electron 

Corp, PA, USA).  The remainder of tissue was snap frozen in liquid 

nitrogen and stored at -80oC. Paraffin blocks were created from the 

paraformaldehyde fixed specimens and sectioned to a thickness of 5 µm.   

3.2.5  Histologic Analysis 
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 Paraffin sections were stained with hematoxylin and eosin (H&E) or 

Gomori Trichrome stain.  Photomicrographs were taken using a digital 

camera (Nikon Coolpix 4500) mounted on a microscope (Nikon Optishot 

2) using 20x optical magnification.  All photographs were taken with 

identical lighting and exposure settings alongside a micrometer to ensure 

comparability. 

3.2.6  Real-Time Quantitative PCR 

 Total RNA was extracted from snap-frozen tissue specimens. 

Tissue was first deep frozen in liquid nitrogen, then homogenized by 

shaking to powder using a Micro-Dismembrator (B. Braun Biotech Inc., 

Allentown, PA).  The powder was reconstituted in Trizol solution.  Total 

RNA was extracted using RNeasy spin columns (Qiagen, Mississauga, 

ON, Canada) following the manufacturers recommendations.  

Contamination from genomic DNA was removed by DNAse digestion for 

60 minutes.  First strand cDNA was synthesized using random primers in 

a first strand synthesis kit (Sigma, Oakville, ON, Canada).  Real-time RT-

PCR was conducted using Power SYBR Green PCR Master Mix (ABI, 

Foster City, CA) in a 25 µL tube for a total reaction volume of 25 µL 

containing 1 µL of first strand product and 0.2 µM of gene specific 

upstream and downstream primers for decorin and biglycan.  GAPDH was 

used as a housekeeping gene.  Amplification and analysis were performed 

using an ABI 7300 real-time system (Applied Biosystems, Foster City, 

CA).  Cycling conditions were an initial denaturation at 95oC for 3 minutes, 
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followed by 40 cycles consisting of a 15 second denaturation interval at 

95oC, and a 30 second interval for annealing and primer extension at 

60oC.  GAPDH amplification was used for standardization of the 

amplification curves.  Species-specific primer sequences were used for 

decorin, biglycan, mTOR, TGF- β, HIF-1a, and CTGF, and are outlined in 

Table 3.2.   

3.2.7  Hydroxyproline Analysis 

 Tissue collagen content was determined using liquid 

chromatography / mass spectrometric analysis of 4-hydroxyproline from 

snap frozen samples10.  An internal standard (N-methyl-L-proline) was 

added to freeze-dried bladder tissue, then hydrolyzed overnight at 115OC.  

The O-butyl ester derivatives were then prepared using 10% BF2 ethanol 

for 30 minutes at 120OC after drying the hydrolysate.  Liquid 

chromatography mass spectrometry analysis was performed using a 

Hewlett-Packard mass selective detector monitoring for ions at m/z 186 

and 188.  Results are expressed as µg hydroxyproline per mg of dry 

sample weight. 

3.2.8  Data presentation and Statistical Calculation 

 Parametric statistics were performed throughout using a 2-tailed 

unpaired Student t-test using STATA statistical software.  A threshold of 

p<0.05 was set to determine statistical significance.  Graphs were 
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constructed using mean values and error bars representing the standard 

error of the mean. 

3.3  Results 

3.3.1  Animal Health 

 Rats included in the analysis remained healthy to all experimental 

endpoints.  In these animals, there was no statistically significant 

difference in weight either pre-pBOO or among animals at specific time 

points.  Animal survival is outlined in Table 3.1.  Of note, only one of five 

animals in the 16-week rapamycin treated animals survived.  These 

animals were found to exhibit physical signs of dehydration and lethargy, 

and had evidence of pyocystis on autopsy.  Together, these findings are 

compatible with a septic cause of death. Hydronephrosis was present in 

two animals; one in the 4-week oxybutynin group, and another in the 12-

week oxybutynin group.   

