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Abstract:
Introduction: Partial bladder outlet obstruction (pBOO) is a ubiquitous problem that
results in renal damage. We hypothesize that change in the bladder progresses over

time.

Methods: Fischer rats underwent surgical pBOO for 2, 4, 8, or 13 weeks and were
compared to shams. Urodynamic measurements were taken, bladders weight and
thickness recorded, and tissue analyzed with microscopy. RT-PCR was performed for

inflammatory mediators and spectrometry used to quantify collagen.

Results: Urodynamics demonstrated an increased capacity and deterioration into high-
pressure. H+E demonstrated an initial inflammatory response, and increased mRNA
levels of TGF-B, CTGF, HIF-1a, and PDGF. Muscle hypertrophy was evident on H+E and
increased bladder mass and thickness. Masson’s Trichrome and mass spectrometry

showed an increase in collagen.

Conclusion: We believe that this represents distinct phases of bladder decompensation:
inflammation, hypertrophy, and fibrosis. This could lead to improved preventative

strategies, with respect to biochemical pathways and the time course of their initiation.
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Chapter 1: Introduction
1.1 Scope of Problem
1.1.1. Definition

Partial bladder outlet obstruction (pBOO) is an extremely prevalent health concern,
affecting the majority of aging males”?and is a life-long health risk for many children
born with severe congenital anomalies of the urinary tracts™*. pBOO can be defined as
an increase in the bladder pressure required to void, secondary to a hypertrophied or

overactive urinary sphincter, which usually results in an impaired rate of flow of urine®”.

The lower urinary tract, in its simplest form, can be seen as a storage receptacle,
whose role is to store urine, safely and without leakage, and empty completely, under
voluntary command. pBOO affects both of these functions, as the increased urethral
resistance makes it difficult to completely empty, placing the patient at risk for bladder
infection, bladder calculi, and renal failure. The bladder undergoes progressive
deterioration, whereby the increase in resistance results in detrusor muscle hypertrophy
and instability. This results in a chronic elevation in bladder pressures, and may lead to

urinary incontinence or renal damage.

The severity of the changes in bladder function is variable, depending on the etiology
and its severity. Most aging males suffer primarily from lower urinary tract symptoms
(LUTS), but with a real potential to significantly impact on quality of life®. pBOO in
children, however, is due to severe congenital anomalies, and usually results in a more

. . . . . -1
severe obstruction, with serious risks of renal failure® ",

Although the etiology is the urinary sphincter, the bladder is the organ most affected
and is the cause of morbidity. Primarily composed of smooth muscle, its initial response
to an increase in outlet resistance is smooth muscle hypertrophy, and it initially is able to
compensate. However, with prolonged mild high levels of resistance, the compensatory
phase inevitably progresses to decompensation. The decompensation, clinically,
progresses from a detrusor muscle that is able to generate sufficient pressures to void
across the increased resistance, to a decreased ability to generate pressure, and finally,
a fibrotic bladder. The marked tissue fibrosis severely decreases tissue compliance and

results in a bladder unable to store urine safely, at low resting intravesical pressures.

1.1.2. Epidemiology



1.1.21. Adult Bladder Outlet Obstruction

The most common form of pBOO is benign prostatic hypertrophy (BPH), a
progressive disease which has been found to affect 8% of 40 year old males and up to
82% of 80 year old males™. This disease process results from an the enlarging male
prostate, which gradually and insidiously increases resistance to voiding15’ 16 Although
not usually a major health concern, it is primarily responsible for bothersome lower
urinary tract symptoms (LUTS)”’ '® LUTS account for significant morbidity in the ageing
male, accounting for 4 billion dollars in the United States alone'®. Furthermore, more
severe cases can result in urinary retention, recurrent urinary tract infections, bladder
calculi, and acute renal failure®®*®. These cases usually mandate surgical intervention

21-23

aimed at reducing pBOO” ™", but they are not universally successful, as preexisting

detrusor damage may have become irreversible.

1.1.2.2. Posterior Urethral Valves
Although less common, pBOO in the pediatric population represents an equally
significant health concern® ?*. Instead of a ubiquitous physiologic process, it occurs
secondary to a variety of major congenital anomalies, including posterior urethral valves

(PUV)25‘ % myelomeningocele”, other forms of spinal dysraphismszs’ 29

30, 31

, and indirectly,
bladder and cloacal exstrophy . These represent much more severe forms of
obstruction, and the potential for serious health risks. This includes renal failure,
permanent bladder dysfunction, and major reconstructive surgery which are very
common® 24323, Again, although the primary pathology occurs at the bladder outlet /
sphincter region, the morbidity occurs through an irreversibly damaged detrusor muscle

and bladder®* **.

The most common congenital form of pBOO is PUV; which occurs in
approximately 1/5000 to 1/8000 births®, with many instances now detected antenataly37.
The pathophysiology is secondary to an embryologic malformation, whereby a thin,
obstructing membrane in the posterior urethra severely compromises the ability of the
fetal bladder to empty26. Therefore, the developing bladder is exposed to extraordinarily
high voiding pressures, and is incapable of normal development. The natural history of
less severe cases is becoming understood, and highlights the role and pathology of the
decompensated detrusor'®***°_ The “valve-obstructed” bladder may appear normal in
early childhood, but if not carefully monitored, insidious detrusor decompensation results
in a poorly contractile bladder that is unable to overcome the outlet resistance. The
subsequent chronic urinary retention progresses to a hypercontractile bladder and

eventually to an end stage bladder with high storage pressures, and risk of renal failure



due to subsequent reflux and increased pressures in the upper urinary tract including the

ureters and kidney collecting system.

Despite increasingly early and aggressive intervention, including fetal surgerym’
34142 sutcomes remain poor. Fetal death rates, historically reported to be as high as
50%'", have improved, but still occur in 2-3% of cases™. The incidence of renal failure
remains high13, and progress with improvements in quality of life have occurred primarily

though renal transplantation“’ .

1.1.2.3. Neuropathic Bladder

BOO may also occur secondary to aberrant innervation of the urinary sphincter,
including congenital maldevelopment of the spinal cord. Spinal dysraphism refers to a
spectrum of abnormalities, and is commonly referred to as spina bifida. The most
common form of this is myelomeningocele, where the spinal cord and meninges are
everted and exposed on the skin at birth. However, any spinal cord abnormality,
including trauma, tumors, and the “occult tethered cord” are capable of producing a
functional pBOO. Despite the absence of a true anatomic obstruction, patients with a
neuropathic pBOO often suffer the most severe consequences, including marked
hydronephrosis and renal failure. This is often felt to be due to the progressive, but silent

obstruction, leading to pathologic changes.

In these cases the pathophysiology involves the innervation of the urinary sphincter,
and results in abnormal sphincter resistance, either with respect to a permanent fixed
tone, or an inappropriate contraction at the time of voiding (detrusor sphincter
dyssynergia [DSD]. The increase in bladder pressures results in several problems,
including vesicoureteral reflux (VUR). The progressive nature of the pathology is seen
with VUR being diagnosed in 3-5% of newborns*® to and increasing to 30-40% of
untreated 5 year olds*’. Historically, the neuropathic bladder carried a significant risk of

renal failure*® *°

. Contemporary literature supports that early and aggressive treatment is
required to prevent this life-threatening problem.50 However, due to incomplete
knowledge of the molecular pathophysiology, we are not yet entirely successful with

management, with renal damage and incontinence remaining a persistent problem.

1.1.3. Anatomy and Physiology
1.1.3.1. Anatomy



The normal healthy lower urinary tract must be able to store urine at low
pressures and empty when desired®’. However, this involves a complex interaction of
bladder and sphincter, which is enabled by the central nervous system and effected by

. . 2-54
intricate molecular pathways5 °

. Detrusor contractions are primarily innervated by the
parasympathetic nervous system, S2, 3, 4 nerve roots®, with the neurons located in the
sacral parasympathetic nucleus, and postganglionic neurons terminate in both the
detrusor wall and the pelvic plexussz. The end organ receptors are muscarinic, with M2
being the most common subtype, but M3 playing a prominent role in mediating detrusor

55-57

contraction™"". The detrusor muscle is also innervated by the sympathetic system,

whereby 3 receptor activation results in muscular relaxation and increased tissue

. 7-
compllance5 %,

The urinary sphincter is quite complex, and complete knowledge is rapidly
evolving. It is well accepted that two separate, and independent, systems exist. The
intrinsic sphincter (bladder neck / involuntary) and the extrinsic (striated / voluntary) are
innervated by the sympathetic and somatic nervous systems, respectively. The
sympathetic nerve roots are found in L2, L3 and the axons pass through the sympathetic
ganglia, to the inferior mesenteric ganglia, and then travels with the hypogastric nerves to
the pelvis plexuseo. The bladder outlet receptor types are primarily a- adrenergicm'“, with
both a1 and a2 subtypes represented57. The extrinsic sphincter is mediated via the
pudendal nerve (S2, 3, 4), with motor neurons residing in the lateral border of the ventral

s 4
horn, referred to as Onuf’s nucleus®.

Therefore, congenital and acquired abnormalities of the spinal cord play result in
fundamental changes to the function of the lower urinary tract. The most common
etiology in children is spina bifida, which results in a very unpredictable outcome,
depending upon the degree of parasympathetic, sympathetic, and somatic nerve

dysfunction.

1.1.3.2. Physiology
Safe storage of urine, as well as urinary continence, mandates low intravesical
pressure351’ % A fundamental property is tissue compliance, defined as the change in
volume / change in pressure. The histology of the bladder is uniquely designed for
maximal compliance, and the ability to hold large amounts of urine with a minimal rise in
intravesical pressure. The tissue consists of smooth muscle and a unique extracellular
matrix, which must work in concert for proper function. Complete relaxation of the

detrusor requires healthy smooth muscle cells and active inhibition, mediated via



sympathetically mediated p-adrenergic receptors57'59

. Intrinsic factors include the unique
viscoelastic properties of the detrusor, which results in remarkable tissue compliance66.
The bladder wall stroma is composed of fibroblasts, collagen (types I, Ill, IV most

commonly found) and elastin in a proteoglycan matrix®® &

. The complex interaction of
these elements allows for the bladder to fill with urine and remain at low pressures until
maximum capacity has been reached. Recent work has demonstrated that this stroma is
not passive, but pays a fundamental role in response to stress; both physiologic

compensation and pathophysiologic decompensationﬁg.