3.3.2  Urodynamic Outcomes 

 Urodynamic data were obtained to demonstrate functional changes 

elicited by medical therapy in the obstructed animals.  These were 

compared to controls for representation of longitudinal changes in an 

obstructed bladder. 
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3.3.2.1  Bladder Capacity  

 A smoothed curve of bladder capacity measurements for control 

and treated animals was plotted and analyzed (Figure 3.1).  Control 

animals had an initial rise in bladder capacity at 4 weeks at nearly 250% of 

baseline, followed by a steady decline as time progressed.  Oxybutynin 

treatment resulted in an initial rise in bladder capacity at 4 weeks (p<0.05), 

followed by a decrease at 8 weeks, followed by an increase at 12 weeks 

(p<0.05).  Tadalafil provided a similar trend to oxybutynin, with an initial 

increase at 4 weeks (p<0.05), followed by a smoother more gradual 

decrease in capacity prior to a late increase.   

3.3.2.2  Bladder Pressure 

 A smoothed curve of measured bladder pressure revealed that 

oxybutynin treated bladders had the highest pressures overall throughout 

the study, particularly at the 12 week time point (p<0.05)  (Figure 3.2).  

Tadalafil treated bladders had pressures that did not differ significantly 

from controls, as did rapamycin treated bladders.  Rapamycin treated 

bladders, however, demonstrated the lowest measured pressures of the 

group, and were significantly lower than oxybutynin treated bladders at the 

8 and 12 week time points (p<0.05). 

3.3.2.3  Bladder Compliance 

Smoothed curves of calculated bladder compliance revealed that 

rapamycin treatment offered little advantage to control (Figure 3.3).  

Oxybutynin treatment resulted in an initial increase in compliance, 
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followed by a decrease, and a significant increase at 12 weeks (p<0.05).  

Tadalafil treatment resulted in a similar pattern to oxybutynin, although 

with a greater time interval to a drop in compliance. 

3.3.3  Organ and Tissue Analysis 

3.3.3.1  Bladder Weight 

 In early phases of obstruction at 4 weeks, oxybutynin and 

rapamycin treated bladders were heavier than control bladders (p<0.05).  

Tadalafil treated bladders at the 4-week time point were significantly 

lighter than controls (p<0.05).  At the 12 week time point, tadalafil treated 

bladders were still significantly lighter than controls (p<0.05), and 

oxybutynin treated bladders were heavier (p<0.05).  While this trend 

persisted at the 16-week time point, it was not statistically significant. 

(Figure 4) 

3.3.3.2  Bladder Thickness 

 Bladders were thickest at the 4-week time point on H&E sections 

measured with a micrometer.  Tadalafil bladders were significantly thinner 

than controls (p<0.05), and demonstrated a more ordered tissue 

architecture and less smooth muscle hypertrophy than other groups.  This 

effect was durable up to the 16-week time point.  In the 16-week time point 

both oxybutynin and rapamycin treatment provided a thinner bladder wall, 

but this effect was not seen in earlier phases (p<0.05) (Figure 3.5) (Figure 

3.6) (Figure 3.7). 
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3.3.4  Real Time RT PCR 

 RT-qPCR was performed for decorin, biglycan, mTOR, TGF-β, HIF-

1α, and CTGF.  No statistically significant changes in mRNA expression 

were seen past the 4-week time point.  However, there were multiple 

notable differences seen at 4 weeks.  Both decorin and biglycan were 

upregulated compared to controls, as was TGF-β.  HIF-1α was seen to be 

decreased in the rapamycin treated animals, as well as tadalafil.  No 

differences were seen with mTOR and CTGF (Figure 3.8). 

3.3.5  Hydroxyproline Analysis 

 Control animals demonstrated a decrease in hydroxyproline levels 

followed by a sharp increase as the experiment progressed.  Oxybutynin 

treated animals demonstrated fluctuating levels, which failed to reach 

significance.  Rapamycin treatment resulted in a progressive increase in 

hydroxyproline levels, reaching a peak at 12 weeks (p<0.05).  Tadalafil 

treatment resulted in a progressive decrease in hydroxyproline, reaching a 

nadir at 16 weeks with the lowest hydroxyproline levels seen in the course 

of the experiment (p<0.05) (Figure 3.9) 

3.4  Discussion 

Partial bladder outlet obstruction (pBOO) is perhaps the most 

commonly seen condition in urology.  Current mainstays of therapy involve 

medical treatment to relieve obstruction or protect the bladder with 

anticholinergic drugs, but surgical treatment in many patients is a 
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requirement for maintenance of renal health 11-13.  In this study, we aimed 

to demonstrate that medical therapy with novel treatments can have 

positive effects on urodynamic parameters, histologic outcomes, and 

biochemical profiles.  

A need exists for better medical management of pBOO prior to 

surgical intervention.  While clinical evidence has shown that aggressive 

management of pBOO in pediatric patients leads to improved outcomes, 

progression to high-pressure bladders and renal risk remains significant14.  

By instituting novel medications that could delay this process, either alone 

or in conjunction with other medical therapy, the need for surgical 

intervention in many cases could be delayed significantly. 

The availability of a reproducible animal model is critical in the 

search for novel medical treatments for pBOO.  Our group has previously 

developed such a model in the rat, showing that pBOO progresses in this 

model in a similar fashion to what is seen clinically.  Obstructed bladders 

pass though phases of inflammation, hypertrophy, and finally fibrosis.  

Most importantly, this model is readily available and reproducible, without 

compromising animal health 4.  This lends an ideal scenario to the 

investigation of new therapies. 

 In this study, our untreated control animals developed urodynamic 

profiles that parallel our prior work.  There was an initial increase in 

bladder capacity with the induction of obstruction, followed by a decrease.  
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Bladder pressures in our controls rose over the course of the study.  

Bladder compliance initially increased, and decreased as time passed.  

These findings confirm the reproducible nature of our model, and reinforce 

the natural history of an untreated, obstructed bladder. 

 We have demonstrated that the changes that occur in an untreated 

obstructed bladder are pharmacologically alterable.  Both oxybutynin and 

tadalafil had significant positive effects on increasing bladder capacity and 

compliance throughout the experiment.  Each of these medications 

preserved the initial increase in capacity and compliance longer than in 

controls, and afforded a longer time to deterioration.  While tadalafil had a 

similar effect to oxybutynin in this regard, the effect appears to be longer 

lasting and thus more durable.  Oxybutynin bladders had the highest 

pressures throughout the study, which in conjunction with their histologic 

thickness and evidence of muscle preservation, could be due to preserved 

detrusor contractility. Rapamycin treated bladders did not demonstrate 

improvements in either capacity or compliance, but did have the lowest 

pressures recorded, and were statistically different than the high 

pressures seen with oxybutynin treatment.  These effects, however, were 

at a dose that resulted in increased mortality.  Tadalafil had the least 

hypertrophy noted, with thinner and lighter bladders, and least measured 

collagen deposition. 

 The urodynamic results presented show that oxybutynin and 

tadalafil afford a more favorable urodynamic profile than no treatment or 
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rapamycin.  Our histologic and molecular results corroborate these results.  

H&E stains demonstrate that, particularly in the initial inflammatory and 

hypertrophic phases of obstruction, tadalafil and oxybutynin have a 

protective effect on bladder wall thickness.  Particularly, the tadalafil 

treated bladders have less evidence of muscle hypertrophy, and this effect 

is maintained throughout the experiment.  These findings are paralleled in 

bladder wet weight measurements.   

 The use of tadalafil or other PDE-5 inhibitors in treatment of bladder 

outlet obstruction is a novel concept.  With initial use in men with erectile 

dysfunction, it was found that voiding symptom scores were concurrently 

improved 15.  Further research has demonstrated that PDE-5 mRNA is 

expressed in high levels in the bladder and lower urinary tract 9.  PDE-5 

inhibitors have been used in pBOO models previously, and these have 

shown preservation of muscle function on contractility assays 16 17, as well 

as increases in cAMP and cGMP 18.  Also, iNOS has been shown to be 

critical for the prevention of pBOO mediated bladder deterioration 19.  Our 

work, demonstrating that tadalafil preserves bladder capacity and 

compliance, while not having a significant effect on bladder pressure, 

corroborates such prior findings showing improvements in bladder 

contractility following chronic PDE-5 inhibitor administration. 

 Recent studies have shown that hypoxia is likely to be a critical 

component of the process of bladder deterioration in pBOO 20.  In clinical 

settings, non-invasive oximetry has been used to map bladder 
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oxygenation 21,22.  Hypoxia has been demonstrated to be present in 

obstructed bladders experimentally, leading to multiple cellular stress 

mechanisms and induction of apoptosis23. In animal models, it has been 

shown that vardenafil improves bladder tissue oxygenation24.  Our tadalafil 

treated bladders demonstrated less hypertrophic change, better capacity, 

better compliance, and more ordered tissue architecture on histologic 

stains.  Given the critical role of oxygenation and hypoxia previously 

demonstrated in pBOO induced bladder deterioration, it is possible that 

tadalafil supports vascular flow in the obstructed bladder through NO-

mediated vascular relaxation.  As such, the cascade of hypoxia-triggered 

events leading to hypertrophy and fibrosis could be delayed, as 

demonstrated by our experimental results. 