1.1.3.3. Pathophysiology
With pBOO, the detrusor is exposed to elevated intravesical pressures. The
initial response, as with many organ systems, is compensatory, but prolonged stress
results in decompensation. Animal models have been very informative in eliciting the
natural history of pBOO. The initial compensation is marked by an increase in the mass
of the bladder wall®®, increased bladder capacity7°, blood flow, and smooth muscle

hypertrophyeg'71

. However, more severe or prolonged obstruction will lead to a decrease
. . . . e 70,72,7

in contractility, loss of normal tissue architecture, and collagen deposition 07273 The net
result is a loss of the vital functions of the bladder, as it is no longer able to store urine

safely.

The smooth muscle hypertrophy results in hypercontractility, where the continual
uninhibited contractions, in combination with the increased outlet resistance, result in
elevated bladder pressure. This is compounded by the collagen deposition, and overall
change in extracellular matrix, as this decreases tissue compliance. Therefore, normal
urine volumes are not tolerated, and result in a further increase in bladder pressures.
These factors are especially dangerous in combination, as the contractility is less

tolerated in a stiff, non-compliant bladder.

1.1.4. Clinical Implication

Elevated bladder pressures place the patient at risk for urinary incontinence and
kidney damage. Even in the presence of pBOO, bladder pressure can involuntarily rise
above urethral resistance, and thus result in an inappropriate loss of urine. This has
significant implications with respect to the patient’s quality of life, especially in the
pediatric population74'76. However, the threat to renal function is the most feared
consequence of pBOO. Acutely, the increased pressure within the urinary tract results in
a decrease in renal blood flow, an increase in renal vascular resistance’’ and a decrease

78,79

in glomerular filtration rate . Chronic exposure to elevated pressure results in VUR,



hydronephrosis, and renal compromise35. The landmark clinical paper was published by
McGuire in 1981, where he demonstrated that maintenance of bladder pressures below
40 cm H,0 pressure was associated with significantly improved renal outcomes®®. This
had a dramatic effect on patients’ health and quality of life, and deaths from renal failure
have decreased dramatically. However, morbidity and mortality from renal compromise
remains significantao, still accounting for up to 1/3 of deaths in the spina bifida

populationm’ 82

. The persistent pathology and lack of progress is likely secondary to our
incomplete understanding of the molecular biology, resulting in contemporary treatments

that remain relatively crude and fraught with complications.

1.2. Contemporary Management

Contemporary management is directed at: 1) identifying high-risk patients; 2)
eliminating the obstruction; 2) medical treatment; and 3) surgical reconstruction.
Unfortunately, all three modalities remain relatively crude, aimed at end-organ function,

and have not yet been able to capitalize on recent advances in molecular biology.

1.2.1. Diagnosis
1.21.1. Urodynamics
Because we are currently unable to reverse the underlying cause of pBOO and the
end-organ damage that has occurred, we rely on diagnostic testing to determine the need
for intervention. Urodynamic monitoring is the urologist’s primary tool to measure lower
urinary tract function. It is used to determine bladder capacity, compliance, and
contractility, all of which are affected by pBOO. The pioneering work by McGuire gave us
the threshold of 40 cm H,0°, so we could justify instituting or escalating treatment once
this threshold had been exceeded. Although today many clinicians use lower
thresholds®® #, the fundamental problem remains: that contemporary treatment is based
on instituting therapy after damage has occurred, and we are unable to definitively
prevent organ damage secondary to increased urethral resistance and bladder

decompensation.

1.2.2. Surgical Relief of pPBOO
1.2.21. Endoscopic
If the cause of the obstruction is anatomic, as with BPH and PUV, this can be
surgically corrected. Both can be treated endoscopically, with a trans-urethral resection
of the prostate (TURP) being one of the most common procedures in adult urology.
Children with PUV can be treated with a trans-urethral resection of valves, with a very

high technical success rate. Surgical intervention can even be performed before birth,



whereby a catheter is placed into the fetal bladder to allow drainage into the amniotic
fluid. However, these seldom result in a cure, as end-organ damage has already
occurred, and the decrease in resistance is unable to reverse the end-stage, fibrotic, non-

compliant and hypercontractile bladder.

1.2.2.2. Vesicostomy
Neonates with PUV, however, are often too small to undergo definitive endoscopic
surgery, and a vesicostomy offers an excellent means of reducing intravesical pressure
until definitive surgery is possible. Infants with a neuropathic bladder and unsafe storage
pressures may require vesicostomy if the patient’s caregivers are unwilling or, despite
maximal medical treatment, unable to maintain safe bladder pressures. Several studies
have confirmed the effectiveness of a vesicostomy, with regards to either a reduction in

upper tract dilation or improvement in renal function®*°

. Complications of cutaneous
vesicostomy include stomal stenosis, prolapse, peristomal dermatitis and bladder calculi,
but it is generally very well tolerated. The primary negatives include that a vesicostomy is
incontinent (requiring a diaper to collect urine) and that it is limited to young children. At
best it represents a safe and simple means of lowering intravesical pressures, at worst, it
represents a crude, temporary, and incontinent treatment that is unable to address the

primary pathology.

1.2.3. Medical Treatment of pPBOO
1.2.3.1. Clean Intermittent Catheterization

Most high-pressure bladders are adequately treated with more conservative
measures, and these included catheterization and medical treatment. Clean intermittent
catheterization (CIC), introduced by Lapides, revolutionized urology and the treatment of
high-pressure bladders; as it replaced the need for a continuous, indwelling catheter”".
Initiated either in all patients at risk, or those identified with urodynamics, it is extremely
common and an integral part of conservative or medical management. CIC allows for
effective, intermittent drainage of the bladder, which is mostly continent and avoids the

. . . . 2-94
complications of an indwelling catheter®®

. Complications of CIC include an increased
incidence of UTI and ascending epididymo-orchitis, with bacteriuria being nearly
universal® %% The potential for urethral trauma is also omnipresent, but the incidence

. . . . . . 7
is of complicating stricture is relatively low®” %

. In patients with intact penile sensation,
however, it is nearly impossible to institute catheterization in the young child and

teenager, due to the sensation and emotional components.



Overall, CIC is generally well tolerated and accepted by patients and

: 1
caregive I'Sgg’ 00

, but is subject to patient compliance and appropriate social supports.
Therefore, many patients and physicians will not initiate this invasive treatment unless
there is evidence of renal compromise49 and many more receive less than ideal

treatment, secondary to non-compliance, and their kidneys remain at risk.

1.2.3.2. Anticholinergic Therapy
The second integral component of conservative treatment involves anti-
cholinergic therapy. This class of drugs act at the detrusor level, by inhibiting the binding
of acetylcholine to its muscarinic receptors, and decreasing involuntary bladder

: 101-1
contractions'®"1%3

. Oxybutinin chloride was the first oral agent to gain widespread use,
due to its effectiveness and tolerability1°3'1°5. However, bothersome side-effects,
including dry mouth, heat intolerance, and constipation, have been attributed to patient
non-compliancems'ms. This has lead to the design of controlled release formulas and
novel drugs with improved side effect profiles, both of which have modestly improved

: 107-11
patient care 07110,

Together, CIC and anticholinergic therapy can be very effective at reducing bladder
pressures, increasing tissue compliance, and bladder capacity in up to 93% of patients

103-105, 111

with spina bifida . This has resulted in both improved renal outcomes and

. . . . . ¢ 104, 1 .
improvements in urinary continence and quality of life %4.1% " However, concerns remain

: : 106-108, 111
over patient compliance 06-108,

and the lack of molecular specificity. This treatment
modality however, despite its crude nature, has demonstrated that pharmacologic
intervention can effectively prevent end organ damage secondary to congenital defects

that otherwise place the essential function of the bladder at risk of irreversible damagem.

1.2.4. Surgical Reconstruction
Despite even the best efforts and aggressive medical therapy, approximately 20% of
patients will require surgical reconstruction for renal health or urinary continence. The
goals of reconstructive surgery mirror all bladder management: increased bladder
capacity, increased tissue compliance, and an abolition of involuntary contractions.
Strictly from a bladder point of view, this is currently best achieved by performing a
laparotomy and augmenting the bladder with a section of the patients’ own intestinal

tract.

Complications from such major interventions are numerous, and are amplified with

incorporating the gastrointestinal tract into the urinary tract. The complications that occur



can be categorized into those that are: 1) structural complications, 2) secondary to the
loss of an intestinal segment, 3) those secondary to intestinal secretions, and 4)

complications that occur secondary to the intestinal reabsorption of urinary solutes.

1.2.4.1. Structural Complications

Laparotomy and the removal of an intestinal segment places the patient at risk

. . . . 2. 113-
for a bowel obstruction, with an occurrence rate of approximately 3% in these cases®> "

e, Roughly 9.4% of patients required a secondary augmentation as reported in the
Indiana University series’'°. These patients were diagnosed secondary to persistent or
de-novo incontinence or hydronephrosis. Spontaneous perforation of the augmented

bladder can be a fatal complication'” '"®

117, 119-121

, and has been reported in 6-13% of augmented

patients

The risk of malignancy in the augmented bladder is an increasing concern, since
first described in 1971'%. The etiology is multi-factorial, involving chronic inflammation
and carcinogens resulting in metaplastic changes and carcinoma'?. Tumors have been
seen in all of the intestinal segments, arising from the intestinal segment, urothelium, or
the ureterointestinal anastomosis. Transitional cell carcinoma, adenocarcinoma,

124

anaplastic carcinoma, and benign polyps have all been reported ©°. Hussman’s review

reports a 33% mortality rate, with 29% of the 94 patients having benign tumors'?.