 HIF-1α is a critical transcription factor involved in the acute 

inflammatory response and the cellular response to hypoxia.  It is 

activated by mTOR kinase and has previously been described to be 

upregulated in obstructed bladders and in fibrosis models.  We found that 

HIF-1α transcription was downregulated on RT-PCR at 4 weeks in the 

rapamycin and tadalafil treated animals.  This is an expected result of 

rapamycin treatment, and suggests adequate dosing. Tadalafil has been 

previously described to reduce HIF-1α levels to normal in urinary tract 

tissues in hypertensive rats9, but this has not been described in an 

obstructed model.  Furthermore, HIF-1α has been shown to be a critical 

mediator of fibrotic pathways25, and we found tadalafil treated rats to have 
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lowest levels of tissue hydroxyproline at late phases of the study.  

Together, this suggests that tadalafil, by altering the HIF-1α pathway, has 

an anti-fibrotic effect.  Treatment with PDE-5 inhibitors in other anatomic 

sites has indeed shown similar effects.  Inhibition of muscle hypertrophy 

has been seen in models of ischemic and obstructed cardiac flow, 

pulmonary arterial hypertension, and heart failure26-28.  Clinically it has 

been shown to have antifibrotic effects in post-prostatectomy erectile 

dysfunction29 and scleroderma30.   

HIF-1α is considered a master regulator of the hypoxic response.  

Following its activation, multiple effects are seen on a cellular and global 

level31.  Glycolytic enzymes are induced, VEGF transcription is induced, 

iNOS is activated, and erythropoietin is synthesized.  Through induction of 

glycolysis, angiogenesis from VEGF activation, and iNOS induced 

vasodilation, HIF-1α allows for protection of the cell from long term 

hypoxic damage.  HIF-1α has also been shown to phosphorylate focal 

adhesion kinase (FAK), resulting in  smooth muscle cell migration, 

proliferation, and adhesion during the remodeling response32.  

Furthermore, activation of the PI3K/Akt, mTOR, and HIF-1α pathways in 

response to hypoxia results in alterations in integrin expression, leading to 

further remodelling of the extracellular matrix33-35.  Integrin expression and 

signaling, alongside FAK activation as well as TGF-β signaling, have been 

shown to induce myofibroblast differentiation36.  FAK activation as well has 

been shown to be dependent on mechanical stretch via integrin pathways, 
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and results in further mTOR complex activation37.  As such, a combination 

of hypoxia, mechanical stretch, HIF-1α activation, TGF-β signaling, FAK 

activation, integrin pathway activation, and mechanical stretch are 

regulated in a complex interplay, with fibroblast activation and tissue 

remodelling being the end result.  Indeed, all of our obstructed animals 

had elevated levels of TGF-β, residing high on the hypoxia pathways 

described above, but the best histologic outcomes were seen with 

decreased levels of HIF-1α.  Given the complexity of these pathways, and 

the sheer number of stimulatory, inhibitory, and effector molecules, it is 

highly likely that pBOO pathology and its partial inhibition through medical 

therapy depends on other cytokines which were not measured in our 

analysis. 

Our results show decreased activation of hypoxic pathways with 

tadalafil and rapamycin treatment reflected in HIF-1α levels.  However, 

tadalafil treatment resulted in an initial inhibition of bladder smooth muscle 

hypertrophy compared to no treatment, whereas rapamycin treatment did 

not.  It is possible that tadalafil provides obstructed bladder tissues with 

better vascular supply, leading to less activation of hypoxic pathways, 

resulting in less downstream activation of myofibroblasts.  Rapamycin, 

inhibiting the mTOR complex, resulted in decreased HIF-1α expression.  

However, hypertrophy and fibrosis proceeded in these tissues in a manner 

not significantly different than control.  This suggests that mTOR inhibition, 

and thus decreases in its downstream effector molecules, are not the 
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exclusive regulators of the fibrotic response in obstructed bladder tissue.  

Given the complex interplay of inflammatory cytokines, mechanical 

stretch, cell adhesion, and hypoxia previously described, it is conceivable 

that multiple pathways are activated in this pathology. 

 In our study, we found rapamycin to have a significant deleterious 

effect on animal health.  While a known side effect of rapamycin is a 

chronic wasting syndrome secondary to inhibited cellular proliferation, we 

did not find significant differences in animal weight.  Rather, the late-term 

16-week obstructed animals became sick, dehydrated, lethargic, and 

required emergency euthanasia.  The autopsy showed evidence of 

pyocystis, and a presumed cause of death of sepsis.  We suspect the 

immunosuppressant nature of this medication exacerbated the chronic 

infection present in the obstructed bladder, leading to overt sepsis and 

compromise of health.  Given that in clinical use, such a medication would 

be required to be given in a chronic fashion, a risk of septic complications 

would not be acceptable, particularly considering the limited urodynamic 

and histologic benefit of this therapy. 

 We demonstrated elevated TGF-β expression levels in all treatment 

groups compared to control.  Simultaneously, and increased expression of 

decorin and markedly increased expression of biglycan was seen.  

Absence of decorin has been shown in our previous work to be related to 

onset of fibrosis.  As such, an increased level of decorin in treated 

bladders indicated that antifibrotic pathways, to some degree, are being 
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activated.  Furthermore, TGF-β has been shown to be bound by decorin 

and result in its inactivation and sequestration38-40.  The elevated levels of 

decorin seen in our treated animals could indicate the activation of 

antifibrotic pathways.  Furthermore, biglycan synthesis has been shown to 

be TGF-β dependent41,42, and deficiency of biglycan can lead to 

myofibroblast differentiation43.  This supports our conclusion that some 

degree of antifibrotic pathway activation is occurring resulting with medical 

treatment with either oxybutynin, tadalafil, or rapamycin. 

 Our study has several important limitations.  While we attempted to 

best replicate a situation of clinical pBOO, and dosing animals via daily 

oral administration, this model does not include clean intermittent 

catheterization (CIC) as part of therapy.  The importance maintaining low 

bladder volumes via CIC in this setting have been demonstrated in 

multiple clinical studies, and our model does not include such therapy.  

We did not perform bladder muscle contractility assays as well.  We feel 

that our urodynamic testing is a reasonable surrogate for bladder 

contractility, but this does not provide an exact representation of muscle 

function as contractility testing would.  Our tissue histology and thickness 

measurements lend to a natural degree of variability.  The bladder wall, 

due to its elastic nature, will stretch and thin naturally, as well as contract 

and thicken.  To minimize this variability, tissue sections were mounted on 

foam blocks prior to immersion in PFA solution.  Gross weight, on the 

other hand, can be variable due to the hydration status of tissue that is 
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being weighed.  When considering both bladder wall thickness and gross 

weight together, the same trends were seen across treatment groups and 

time points, thus indicating that taken together these variables describe 

the pathologic changes of muscle hypertrophy and fibrosis in a reliable 

fashion.  Finally, our animals were treated at onset of pBOO induction.  In 

the clinical scenario, there is typically a lead time to diagnosis of pBOO, 

leaving the bladder straining against an obstructed outlet and leading to 

progression of pBOO pathology.  One future direction of study would be 

initiation of medical therapy at a later time point, to see if pBOO changes 

can be halted after progression, or if they remain permanent. 

 We have demonstrated that bladder decompensation in pBOO 

follows a discrete, programmed process.  We have demonstrated in this 

study that bladder decompensation if treated early and aggressively with 

rationally chosen medications can have positive effects on urodynamic, 

histologic, and molecular outcomes.  Together, these data suggest the 

importance of early aggressive medical therapy in this condition, validate 

the clinical use of oxybutynin as an agent to protect the obstructed 

bladder, and suggest tadalafil to have a potential therapeutic role in the 

management of pBOO. 
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3.5 – Figures 

	  

	  

Figure 3.1: Smoothed curves for maximal bladder capacity 
measurements.   

Control and rapamycin capacities mirrored each other closely, while 
tadalafil and oxybutynin capacities were increased.  Error bars have been 
omitted from this graph due to their size, and statistical significance 
compared to control is indicated with the asterisks.   
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Figure 3.2: Smoothed curves representing bladder pressure 
measurements. 