1.2.4.2. Loss of intestinal segment

The removal of a gastrointestinal segment for bladder augmentation is usually

well tolerated, however, bowel dysfunction has been reported in 10-54% of patients125’

126 Vitamin By, deficiency can develop in up to 35% of patients following an 80 cm small

. 127
bowel resection for a Kock pouch

128, 129

, but it has not been demonstrated following
ileocystoplasty , perhaps because it is limited to a 25 cm resection that is easily kept

proximal to the ileocecal valve.

1.2.4.3. Complications due to Secretions
Mucus production is an inherent property of gastrointestinal segments, and can

result in incomplete bladder emptying, predispose the patient to UTIs, and become a

nidus for bladder stone formation®”. Bladder stones occur in approximately 10-1 5%

130-1326f pladder augmentations.



Bacteriuria is nearly universal in any patient performing CIC, especially when
combined with an enterocystoplasty. A UTI most frequently presents with malodorous
urine, but symptoms may include hematuria, incontinence exacerbation, suprapubic pain,
or increased mucus productionsz. Rink et al. reported that symptomatic urinary tract
infections occur in 22.7% of patients with an ileal augmentation, while overall occurrence
of a febrile UTI was reported to be 14%. Treatment of asymptomatic bacteriuria is not
indicated unless culture indicates a urease producing organism, or a very virulent

organismm.

1.24.4. Complications due to absorption
The use of bowel for a urinary reservoir can be associated with profound
metabolic changes due to its absorptive nature. Colon and ileum readily absorb
ammonium, hydrogen ion, and chloride and this will result in a hyperchloremic metabolic
acidosis. This is tolerated in many patients with normal renal function, but may require

medical therapy in others™*

. The acidosis prompts mobilization of phosphate buffers
from bone, and can result in demineralization and Ca2+ excretion in urine. The acidosis
will also result in hypocitraturia, which further compounds the risk of both renal and
bladder stone formation'®. Medications such as dilantin and methotrexate are readily

absorbed across the bowel and levels must be closely monitored to avoid toxicity136.

Glucose is also absorbed, making urinary monitoring of hyperglycemia less reliable’’.

Therefore, although the treatment of pBOO and the resultant effects on the bladder
have improved greatly, there are many areas that merit significant improvement. Both
medical and surgical treatments have tremendous ability to maintain renal health and
urinary continence. CIC remains a fundamental component of contemporary
management, but is obviously invasive and can be poorly tolerated. Unfortunately, our
pharmacology is limited to the cellular / organ level and is susceptible to untoward side
effects. ldeally, medical intervention should be specifically aimed at intra-cellular second-
messenger pathways % However, currently we are unable to effectively prevent tissue
damage, and far too many patients end up with end-organ failure, requiring a major

surgical intervention with multiple, life-long potential for complications.
1.3. Current Research

1.3.1. Molecular Pathways
1.3.1.1. Cellular

10



A great deal of work is being performed to further understand the molecular
events that occur secondary to pBOO. Significant progress has been made recently with
respect to understanding the molecular pathways in normal bladder physiology and
pathophysiology. These pathways underlie the changes in detrusor function, such as
smooth muscle hypertrophy, detrusor hyperactivity, and end-stage fibrosis. Normal and
abnormal bladder function exposes the bladder to signals arising from neural input, local
mechanical stimulation, and the extracellular matrix. Several signal transduction
pathways have been identified, including: receptor tyrosine kinase (RTK), G-protein
coupled receptors (GPCR), calmodulin, Rho-associated kinase (ROCK), mitogen-
activated protein kinase (MAPK), Jun N-terminal kinase (JNK), and humerous others™”.
Intracellular nitric oxide synthase (NOS), however, has received significant attention with
respect to its up-regulation with inflammation'*® and role in detrusor remodellingm.
Accordingly, the extracellular molecular pathway generating prominent interest involves
matrix metalloproteinases, and also involves MAPK. These are up-regulated in response

to mechanical stretch and result in increased expression of collagen types | and ',

1.3.1.1.1. Nitrous Oxide
The discovery of nitric oxide (NO) as a major signaling transmitter in 1980"°
resulted in the 1998 Nobel Prize, and its role and importance appears to be growing.
Like many other organ systems, NO in the lower urinary tract has been found to play a
prominent role in the relaxation of smooth muscle. It has also gained recognition for its
role as a neurotransmitter, in the nonadrenergic, noncholinergic nerves (NANC). It also
has been discovered to be a cell mediator, limiting cell proliferation and organ
hypertrophy. Therefore, its role in the urinary tract has begun to be explored, and there is
considerable excitement regarding its potential therapeutic role in all manners of lower

urinary tract dysfunction, and especially pBOO.

NO is synthesized from L-arginine, by the family of enzymes known as nitric
oxide synthase (NOS). NOS is currently known to exist in 3 separate isoforms:
endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS). Both
eNOS and nNOS are normally present in cells, and are referred to as constitutive, while

iNOS is only present after induction by inflammatory mediators.

After production, NO is able to freely diffuse to its target tissues, where it binds to
the heme moiety of guanydyl cyclase. This stimulates the production of cGMP from GTP,
which results in a further cascade to induce smooth muscle relaxation. Protein kinase A,

and G are responsible for the phosphorylation of actin-myosin complexes and the

11



activation of Ca2+ channels, resulting in a reduction of cytosolic Ca 2+, and smooth
muscle relaxation'*.

The half-life of NO is extremely short, measured in seconds, as it is inactivated
by oxygen to form NO2, and in solution forms the inactive nitrite (NO2-) and nitrate (NO3-
)145. However, the physiologic effects occurring downstream of NO must also be
inactivated, and this occurs by an ever expanding list of phosphodiesterase inhibitors
(PDE). The PDEs are responsible for de-phosphorylating cAMP and cGMP, thus
removing the stimulus for relaxation. To date, over 11 families and 50 isoenzymes have
been described and several have achieved clinical application138. PDE inhibitors are
currently used in erectile dysfunction and pulmonary hypertension, and further work is

being done examining cardiac remodeling and bladder overactivitym’ 7,

Nitric oxide is currently felt to be a prominent inhibitory factor in the lower urinary

tract'*® . Both animal and human LUTs have demonstrated both nNOS and iNOS in

smooth muscle, but conclusive evidence regarding its local production is Iacking15°. It

s
role in normal bladder function is not completely understood, but may play a role in the
active relaxation of the detrusor during fiIIing151, an essential property for reducing
bladder pressure and maintaining urinary continence and renal health. The intracellular
increase in cGMP may potentiate the effects of other mediators, which has lead some

authors to postulate that the role of NO may be more modulatory in nature'®°.

Inflammatory stimuli, such as lipopolysaccharides or cytokines, result in a definite

140, 152

increase in iINOS activity . However, even more pertinent is the finding that iINOS is

up-regulated after pure pBOO153. This has been characterized with an increase in cDNA

and protein levels observed as soon as 1 week after obstruction, implying a fundamental

153

role in the early response to pBOO ™. NO has also demonstrated a role in the inhibition

of smooth muscle hypertrophy154'156. Felsen et al. have also shown that INOS expression

was up-regulated in obstruction induced ischemia, and that its inhibition reduced both

154

contractility and fibrosis ™. This makes it an ideal target for investigation and potential

intervention, although early efforts have not been successful, likely due to an incomplete

150

understanding of its role ™. Further work implies that increasing tissue levels of NO may

decrease the pro-inflammatory and pro-fibrotic effects of TGF-[3157. PDES5 inhibition has
been shown prevented smooth muscle hypertrophy, a result often attributed to TGF-[SW.

The mechanisms of this effect are still under investigation.

13.1.1.2. TGF-g
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TGF-p has been long been recognized as having a prominent role in the

pathophysiology of pBOO158'160

. Its biology is complex and is subject to significant
molecular regulation; the increased mRNA synthesis certainly implies an up-regulation of

its inflammatory cascade.

Transforming growth factor beta (TGF-R) is clearly a master regulator of the immune
system, but its mechanism of action is far from understood. A highly pleiotropic cytokine,
it exists in three isoforms in mammals (TGF-p1, TGF-$2, TGF-[33)161 and is a key
member of a genetic superfamily involved with diverse developmental and physiologic

162
roles'®

. TGF-B is stored in an inactive form, covalently bound to a latency-activated
peptide (LAP). Once activated through a variety of potential mechanisms, it binds to a
heterodimeric receptor complex, consisting of a type | (5 different type | receptors

identified) and a type Il (7 different type Il receptors identified) complexm.

Intracellular signal transduction occurs via Smad proteins, where phosphorylation
allows nuclear translocation and binds to the Smad binding element (SBE)163’ 104, TGF-p
also results in stimulation of the mitogen-activated protein kinase (MAPK), extracellular

signal-regulated kinase (Erk), and the Jun-N-terminal kinase (JNK) pathways165.

TGF-p has been shown to effect many cellular functions, including differentiation,

proliferation, migration, and survival'®®

. It has been shown to have a prominent role in
. . . 167 . .
wound healing, angiogenesis, and cancer ¢ However, its actions are clearly context

dependent, and it has been shown to have opposing effects in several scenarios.

Fibrosis is often perceived as the end-stage or final result of severe inflammation,
and TGF-f has been shown to play a prominent role. The primary cell in pathological
fibrosis is the myofibroblast, a cell derived from epithelial cells by a recently discovered

process known as epithelial mesenchymal differentiation (EMT)168. It has been shown

169

that TGF-f is one of the primary driving forces behind EMT ™, and therefore a

fundamental aspect of the fibrotic, end-stage result of the inflammatory process.

Connective tissue growth factor (CTGF) is often seen as mirroring the effects of TGF-

. A . . . . s 170, 171
B, as over-expression of TGF-f results in increased secretion in fibrotic conditions 0.171

It is an ECM-associated protein secreted by fibroblasts. It has been shown to regulate

elements of extra-cellular matrix (ECM) production, cell migration, proliferation, adhesion,

and differentiation'’?