Oxybutynin treated bladders had the highest recorded pressures, while 
rapamycin and tadalafil treatment did not differ significantly from control.  
Rapamycin had signficiantly lower pressures than oxybutynin.  Error bars 
have been omitted from this graph due to their size, and statistical 
significance is indicated with asterisks and hash marks as indicated 
above. 
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Figure 3.3: Calculated bladder compliance represented as smoothed 
curves. 

Control and rapamycin treatments had a consistent decrease in 
compliance, while both oxybutynin and tadalafil had improved compliance.  
Error bars have been omitted due to their size, and statistical significance 
is indicated by the asterisk. 
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Figure 3.4: Bladder weight measurements at time of sacrifice.   

Both oxybutynin and rapamycin treated bladders had significant increases 
in bladder weight at 4 weeks compared to controls, while tadalafil bladders 
were lighter at this phase.  Tadalafil treatment had a protective effect on 
bladder weight up to the latest experimental time point.  Statistical 
significance is indicated with the asterisk. 
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Figure 3.5: Bladder wall thickness measurements at time of sacrifice. 

Bladder wall thickness measurements revealed dramatic differences at 4 
weeks, where rapamycin treated bladders were significantly thicker than 
control, and tadalafil treated bladders were significantly thinner.  Tadalafil 
had a consistent significant protective effect on bladder wall hypertrophy 
unitl the latest time point.  Statistical significance is indicated by the 
asterisk. 
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Figure 3.6: Hematoxylin and Eosin stained sections following 4 weeks of 
obstruction. 

Representative H&E sections of bladder tissue after 4 weeks of 
obstruction.  Control, rapamycin, and oxybutynin specimens show 
significant smooth muscle hypertrophy, which is absent in tadalafil 
sections. 
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Figure 3.7: Gomori Trichome stained sections following 4 weeks of 
obstruction. 

Representative trichrome stained bladder tissue sections after 4 weeks of 
obstruction.  Similar to H&E sections, there is less muscle hypertrophy 
evident in tadalafil treated bladders as compared to other groups. 
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Figure 3.8: RT-qPCR results after 4 weeks of obstruction.   

Both rapamycin and tadalafil treatment resulted in significant 
downregulation of HIF-1α, while tadalafil also afforded upregulation of 
decorin and biglycan.  Statistical significance is indicated by the asterisks. 
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Figure 3.9: Hydroxyproline mass spectrometry to assess collagen 
content. 

Rapamycin treatment led to a significant increase in hydroxyproline 
content at 12 weeks, while tadalafil treatment at 16 weeks had an 
objective and significant decrease in hydroxyproline content.  Error bars 
have been omitted due to size, and statistical significance is indicated by 
the asterisks. 
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3.6 – Tables 

Table 3.1: Mortality Results 

Oxybutynin Rapamycin Tadalafil 
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0 0 2 0 1 0 2 4 1 0 2 2 

Observed animal mortalities divided by experimental treatment and time 
group.  4/5 animals in the 16 week rapamycin group succumbed to sepsis.  
No mortalities were seen in the controls. 

 

Table 3.2: PCR Sequences 

Target Forward Sequence Reverse Sequence 
Decori
n 

5’-TGCAGTCTGGCT-3’ 
 

5’-ACTCACGGCAGTG-3’ 
 

Biglyca
n 

5’;-GATGGCCTGAAGCTCAA-3’ 
 

5’-GGTTGTTGAAGAGGCTG-3’ 
 

mTOR 5’-GGCTTCTGAAGATGCTGTCC-3’ 5’-GAGTTCGAAGGGCAAGAGTG-3’ 
TGF- β 5’-GGACTACCTACGCCAAAGAAG-

3’ 
5’-TCAAAAGACAGCCACTCAGG-3’ 

HIF-1α 5’-TTGCTTGGTGCTGATTTGTGA-3’ 5’-GGTCAGATGATCAGAGTCCA-3’ 
CTGF 5’-

CGGAATTCGCTGTGCGTCCTCCTG
CCG-3’ 

5’-
CGGGATCCGAGTTCGTGTCCCTTA
CTCC-3’ 

GAPD
H 

5’-CCTGGAGAAACCTGCCAAGTAT-
3’ 
 

5’-TGGCAGTCTGGCT-3’ 
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Chapter 4:  Future Directions 

4.1  Future Directions 

 The treatment of obstructed bladders in both neuropathic and non-

neuropathic settings has progressed considerably in recent years1.  In-

vitro studies have demonstrated new mechanisms of bladder injury and 

helped elucidate the cellular response involved2-5.  The availability of a 

reliable and easily reproducible model will have profound implications on 

developing new medical and surgical management strategies in this field, 

particularly by demonstrating the effects of new medical interventions, as 

well as the efficacy of new surgical options by serving as a platform for 

testing and development of biosynthetic grafts. 

 The field of regenerative medicine has grown substantially in recent 

years, and potential for application to urology is highly promising.  

Engineered bladder tissue has several important biomechanical 

parameters that must be achieved.  Firstly, it must have elastic and 

mechanical properties that closely replicate the nature of the native 

bladder wall.  Secondly, it must serve as a watertight, solute impermeable 

barrier to ensure storage of urine.  In normal bladder tissue, these 

properties are achieved by integration of urothelial cells, smooth muscle 

cells, and a highly specialized connective tissue matrix.  As such, 

developing such tissue poses a significant challenge6,7. 
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 The first bioengineered organ was developed by the Atala group in 

2006, with human in-vivo application of biosynthetic bladder scaffolds8.  

The results from this initial effort have yet to be followed up in their cohort, 

and have generated a significant degree of controversy.  Other groups 

have developed new grafts, however all preliminary testing at this point 

has been done in animal models with healthy, functioning bladders.  The 

application of these new tissues to an obstructed, diseased bladder in any 

model has yet to be performed. 

 Initial efforts at bladder tissue engineering involved the 

development of tissue grafts that involved a synthetic polymer seeded with 

cells, creating a multilayered structure9,10.  More recent efforts have 

focused on scaffoldless assembly of these tissues.  The Bolduc group at 

Université Laval has developed a new tissue that relies on a self-assembly 

technique, involving a layer of dermal fibroblasts, and a layer of urothelial 

cells11,12.  The graft proliferates in culture based on skin biopsies and 

bladder biopsy, and is ready for use after several weeks.  Initial studies on 

the biomechanical properties of this new tissue have shown excellent 

results.  This group has also developed a unique tubular graft that is 

grown under conditions of dynamic flow and pressure.  Such ‘cycled’ 

culture conditions yield superior biomechanical properties than static ones.  

While this particular approach is best tailored to ureteral or urethral 

replacement, similar attempts have been made to engineer bladder tissue, 

with superior results compared to static culture13,14. 
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 Our model provides a unique platform for further development of 

biosynthetic grafts.  We are able to reproducibly induce bladder outlet 

obstruction with minimal animal morbidity, demonstrate reproducible 

pathology, and do so at a minimal cost.  As such, the implantation of a 

graft into our animals would be technically feasible, and would yield critical 

new information regarding the urodynamic performance of these grafts in 

a diseased bladder. 

 We have demonstrated with our study changes that occur in SLRP 

expression profiles in obstructed bladder extracellular matrix.  This field of 

study is relatively new, and the function of these molecules is only starting 

to be understood15-17.  We have shown the changes that occur with 

decorin and biglycan expression in normal, obstructed, and medically 

treated settings.  Such knowledge can be applied to tissue engineering, 

where efforts can be made to modulate the expression and translation 

levels of such genes and proteins.  One study relating to tendon tissue 

engineering has assessed the effect of addition of decorin at specific 

molar ratios to electrochemically aligned collagen fibrils, and found a 

significant positive effect in ultimate stress, strain, and thermal stability18.  

Given that the addition of decorin in this scenario had positive and 

desirable overall effects, we hypothesize that a graft with more physiologic 

levels of SLRPs in its matrix will have more normal biomechanical and 

urodynamic characteristics compared to a graft lacking in such 

composition. 
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 Gene knockout animals can be a critical source of understanding 

the function of specific genes in an in-vivo model.  Knockout studies have 

been performed on SLRPs in the past16.  Decorin knockout mice are found 

to have fragile skin, weak tendons, decreased airway resistance, and poor 

wound healing.  Biglycan deficient mice have been shown to have 

reduced bone mass, aortic ruptures, and weak tendons.  Overall, these 

animals show a picture of a specific pattern of connective tissue 

dysfunction based on the absence of SLRP genes.  Urodynamic testing 

has never been performed such animals, particularly not in the setting of 

pBOO, and could yield critical information for the regulation of partial 

bladder outlet obstruction. 