173

. CTGF has also been shown to be an early event in response to

175,176
’

stretch "~ and hypoxiam, as both have been shown to result in bladder fibrosis
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with increased collagen and extracellular matrix deposition177 . Its persistent expression
in skin has been implicated in chronic fibrosis'’®. Furthermore, in chronic fibrotic

conditions, increased CTGF secretion is seen in response to stimulation with TGF-B179.

CTGF inhibition will not prevent fibrosis, but it is ameliorated '*°.

1.3.1.1.3. HIF1a
Bladder outlet obstruction has been shown to induce hypoxiam, and in turn hypoxia

174182 " HIF-10. is a heterodimer

has been shown to increase HIF-1a and PDGF
ubiquitous among oxygen dependent species and deletion results in perinatal death. The
a unit is rapidly degraded in normoxic conditions, as its specific proteosome requires
oxygen as a co-substrate. Hypoxia results in the inactivation of the proteosome and
decreased degradation of the alpha subunit allowing it to dimerize with the constitutively
expressed B unit. The heterodimer is then an active transcription factor with several
target genes183.

endothelial growth factor (VEGF) and PDGF '®.

HIF-1a results in the up-regulation of many genes, including vascular

Adam et al. further demonstrated that mechanical stretch in-vitro will selectively up-
regulate PDGF'®, and this may relate to hypertrophy186. Akbal used hydrostatic
pressures of 20-40 cm H,0 on bladder smooth muscle and fibroblast cell cultures to

187

demonstrate an increase in PDGF Huang et al. proved a relationship between HIF-

1a and CTGF, as HIF-1a deficient mice were not able to produce CTGF after hypoxiam.

A great deal of contemporary knowledge of HIF-1a stems from a hereditary form of
renal cell carcinoma, von Hippel Lindau (VHL) syndrome. This autosomal recessive trait
led to the identification of a VHL tumor suppressor gene, which stabilizes HIF-1a. The
loss of this inhibition results in tumorigenesis and metastasis. Furthermore, it has
resulted in the discovery and development of novel therapeutics that have shown

promise in disrupting the pathway188.

1.3.1.2. Extracellular Matrix
Although our comprehension of smooth muscle physiology and pathophysiology
has expanded extremely rapidly, it is unable to completely explain detrusor
decompensation. Because the unique viscoelastic property of the bladder wall relies on
both the smooth muscle and the extracellular matrix (ECM), the latter has also come
under extensive investigation. The ECM is a remarkably active and vital component in

nearly all organ systems. It has been found to play a fundamental role in cell

14



proliferation, migration, and differentiation’®®. The initiation and propagation of signals
resulting in these changes is under intense study in several organ systems, including
cardiac, vascular, bone, cartilage, lung, and bladder. Specifically, its role in remodeling
secondary to stretch and pressure is referred to as “mechanobiology” and the signaling

« . nl
mechanotransduction”'®.

The ECM is composed of structural and functional proteins, including collagen
glycoproteins, and elastin. The ECM confers much of the integral properties of the
tissue: mechanical strength, structural support, and attachment for cellular receptors.
Specifically for the bladder, and pBQOO, it is responsible for the viscoelastic properties
and compliance and is host to multiple signaling molecules. The major component of the
bladder's ECM is collagen, with types | and Illl predominating in normal bladders. With
pBOO and the resulting fibrosis, there is a general accumulation of ECM proteins, a
decrease in the ration of collagen | to Il ratio, increased growth factor activity, an
increase in growth factor and matrix receptors, and an increase in proteolytic enzymesm’
191-194.

A second vital component of the bladder ECM is the vast reservoir of growth
factors and cytokines195. TGF-p, CTGF, numerous interleukins, insulin-like growth factor,
platelet derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and
many others are all present and linked to the pathophysiology of pBOO196. Degradation
of collagen and other individual components of he ECM is the responsibility of the family
of matrix metalloproteinases (MMP). MMPs are fundamental to physiologic and
pathophysiologic tissue remodeling, with multiple isoforms categorized into 5 families
based on substrate specificity197. Growth factors and mediators interact, as MMPs have
been reported to activate growth factors and cytokinesm, and therefore are felt to play a
fundamental and regulatory role in ECM remodeling198. Tissue homeostasis is also
maintained with tissue inhibitors of metalloproteinases (TIMP), which are endogenous

inhibitors of proteolysis.

1.3.2. Animal Models
One of the primary difficulties in studying and translating this knowledge is its reliance
upon in-vitro methodology. Potentially confounding variables include; the fact that the
extracellular response is very dependant on the type of stretch the tissue culture is
subjected to. Most of the aforementioned experiments use bladder smooth muscle cells
that are cultured on a deformable membrane. This is then subjected one of many
possible stretch / stress scenarios, including a cyclic stretch, which may be sinusoidal or

72,199

wave, or a static stretch The type of stretch may result in different cellular and
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extracellular responses, so it is difficult to compare results’® . However, there is no
consensus as to which most accurately replicates in-vivo hydrodynamics, which
highlights the need for a whole animal model of pBOO. Furthermore this is even more
important when considering assessment of therapeutic interventions before human

application.

1.3.3. Regenerative Medicine / Tissue Engineering

Due to our incomplete understanding of the pathophysiology and the current inability
to inhibit progression, our best preventative efforts still occasionally result in an end-stage
bladder. The gold standard, to achieve either continence or preserve renal function, is
bladder augmentation. The intestinal tract provides the best means of increasing
compliance and preventing uninhibited contractions. However, an intestinocystoplasty is
a major surgical intervention with potential significant morbidity. Therefore, alternatives
are sought, and at the forefront of these is augmentation with bio-engineered materials.
The ideal bladder construct is able to reproduce the fundamental characteristics of the
bladder: an impermeable barrier with the ability to store increasing amounts of urine at a
low pressure and empty completely when desired. Despite the enthusiasm in the lay-
press from Atala’s report on human applicationzoo, most bladder augmentation in humans
using tissue engineering methods is being carried out at a preliminary level with

significant hurdles left to overcome.

1.3.3.1. Unseeded Scaffolds

Current techniques are based upon dissolvable scaffolds, whereby normal
urothelium is directed to infiltrate and the scaffold is completely replaced with a natural
process of regeneration. Many different scaffolds have been studied, the more popular of
which include: small intestinal submucosa (SIS), polyglycolic acid (PGA), and bladder
acellular matrices (ACM). These may be either produced in the local laboratory, or
attained via several commercial sources. However, successful incorporation requires
rapid revascularization to support cell survival, healthy ECM, and the regeneration of a
healthy bladder wall. Vascular and cellular in-growth is facilitated by a porous
membrane, but, the graft must be capable of providing a watertight barrier to urine. This
dichotomy, combined with the poor preliminary results, has prompted the use of seeded

scaffolds.
1.3.3.2. Seeded Scaffolds

The porous nature of the scaffolds, lends itself well to the potential to be

“seeded” with cellular components, growth factors, or living cells. This potential has
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heralded the development of tissue engineering, and is fundamental to its progress as a
bladder replacement. Hyaluronic acid (HA) was incorporated into an ACM because of its
potential to aid in wound healing. It has been shown to moderate inflammation, and
promote fibroblast and endothelial cell migrationzm, and in-vitro, its addition to the ACM

202

decreased its permeability™ . HA also offers potential to be a carrier for other molecules,

which has enormous potential for additional therapies. For example, Cartwright et al.

fortified their HA with VEGF, and this was successful in improving vascularity in-vitro®®,

Another approach has been to seed the scaffold with living cells, because despite
successful development of a urothelial layer, the muscular and ECM layers have not
been as effective®® ?°°. Various cell types have been examined with advantages and
disadvantages to each. The patients own bladder cells are readily available and can be
incorporated into a matrix, but these are inherently abnormal resulting in physical

204
% Smooth muscle cells can be harvested from

205, 206 C

characteristics which are less than ideal
normal bladders, and their application have had some degree of success o-
cultures with urothelial cells have been reported to improve tissue characteristics,
presumably secondary to cell to cell interactions®”’. In an attempt to use a pleuripotential
cell, capable of differentiation along several cell lines, bone marrow stromal cells have
been used, and they have differentiated into normal smooth muscle cells, biologically
similar to those in the bladder’®® ?®. These cells have advantages over embryonic stem
cells, as well as adult stem cells due to their availability, and concerns over ensuring
proper direction of differentiation®®® 2'°, Although progress is being made, all of these
studies acknowledge the need to further understand the impediments to successful

regeneration and the promotion of healthy tissue development.
1.4 Formulating the Research Problem

Due to both the quantity and quality of research being performed in this field, the
clinical potential is very exciting. We need to ensure that the work continues to progress
and clinical application is achieved for the benefit of our patients. The translation of
bench research to clinical application is a fundamental component, and there are several
avenues readily available to exploit. The fundamental aspect required, however, is an
appropriate model, which allows us to accurately elicit pathways and assess
interventions. Despite their theoretical and in-vitro potential, it is inappropriate to
consider human application without a carefully designed and documented mammalian

model. This need is further magnified by the rapid development of tissue engineering, as
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its efficacy and safety needs to be fully assured in a diseased animal model before it can

be accepted for human use.

At present translational studies are hampered by the absence of a reproducible,
inexpensive, yet effective animal model that has been well characterized for its response
to pBOO. Although many investigators have used models to examine molecular
pathways and clinical feasibility, few have progressed to assess therapeutic
interventions. We submit that a comprehensive model needs to be developed in a readily
accessible animal model, so that comprehensive study can occur. Furthermore,
quantification of damage needs to be performed in a manner that replicates the human
clinical situation, with physiologic parameters such as urodynamics being equated to
bladder and renal pathology. This will then allow us to assess the effectiveness of
translatable therapeutic interventions. Data will be generated regarding the efficacy of
TGF-f and HIF-1a inhibition, which is interpretable and applicable to clinical scenario.
Progression of regenerative medicine techniques requires significant safety and efficacy
evaluations in stringent and clinically applicable models. Most current models have only
examined results in-vitro or in healthy bladders. Limited data in diseased models,
demonstrates the increased difficulty in regenerating healthy tissue from a pathologic
milieu®®>?"". Because these studies have been performed in large animals, their
numbers are limited. This prevents the detailed assessment of experimental variation
and therefore, the needed intricate details required to optimize results. This can be
overcome with a small animal model, which will facilitate the advancement of both
medical prevention and the application of regenerative medicine, as both of these fields
need intense scrutiny to ensure that we are able to deliver the most effective care

possible to our patients.

Inhibition of the pathophysiologic decompensation has to be a priority, and requires
an effective animal model to determine its true benefit. Contemporary management is
targeted at minimizing end-organ effects by rather crude means. Ensuring the bladder is
not overfilled via CIC and minimizing gross bladder contractions has been effective, but
carries significant morbidity. By exploiting cell messengers, such as NO, we may be
better able to prevent muscle hypertrophy and instability. Recently, very effective NO
agonists have flooded the pharmacologic marketplace in the form of phosphodiesterase
inhibitors (PDE). Originally conceived for pulmonary hypertension, their efficacy in
relaxing vascular smooth muscle has propelled them to notoriety in the treatment of

erectile dysfunction. Recent developments have progressed in other organ systems, and
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we are encouraged that these well characterized, safe, and effective oral medications
can be used on the bladder to decrease smooth muscle hypertrophy and

decompensation.

Likewise the inhibition of the hypoxia-induced damage could be a significant
advancement in treating pBOO. Rapamycin is a commonly used in whole organ
transplamtation212 and is being explored for the treatment of metastatic renal cell
carcinoma®". There is also some evidence that it may prevent renal fibrosis after

. . 214
ureteric obstruction

. This effect has been attributed to its anti-inflammatory and
immune suppressive nature. Therefore, the exploration and characterization of this
pathway in a clinically relevant animal model readily translates into pharmacologic
inhibition. Furthermore, a well-characterized animal model will easily allow for its

assessment in prevention of bladder fibrosis secondary to pBOOm.

Ideally, tissue engineering requires improved scaffolds that are degradable, porous
enough to allow development of normal tissue architecture, impermeable to urine, and
able to deliver molecules and medications to further develop the aforementioned
pathways. The successful incorporation of HA and VEGF herald the potential to deliver
other molecules directly to the scaffold and infiltrating cells. Further work with cell lines,
perhaps with genetic modifications, will result in an effective and controllable cell
population that readily differentiates into bladder tissue with physiologically
indistinguishable characteristics. If the PDE inhibitors are effective at reducing
hypertrophy and inflammation, their addition as an oral agent could further potentiate

results.

The potential for the prevention and improved treatment of pBOO is remarkable,
and a great deal of work has been done. However, progress requires a comprehensive
and reproducible animal model of pBOO to confirm safety and efficacy. From our
proposed model, molecular pathways, medical interventions, and the application of tissue

engineering can be accurately assessed and their potential fully elicited

19



1.5 Bibliography

20

1. Fitzpatrick, J. M.: The natural history of benign prostatic hyperplasia.
BJU Int, 97 Suppl 2: 3, 2006

2. McVary, K.: Lower urinary tract symptoms and sexual dysfunction:

epidemiology and pathophysiology. BJU Int, 97 Suppl 2: 23, 2006

3. Bauer, S.: Section A: Neuropathic Dysfunction of the Lower Urinary
Tract. In: Campbells Urology, 7th ed. Edited by P. Walsh, A. Retik, E. Vaughan et
al. Philadelphia: W.B. Saunders, pp. 2231-2261, 1998

4. Bauer, S. B.: The effects and challenges of bladder outlet obstruction. J
Urol, 163: 3, 2000

5. Blaivas, J. G.: Multichannel urodynamic studies in men with benign
prostatic hyperplasia. Indications and interpretation. Urol Clin North Am, 17: 543,
1990

6. Abrams, P. H., Griffiths, D. J.: The assessment of prostatic obstruction
from urodynamic measurements and from residual urine. Br J Urol, 51: 129,
1979

7. Nordling, J., Abrams, P., Ameda, K. et al.: Outcome measures for
research in treatment of adult males with symptoms of lower urinary tract
dysfunction. Neurourol Urodyn, 17: 263, 1998

8. Dmochowski, R. R.: Bladder outlet obstruction: etiology and evaluation.
Rev Urol, 7 Suppl 6: S3, 2005

9. Woodhouse, C. R.: The fate of the abnormal bladder in adolescence. J
Urol, 166: 2396, 2001

10. Lopez Pereira, P., Martinez Urrutia, M. J., Jaureguizar, E.: Initial and

long-term management of posterior urethral valves. World J Urol, 22: 418, 2004



21

11. Johnston, J., Kulatilake, A.: Posterior Urethral Valves: Results and
Sequlae. In: Problems in Pediatric Urology. Edited by J. Johnston and R.
Scholtmyere. Amsterdam: Exerpta Medica, p. 161, 1972

12. Glassberg, K. I.: The valve bladder syndrome: 20 years later. J Urol,
166: 1406, 2001

13. Smith, G. H., Canning, D. A., Schulman, S. L. et al.: The long-term
outcome of posterior urethral valves treated with primary valve ablation and
observation. J Urol, 155: 1730, 1996

14. Berry, S. J., Coffey, D. S., Walsh, P. C. et al.: The development of
human benign prostatic hyperplasia with age. J Urol, 132: 474, 1984

15. Chute, C. G., Panser, L. A, Girman, C. J. et al.: The prevalence of
prostatism: a population-based survey of urinary symptoms. J Urol, 150: 85,
1993

16. Roberts, R. O., Jacobsen, S. J., Jacobson, D. J. et al.: Longitudinal
changes in peak urinary flow rates in a community based cohort. J Urol, 163:
107, 2000

17. Thomas, A. W., Abrams, P.: Lower urinary tract symptoms, benign
prostatic obstruction and the overactive bladder. BJU Int, 85 Suppl 3: 57, 2000

18. Girman, C. J., Jacobsen, S. J., Tsukamoto, T. et al.: Health-related
quality of life associated with lower urinary tract symptoms in four countries.
Urology, 51: 428, 1998

19. Taub, D. A., Wei, J. T.: The economics of benign prostatic hyperplasia
and lower urinary tract symptoms in the United States. Curr Urol Rep, 7: 272,
2006

20. Emberton, M., Andriole, G. L., de la Rosette, J. et al.: Benign prostatic
hyperplasia: a progressive disease of aging men. Urology, 61: 267, 2003



22

21. Jacobsen, S. J., Jacobson, D. J., Girman, C. J. et al.: Natural history of

prostatism: risk factors for acute urinary retention. J Urol, 158: 481, 1997

22. Meigs, J. B., Barry, M. J., Giovannucci, E. et al.: Incidence rates and risk
factors for acute urinary retention: the health professionals followup study. J Urol,
162: 376, 1999

23. McConnell, J. D., Bruskewitz, R., Walsh, P. et al.: The effect of
finasteride on the risk of acute urinary retention and the need for surgical
treatment among men with benign prostatic hyperplasia. Finasteride Long-Term
Efficacy and Safety Study Group. N Engl J Med, 338: 557, 1998

24. Smith, E. D.: Urinary prognosis in spina bifida. J Urol, 108: 815, 1972

25. Becker, A., Baum, M.: Obstructive uropathy. Early Hum Dev, 82: 15,
2006

26. Krishnan, A., de Souza, A., Konijeti, R. et al.: The anatomy and
embryology of posterior urethral valves. J Urol, 175: 1214, 2006

27. Northrup, H., Volcik, K. A.: Spina bifida and other neural tube defects.
Curr Probl Pediatr, 30: 313, 2000

28. Warder, D. E.: Tethered cord syndrome and occult spinal dysraphism.

Neurosurg Focus, 10: e1, 2001

29. Liptak, G. S., Bloss, J. W., Briskin, H. et al.: The management of children
with spinal dysraphism. J Child Neurol, 3: 3, 1988

30. Bauer, S. B.: Neuropathology of the lower urinary tract. In: Clinical
Pediatric Urology. Edited by L. King, A. Belman, S. Kramer. London: Martin
Duntz, pp. 371-408, 2002

31. Kropp, B., Cheng, E.: Bladder Augmentation: Current and Future
Techniques, Fourth ed. London: Martin Dunitz Ltd., 2002



23

32. Rink, R., Yerkes, E., Adams, M.: Augmentation Cystoplasty. In: Pediatric
Urology. Edited by J. Gearhart, R. Rink, P. Mouriquand. Philadelphia: W.B.
Saunders, pp. 961-979, 2001

33. Silver, R. I., Gros, D. A., Jeffs, R. D. et al.: Urolithiasis in the exstrophy-
epispadias complex. J Urol, 158: 1322, 1997

34. Blaivas, J. G., Labib, K. L., Bauer, S. B. et al.: Changing concepts in the
urodynamic evaluation of children. J Urol, 117: 778, 1977

35. McGuire, E. J., Woodside, J. R., Borden, T. A. et al.: Prognostic value of
urodynamic testing in myelodysplastic patients. J Urol, 126: 205, 1981

36. Gunn, T. R., Mora, J. D., Pease, P.: Antenatal diagnosis of urinary tract
abnormalities by ultrasonography after 28 weeks' gestation: incidence and
outcome. Am J Obstet Gynecol, 172: 479, 1995

37. Belarmino, J. M., Kogan, B. A.: Management of neonatal
hydronephrosis. Early Hum Dev, 82: 9, 2006

38. Fumo, M. J., McLorie, G. A.: Management of the valve-bladder syndrome
and congenital bladder obstruction: the role of nocturnal bladder drainage. Nat
Clin Pract Urol, 3: 323, 2006

39. Close, C. E., Carr, M. C., Burns, M. W. et al.: Lower urinary tract
changes after early valve ablation in neonates and infants: is early diversion
warranted? J Urol, 157: 984, 1997

40. Mitchell, M. E., Close, C. E.: Early primary valve ablation for posterior
urethral valves. Semin Pediatr Surg, 5: 66, 1996