 Early screening and identification of disease remains a cornerstone 

of many treatment approaches, including pBOO.  Our current approach 

relies on urodynamic measurements and serum creatinine levels over long 

term clinical follow up.  The use of novel biomarkers could enhance 

detection of deleterious changes in the bladder.  Both decorin and 

biglycan have been identified previously in human urine, in a study 

performed on patients with chronic kidney disease, and increased urinary 

decorin was associated with decreased renal function19.  Measurement of 

urinary levels of SLRPs in unobstructed, obstructed, and medically treated 

animals could lead to the development of a new biomarker indicating 

adverse change. 
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 Another promising area of treatment for pBOO involves the use of 

stem cell therapy.  The Bhomwick group recently presented a study where 

bone marrow derived mesenchymal stem cells (BMD-MSCs) were 

administered to obstructed mice20.  They demonstrated recruitment of 

these cells to the bladder, and also demonstrated decreased hypoxia, 

hypertrophy, and fibrosis.  While the results are preliminary, this study 

demonstrated the potential of stem cell therapy for bladder outlet 

obstruction.  Our animal model could easily be used for further 

understanding of the mechanisms by which BMD-MSCs have an effect on 

preserving bladder oxygenation and architecture in the process of 

obstruction, and further elucidating the molecular effects that such therapy 

provides. 

 Of the novel therapeutics used in our study, tadalafil had the most 

favorable urodynamic and molecular effects.  Current indications for its 

urologic use include erectile dysfunction, as well as concurrent relief of 

lower urinary tract symptoms, and it has not been tested clinically for 

treatment of the neuropathic bladder.  Our study demonstrated that this 

medication offers a similar urodynamic effect to current gold-standard 

anticholinergics, inhibition of early muscle hypertrophy, as well as a 

measurable antifibrotic effect.  In human use, tadalafil has a fairly benign 

side effect profile.  Its major side effects include headache, nasal 

congestion, dyspepsia, flushing, myalgia, and back pain21.  Rare but more 

serious side effects include hearing loss (27 cases reported) and non-
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arteritic ischemic optical neuropathy (1/1,000,000)	  22, and these primarily 

occur in patients with cardiovascular risk factors.  Overall, the side effect 

profile of tadalafil is fairly benign.  Given that anticholinergic medications 

can induce side effects that affect drug tolerability and compliance (dry 

mouth, mental status changes, and flushing), the use of tadalafil 

concurrently or in replacement for oxybutynin could be better tolerated.  Its 

effects on the obstructed bladder suggest that it would have positive 

effects in human clinical use.  As such, a clinical trial could be established 

in a neuropathic bladder cohort to assess the urodynamic advantages this 

medication could provide, with minimal risk. 

 One further area of study that our model would allow with medical 

therapy is the timing of initiation.  While it has been established that early 

and aggressive medical treatment is essential in neuropathic bladder 

populations, often these medications are administered once bladder 

damage has already commenced.  With our model, the timing of initiation 

of medical therapy could be studied, allowing for a delayed start once 

hypertrophic or fibrotic changes start to occur.  This would create a model 

scenario that closer mimics the onset of medical therapy in patients later 

in the natural history of pBOO, and could yield more vital clinical 

information.  A study on the efficacy of delayed medical intervention in this 

model would yield information that most closely parallels existing clinical 

treatment, and would provide information on the ability of medical 
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treatment to salvage the damaged bladder and alter progression to end-

stage fibrosis. 

 

4.2 – Summary 

  The field of research in partial bladder outlet obstruction is rapidly 

advancing.  Understanding the molecular mechanisms in place and their 

ability to be modulated by medical therapy will allow for the translation of 

new treatment strategies to clinical practice.  Our model allows for an 

excellent platform for development of new therapeutics, new cell-based 

therapies, and new tissue engineering strategies.  We have demonstrated 

that our model allows for reproducible pathologic effects, which can be 

mitigated by the administration of medications, as well as identification of 

new biomarkers that can indicate adverse pathologic change.  Further 

study will allow for the development of future treatment strategies, and the 

refinement of existing approaches. 
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