41. Gatti, J. M., Kirsch, A. J.: Posterior urethral valves: pre- and postnatal

management. Curr Urol Rep, 2: 138, 2001

42. Salam, M. A.: Posterior urethral valve: Outcome of antenatal
intervention. Int J Urol, 13: 1317, 2006



24

43. Churchill, B. M., McLorie, G. A., Khoury, A. E. et al.. Emergency
treatment and long-term follow-up of posterior urethral valves. Urol Clin North
Am, 17: 343, 1990

44. Indudhara, R., Joseph, D. B., Perez, L. M. et al.: Renal transplantation in
children with posterior urethral valves revisited: a 10-year followup. J Urol, 160:
1201, 1998

45, Crowe, A., Cairns, H. S., Wood, S. et al.: Renal transplantation following

renal failure due to urological disorders. Nephrol Dial Transplant, 13: 2065, 1998

46. Flood, H. D., Ritchey, M. L., Bloom, D. A. et al.: Outcome of reflux in
children with myelodysplasia managed by bladder pressure monitoring. J Urol,
152: 1574, 1994

47. Bauer, S. B.: Management of neurogenic bladder dysfunction in children.
J Urol, 132: 544, 1984

48. Kari, J. A.: Neuropathic bladder as a cause of chronic renal failure in

children in developing countries. Pediatr Nephrol, 21: 517, 2006

49. Woodhouse, C. R.: Progress in the management of children born with
spina bifida. Eur Urol, 49: 777, 2006

50. Dik, P., Klijn, A. J., van Gool, J. D. et al.: Early start to therapy preserves
kidney function in spina bifida patients. Eur Urol, 49: 908, 2006

51. Wein, A.: Pathophysiology and Categorization of Voiding Dysfunction. In:
Campbell's Urology. Edited by P. Walsh, A. Retick, E. Vaughan et al.

Philadelphia: Elsevier Science, vol. 2, pp. 887-899, 2003

52. de Groat, W. C.: Anatomy and physiology of the lower urinary tract. Urol
Clin North Am, 20: 383, 1993

53. de Groat, W. C., Yoshiyama, M., Ramage, A. G. et al.: Modulation of



25

voiding and storage reflexes by activation of alpha1-adrenoceptors. Eur Urol, 36
Suppl 1: 68, 1999

54. Persson, K., Pandita, R. K., Spitsbergen, J. M. et al.: Spinal and
peripheral mechanisms contributing to hyperactive voiding in spontaneously
hypertensive rats. Am J Physiol, 275: R1366, 1998

55. Eglen, R. M., Reddy, H., Watson, N.: Selective inactivation of muscarinic
receptor subtypes. Int J Biochem, 26: 1357, 1994

56. Watson, N., Eglen, R. M.: Muscarinic M3 receptors mediate contractions
in rabbit, endothelium-denuded aorta in vitro. J Auton Pharmacol, 14: 283, 1994

57. Andersson, K.: Pharmacology of lower urinary tract smooth muscles and

penile erection tissues. Pharm. Rev., 45: 253, 1993

58. Morita, T., Ando, M., Kihara, K. et al.: Species differences in cAMP
production and contractile response induced by beta-adrenoceptor subtypes in

urinary bladder smooth muscle. Neurourol Urodyn, 12: 185, 1993

59. Nishimoto, T., Latifpour, J., Wheeler, M. A. et al.: Age-dependent
alterations in beta-adrenergic responsiveness of rat detrusor smooth muscle. J
Urol, 153: 1701, 1995

60. Kihara, K., de Groat, W. C.: Sympathetic efferent pathways projecting to
the bladder neck and proximal urethra in the rat. J Auton Nerv Syst, 62: 134,
1997

61. Yamaguchi, T., Kitada, S., Osada, Y.: Role of adrenoceptors in the
proximal urethral function of female and male rabbits using an in vivo model of

isovolumetric pressure generation. Neurourol Urodyn, 12: 49, 1993
62. Awad, S. A, Downie, J. W., Kiruluta, H. G.: Alpha-adrenergic agents in
urinary disorders of the proximal urethra. Part Il. Urethral obstruction due to

"sympathetic dyssynergia". Br J Urol, 50: 336, 1978

63. Mattiasson, A., Andersson, K. E., Sjogren, C.: Adrenoceptors and



26

cholinoceptors controlling noradrenaline release from adrenergic nerves in the
urethra of rabbit and man. J Urol, 131: 1190, 1984

64. Thor, K. B., Morgan, C., Nadelhaft, |. et al.: Organization of afferent and
efferent pathways in the pudendal nerve of the female cat. J Comp Neurol, 288:
263, 1989

65. Wein, A.: Neuromuscular Dysfunction of the Lower Urinary Tract and its
Management. In: Campbell's Urology. Edited by P. Walsh, A. Retick, E. Vaughan
et al. Philadelphia: Elsevier Science, vol. 2, pp. 932-1026, 2003

66. Cortivo, R., Pagano, F., Passerini, G. et al.: Elastin and collagen in the
normal and obstructed urinary bladder. Br J Urol, 53: 134, 1981

67. Macarak, E. J., Ewalt, D., Baskin, L. et al.: The collagens and their
urologic implications. Adv Exp Med Biol, 385: 173, 1995

68. Macarak, E. J., Howard, P. S.: The role of collagen in bladder filling. Adv
Exp Med Biol, 462: 215, 1999

69. Austin, J. C., Chacko, S. K., DiSanto, M. et al.: A male murine model of
partial bladder outlet obstruction reveals changes in detrusor morphology,

contractility and Myosin isoform expression. J Urol, 172: 1524, 2004

70. Sutherland, R. S., Baskin, L. S., Kogan, B. A. et al.: Neuroanatomical
changes in the rat bladder after bladder outlet obstruction. Br J Urol, 82: 895,
1998

71. Monson, F. C., Sun, L., Wein, A. J. et al.: Hyperplasia in the rabbit
bladder urothelium following partial outlet obstruction. Autoradiographic
evidence. Mol Cell Biochem, 152: 167, 1995

72. Aitken, K. J., Block, G., Lorenzo, A. et al.: Mechanotransduction of
extracellular signal-regulated kinases 1 and 2 mitogen-activated protein kinase
activity in smooth muscle is dependent on the extracellular matrix and regulated
by matrix metalloproteinases. Am J Pathol, 169: 459, 2006



27

73. Levin, R. M., Monson, F. C., Haugaard, N. et al.: Genetic and cellular
characteristics of bladder outlet obstruction. Urol Clin North Am, 22: 263, 1995

74. Hagglof, B., Andren, O., Bergstrom, E. et al.: Self-esteem before and
after treatment in children with nocturnal enuresis and urinary incontinence.
Scand J Urol Nephrol Suppl, 183: 79, 1997

75. Skobejko-WIlodarska, L.: Treatment of neuropathic urinary and faecal
incontinence. Eur J Pediatr Surg, 12: 318, 2002

76. Rendeli, C., Ausili, E., Tabacco, F. et al.: Assessment of health status in
children with spina bifida. Spinal Cord, 43: 230, 2005

77. Moody, T. E., Vaughan, E. D., Jr., Gillenwater, J. Y.: Comparison of the
renal hemodynamic response to unilateral and bilateral ureteral occlusion. Invest
Urol, 14: 455, 1977

78. Gulmi, F. A., Matthews, G. J., Marion, D. et al.: Volume expansion
enhances the recovery of renal function and prolongs the diuresis and natriuresis
after release of bilateral ureteral obstruction: a possible role for atrial natriuretic
peptide. J Urol, 153: 1276, 1995

79. Jaenike, J. R.: The renal functional defect of postobstructive
nephyropathy. The effects of bilateral ureteral obstruction in the rat. J Clin Invest,
51: 2999, 1972

80. Hunt, G. M.: A study of deaths and handicap in a consecutive series of
spina bifida treated unselectively from birth. Z Kinderchir, 38 Suppl 2: 100, 1983

81. Singhal, B., Mathew, K. M.: Factors affecting mortality and morbidity in
adult spina bifida. Eur J Pediatr Surg, 9 Suppl 1: 31, 1999

82. McDonnell, G. V., McCann, J. P.: Why do adults with spina bifida and
hydrocephalus die? A clinic-based study. Eur J Pediatr Surg, 10 Suppl 1: 31,
2000



28

83. Kaefer, M., Pabby, A., Kelly, M. et al.: Improved bladder function after
prophylactic treatment of the high risk neurogenic bladder in newborns with
myelomentingocele. J Urol, 162: 1068, 1999

84. Wu, H. Y., Baskin, L. S., Kogan, B. A.: Neurogenic bladder dysfunction
due to myelomeningocele: neonatal versus childhood treatment. J Urol, 157:
2295, 1997

85. Bruce, R. R., Gonzales, E. T., Jr.: Cutaneous vesicostomy: a useful form

of temporary diversion in children. J Urol, 123: 927, 1980

86. Noe, H. N., Jerkins, G. R.: Cutaneous vesicostomy experience in infants
and children. J Urol, 134: 301, 1985

87. Podesta, M. L., Ruarte, A., Herrera, M. et al.: Bladder functional outcome
after delayed vesicostomy closure and antireflux surgery in young infants with

'primary' vesico-ureteric reflux. BJU Int, 87: 473, 2001

88. Hutton, K. A., Thomas, D. F.: Selective use of cutaneous vesicostomy in

prenatally detected and clinically presenting uropathies. Eur Urol, 33: 405, 1998

89. Hutcheson, J. C., Cooper, C. S., Canning, D. A. et al.: The use of
vesicostomy as permanent urinary diversion in the child with myelomeningocele.
J Urol, 166: 2351, 2001

90. Krahn, C. G., Johnson, H. W.: Cutaneous vesicostomy in the young
child: indications and results. Urology, 41: 558, 1993

91. Lapides, J., Diokno, A. C., Silber, S. J. et al.: Clean, intermittent self-

catheterization in the treatment of urinary tract disease. J Urol, 107: 458, 1972

92. Lapides, J., Diokno, A. C., Gould, F. R. et al.: Further observations on
self-catheterization. J Urol, 116: 169, 1976

93. Lowthian, P.: The dangers of long-term catheter drainage. Br J Nurs, 7:
366, 1998



29

94. Edelstein, R. A., Bauer, S. B., Kelly, M. D. et al.: The long-term urological
response of neonates with myelodysplasia treated proactively with intermittent

catheterization and anticholinergic therapy. J Urol, 154: 1500, 1995

95. Schlager, T. A., Clark, M., Anderson, S.: Effect of a single-use sterile
catheter for each void on the frequency of bacteriuria in children with neurogenic
bladder on intermittent catheterization for bladder emptying. Pediatrics, 108: E71,
2001

96. Ku, J. H., Jung, T. Y., Lee, J. K. et al.: Influence of bladder management
on epididymo-orchitis in patients with spinal cord injury: clean intermittent

catheterization is a risk factor for epididymo-orchitis. Spinal Cord, 44: 165, 2006

97. Lindehall, B., Abrahamsson, K., Hjalmas, K. et al.: Complications of
clean intermittent catheterization in boys and young males with neurogenic
bladder dysfunction. J Urol, 172: 1686, 2004

98. Kjaergaard, B., Walter, S., Bartholin, J. et al.: Prevention of urethral
stricture recurrence using clean intermittent self-catheterization. Br J Urol, 73:
692, 1994

99. Borzyskowski, M., Cox, A., Edwards, M. et al.: Neuropathic bladder and
intermittent catheterization: social and psychological impact on families. Dev Med
Child Neurol, 46: 160, 2004

100. Edwards, M., Borzyskowski, M., Cox, A. et al.: Neuropathic bladder and
intermittent catheterization: social and psychological impact on children and

adolescents. Dev Med Child Neurol, 46: 168, 2004

101. Andersson, K. E., Yoshida, M.: Antimuscarinics and the overactive

detrusor--which is the main mechanism of action? Eur Urol, 43: 1, 2003

102. Chancellor, M. B., Anderson, R. U., Boone, T. B.: Pharmacotherapy for
neurogenic detrusor overactivity. Am J Phys Med Rehabil, 85: 536, 2006

103. Baskin, L. S., Kogan, B. A., Benard, F.: Treatment of infants with



30

neurogenic bladder dysfunction using anticholinergic drugs and intermittent
catheterisation. Br J Urol, 66: 532, 1990

104. Franco, I., Horowitz, M., Grady, R. et al.: Efficacy and safety of
oxybutynin in children with detrusor hyperreflexia secondary to neurogenic
bladder dysfunction. J Urol, 173: 221, 2005

105.  Goessl, C., Knispel, H. H., Fiedler, U. et al.: Urodynamic effects of oral
oxybutynin chloride in children with myelomeningocele and detrusor

hyperreflexia. Urology, 51: 94, 1998

106. Yarker, Y. E., Goa, K. L., Fitton, A.: Oxybutynin. A review of its
pharmacodynamic and pharmacokinetic properties, and its therapeutic use in
detrusor instability. Drugs Aging, 6: 243, 1995

107. Versi, E., Appell, R., Mobley, D. et al.: Dry mouth with conventional and
controlled-release oxybutynin in urinary incontinence. The Ditropan XL Study
Group. Obstet Gynecol, 95: 718, 2000

108. Anderson, R. U., Mobley, D., Blank, B. et al.: Once daily controlled
versus immediate release oxybutynin chloride for urge urinary incontinence.
OROS Oxybutynin Study Group. J Urol, 161: 1809, 1999

109. Gleason, D. M., Susset, J., White, C. et al.: Evaluation of a new once-
daily formulation of oxbutynin for the treatment of urinary urge incontinence.
Ditropan XL Study Group. Urology, 54: 420, 1999

110.  Youdim, K., Kogan, B. A.: Preliminary study of the safety and efficacy of
extended-release oxybutynin in children. Urology, 59: 428, 2002

111.  Kasabian, N. G., Vlachiotis, J. D., Lais, A. et al.: The use of intravesical
oxybutynin chloride in patients with detrusor hypertonicity and detrusor
hyperreflexia. J Urol, 151: 944, 1994

112.  Kasabian, N. G., Bauer, S. B., Dyro, F. M. et al.: The prophylactic value

of clean intermittent catheterization and anticholinergic medication in newborns



31

and infants with myelodysplasia at risk of developing urinary tract deterioration.
Am J Dis Child, 146: 840, 1992

113.  Mitchell, M. E., Piser, J. A.: Intestinocystoplasty and total bladder
replacement in children and young adults: followup in 129 cases. J Urol, 138:
579, 1987

114. Gearhart, J. P., Albertsen, P. C., Marshall, F. F. et al.: Pediatric
applications of augmentation cystoplasty: the Johns Hopkins experience. J Urol,
136: 430, 1986

115.  Rink, R., Hollensbe, D., Adams, M.: Complications of augmentation in
children and comparison of gastrointestinal segments. AUA Update Series, 14:
122, 1995

116. Metcalfe, P. D., Cain, M. P., Gilley, D. A. et al.: What is the Need for
Additional Bladder Surgery after Bladder Augmentation in Childhood? Presented
at the American Association of Pediatrics, Section on Urology, Washington, D.C.,
2005

117.  Metcalfe, P., Casale, A., Meldrum, K. et al.: Spontaneous Perforation of
the Augmented Bladder. Presented at the American Urological Association, San
Antonio, TX, 2005

118. Reinberg, Y., Manivel, J. C., Froemming, C. et al.: Perforation of the
gastric segment of an augmented bladder secondary to peptic ulcer disease. J
Urol, 148: 369, 1992

119.  DeFoor, W., Tackett, L., Minevich, E. et al.: Risk factors for spontaneous

bladder perforation after augmentation cystoplasty. Urology, 62: 737, 2003

120. Bertschy, C., Bawab, F., Liard, A. et al.: Enterocystoplasty complications
in children. A study of 30 cases. Eur J Pediatr Surg, 10: 30, 2000

121.  Shekarriz, B., Upadhyay, J., Demirbilek, S. et al.: Surgical complications
of bladder augmentation: comparison between various enterocystoplasties in 133
patients. Urology, 55: 123, 2000



32

122.  Smith, P., Hardy, G. J.: Carcinoma occurring as a late complication of
ileocystoplasty. Br J Urol, 43: 576, 1971

123. Rink, R. C., Hensle, T. W., Kaefer, M. et al.: Complications of Bladder
Augmentation - Plenary Lecture. Presented at the AUA Annual Meeting, San
Antonio, TX, 2005

124. Husmann, D. A., Spence, H. M.: Current status of tumor of the bowel

following ureterosigmoidostomy: a review. J Urol, 144: 607, 1990

125.  Singh, G., Thomas, D. G.: Bowel problems after enterocystoplasty. Br J
Urol, 79: 328, 1997

126. Herschorn, S., Hewitt, R. J.: Patient perspective of long-term outcome of

augmentation cystoplasty for neurogenic bladder. Urology, 52: 672, 1998

127. Akerlund, S.: Urinary diversion via the continent ileal reservoir.
Functional characteristics and long-term outcome. Scand J Urol Nephrol Suppl,
121: 1, 1989

128.  Stein, R,, Lotz, J., Andreas, J. et al.: Long-term metabolic effects in
patients with urinary diversion. World J Urol, 16: 292, 1998

129. Salomon, L., Lugagne, P. M., Herve, J. M. et al.: No evidence of
metabolic disorders 10 to 22 years after Camey type | ileal enterocystoplasty. J
Urol, 157: 2104, 1997

130. Kronner, K. M., Casale, A. J., Cain, M. P. et al.: Bladder calculi in the
pediatric augmented bladder. J Urol, 160: 1096, 1998

131.  DeFoor, W., Minevich, E., Reddy, P. et al.: Bladder calculi after
augmentation cystoplasty: risk factors and prevention strategies. J Urol, 172:

1964, 2004

132. Kaefer, M., Hendren, W. H., Bauer, S. B. et al.: Reservoir calculi: a



33

comparison of reservoirs constructed from stomach and other enteric segments.
J Urol, 160: 2187, 1998

133. Rink, R., Adams, M.: Augmentation Cystoplasty. In: Campbells Urology,
7th ed. Edited by P. Walsh, A. Retik, E. Vaughan et al. Philadelphia: W.B.
Saunders, pp. 3167-3189, 1998

134. Koch, M. O., McDougal, W. S., Reddy, P. K. et al.: Metabolic alterations
following continent urinary diversion through colonic segments. J Urol, 145: 270,
1991

135. Palmer, L. S., Franco, |., Kogan, S. J. et al.: Urolithiasis in children

following augmentation cystoplasty. J Urol, 150: 726, 1993

136.  Savarirayan, F., Dixey, G. M.: Syncope following ureterosigmoidostomy.
J Urol, 101: 844, 1969

137.  Sridhar, K. N., Samuell, C. T., Woodhouse, C. R.: Absorption of glucose
from urinary conduits in diabetics and non-diabetics. Br Med J (Clin Res Ed),
287: 1327, 1983

138.  Uckert, S., Hedlund, P., Andersson, K. E. et al.: Update on
Phosphodiesterase (PDE) Isoenzymes as Pharmacologic Targets in Urology:
Present and Future. Eur Urol, 50: 1194, 2006

139. Adam, R. M.: Recent insights into the cell biology of bladder smooth
muscle. Nephron Exp Nephrol, 102: e1, 2006

140. Johansson, R. K., Poljakovic, M., Andersson, K. E. et al.: Expression of
nitric oxide synthase in bladder smooth muscle cells: regulation by cytokines and
L-arginine. J Urol, 168: 2280, 2002

141.  Johansson, R., Persson, K.: Phenotypic modulation of cultured bladder
smooth muscle cells and the expression of inducible nitric oxide synthase. Am J

Physiol Regul Integr Comp Physiol, 286: R642, 2004

142.  Upadhyay, J., Aitken, K. J., Damdar, C. et al.: Integrins expressed with



34

bladder extracellular matrix after stretch injury in vivo mediate bladder smooth
muscle cell growth in vitro. J Urol, 169: 750, 2003

143.  Furchgott, R. F., Zawadzki, J. V.: The obligatory role of endothelial cells
in the relaxation of arterial smooth muscle by acetylcholine. Nature, 288: 373,
1980

144. Lucas, K. A,, Pitari, G. M., Kazerounian, S. et al.: Guanylyl cyclases and
signaling by cyclic GMP. Pharmacol Rev, 52: 375, 2000

145. Moncada, S., Palmer, R. M., Higgs, E. A.: Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol Rev, 43: 109, 1991

146. Andersson, K. E., Uckert, S., Stief, C. et al.: Phosphodiesterases (PDEs)
and PDE inhibitors for treatment of LUTS. Neurourol Urodyn, 26: 928, 2007

147. Beamon, C. R., Mazar, C., Salkini, M. W. et al.: The effect of sildenafil
citrate on bladder outlet obstruction: a mouse model. BJU Int, 104: 252, 2009

148. Andersson, K. E., Persson, K.: The L-arginine/nitric oxide pathway and
non-adrenergic, non-cholinergic relaxation of the lower urinary tract. Gen
Pharmacol, 24: 833, 1993

149.  Andersson, K. E., Persson, K.: Nitric oxide synthase and the lower
urinary tract: possible implications for physiology and pathophysiology. Scand J
Urol Nephrol Suppl, 175: 43, 1995

150.  Andersson, K. E., Arner, A.: Urinary bladder contraction and relaxation:

physiology and pathophysiology. Physiol Rev, 84: 935, 2004

151.  Theobald, R. J., Jr.: The effect of NG-monomethyl-L-arginine on bladder
function. Eur J Pharmacol, 311: 73, 1996

152. Olsson, L. E., Wheeler, M. A., Sessa, W. C. et al.: Bladder instillation and
intraperitoneal injection of Escherichia coli lipopolysaccharide up-regulate
cytokines and iNOS in rat urinary bladder. J Pharmacol Exp Ther, 284: 1203,
1998



35

153. Lemack, G. E., Burkhard, F., Zimmern, P. E. et al.: Physiologic sequelae
of partial infravesical obstruction in the mouse: role of inducible nitric oxide
synthase. J Urol, 161: 1015, 1999

154. Felsen, D., Dardashti, K., Ostad, M. et al.: Inducible nitric oxide synthase
promotes pathophysiological consequences of experimental bladder outlet
obstruction. J Urol, 169: 1569, 2003

155. Johansson, R., Pandita, R. K., Poljakovic, M. et al.: 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, 168: 2689, 2002

156. Lemack, G. E., Zimmern, P. E., Vazquez, D. et al.: Altered response to
partial bladder outlet obstruction in mice lacking inducible nitric oxide synthase. J
Urol, 163: 1981, 2000

157.  Vodovotz, Y.: Control of nitric oxide production by transforming growth
factor-beta1: mechanistic insights and potential relevance to human disease.
Nitric Oxide, 1: 3, 1997

158. Chen, M. W, Levin, R. M., Buttyan, R.: Peptide growth factors in normal
and hypertrophied bladder. World J Urol, 13: 344, 1995

159. Baskin, L. S., Sutherland, R. S., Thomson, A. A. et al.: Growth factors

and receptors in bladder development and obstruction. Lab Invest, 75: 157, 1996

160. Sharif-Afshar, A. R., Donohoe, J. M., Pope, J. C. t. et al.: Stromal
hyperplasia in male bladders upon loss of transforming growth factor-beta
signaling in fibroblasts. J Urol, 174: 1704, 2005

161. Li, M. O., Wan, Y. Y., Sanjabi, S. et al.: Transforming growth factor-beta

regulation of immune responses. Annu Rev Immunol, 24: 99, 2006

162.  Chang, H., Brown, C. W., Matzuk, M. M.: Genetic analysis of the
mammalian transforming growth factor-beta superfamily. Endocr Rev, 23: 787,
2002



36

163.  Johnson, K., Kirkpatrick, H., Comer, A. et al.: Interaction of Smad
complexes with tripartite DNA-binding sites. J Biol Chem, 274: 20709, 1999

164. Massague, J.: TGF-beta signal transduction. Annu Rev Biochem, 67:
753, 1998

165. Wan, Y. Y., Flavell, R. A.: 'Yin-Yang' functions of transforming growth
factor-beta and T regulatory cells in immune regulation. Immunol Rev, 220: 199,
2007

166. Blobe, G. C., Schiemann, W. P., Lodish, H. F.: Role of transforming
growth factor beta in human disease. N Engl J Med, 342: 1350, 2000

167.  Prud’homme, G. J.: Pathobiology of transforming growth factor beta in
cancer, fibrosis and immunologic disease, and therapeutic considerations. Lab
Invest, 87: 1077, 2007

168.  Zavadil, J., Bottinger, E. P.: TGF-beta and epithelial-to-mesenchymal
transitions. Oncogene, 24: 5764, 2005

169.  Wynn, T. A.: Cellular and molecular mechanisms of fibrosis. J Pathol,
214: 199, 2008

170.  Barrientos, S., Stojadinovic, O., Golinko, M. S. et al.: Growth factors and
cytokines in wound healing. Wound Repair Regen, 16: 585, 2008

171. Wang, J. F., Jiao, H., Stewart, T. L. et al.: Fibrocytes from burn patients
regulate the activities of fibroblasts. Wound Repair Regen, 15: 113, 2007

172.  Frazier, K., Williams, S., Kothapalli, D. et al.: Stimulation of fibroblast cell
growth, matrix production, and granulation tissue formation by connective tissue
growth factor. J Invest Dermatol, 107: 404, 1996

173.  Yang, R., Amir, J., Liu, H. et al.: Mechanical strain activates a program of
genes functionally involved in paracrine signaling of angiogenesis. Physiol
Genomics, 36: 1, 2008



37

174. Haung, D., Adah, A., Richardson, R. et al.: Defining the role of hif-1 ?
And ctdf in fibrosis - biomed 2009. Biomed Sci Instrum, 45: 340, 2009

175.  Chowdhury, I., Chaqour, B.: Regulation of connective tissue growth
factor (CTGF/CCN2) gene transcription and mRNA stability in smooth muscle
cells. Involvement of RhoA GTPase and p38 MAP kinase and sensitivity to actin
dynamics. Eur J Biochem, 271: 4436, 2004

176.  Chagqour, B., Whitbeck, C., Han, J. S. et al.: Cyr61 and CTGF are
molecular markers of bladder wall remodeling after outlet obstruction. Am J
Physiol Endocrinol Metab, 283: E765, 2002

177. Mezzano, V., Cabrera, D., Vial, C. et al.: Constitutively activated
dystrophic muscle fibroblasts show a paradoxical response to TGF-beta and
CTGF/CCN2. J Cell Commun Signal, 1: 205, 2007

178.  Igarashi, A., Nashiro, K., Kikuchi, K. et al.: Connective tissue growth
factor gene expression in tissue sections from localized scleroderma, keloid, and
other fibrotic skin disorders. J Invest Dermatol, 106: 729, 1996

179. Colwell, A. S., Phan, T. T., Kong, W. et al.: Hypertrophic scar fibroblasts
have increased connective tissue growth factor expression after transforming

growth factor-beta stimulation. Plast Reconstr Surg, 116: 1387, 2005

180. Okada, H., Kikuta, T., Kobayashi, T. et al.: Connective tissue growth
factor expressed in tubular epithelium plays a pivotal role in renal fibrogenesis. J
Am Soc Nephrol, 16: 133, 2005

181.  Brading, A., Pessina, F., Esposito, L. et al.: Effects of metabolic stress
and ischaemia on the bladder, and the relationship with bladder overactivity.
Scand J Urol Nephrol Suppl: 84, 2004

182.  Ulleras, E., Wilcock, A., Miller, S. J. et al.: The sequential activation and
repression of the human PDGF-B gene during chronic hypoxia reveals
antagonistic roles for the depletion of oxygen and glucose. Growth Factors, 19:
233, 2001



38

183. Nakayama, K.: Cellular signal transduction of the hypoxia response. J
Biochem, 146: 757, 2009

184. Smith, T. G., Robbins, P. A., Ratcliffe, P. J.: The human side of hypoxia-
inducible factor. Br J Haematol, 141: 325, 2008

185. Adam, R. M., Eaton, S. H., Estrada, C. et al.: Mechanical stretch is a
highly selective regulator of gene expression in human bladder smooth muscle
cells. Physiol Genomics, 20: 36, 2004

186. Adam, R. M., Roth, J. A., Cheng, H. L. et al.: Signaling through PI3K/Akt
mediates stretch and PDGF-BB-dependent DNA synthesis in bladder smooth
muscle cells. J Urol, 169: 2388, 2003

187. Akbal, C., Lee, S. D., Jung, C. et al.: Upregulation of both PDGF-BB and
PDGF-BB receptor in human bladder fibroblasts in response to physiologic
hydrostatic pressure. J Pediatr Urol, 2: 402, 2006

188.  Smaldone, M. C., Maranchie, J. K.: Clinical implications of hypoxia

inducible factor in renal cell carcinoma. Urol Oncol, 27: 238, 2009

189. Adams, J. C., Watt, F. M.: Regulation of development and differentiation
by the extracellular matrix. Development, 117: 1183, 1993

190. Ingber, D. E.: Cellular basis of mechanotransduction. Biol Bull, 194: 323,
1998

191. Bagli, D. J., Joyner, B. D., Mahoney, S. R. et al.: The hyaluronic acid
receptor RHAMM is induced by stretch injury of rat bladder in vivo and influences

smooth muscle cell contraction in vitro [corrected]. J Urol, 162: 832, 1999

192.  Baskin, L., Howard, P. S., Macarak, E.: Effect of physical forces on
bladder smooth muscle and urothelium. J Urol, 150: 601, 1993

193. Baskin, L. S., Hayward, S. W., Sutherland, R. A. et al.: Cellular signaling
in the bladder. Front Biosci, 2: d592, 1997



39

194. Baskin, L. S., Sutherland, R. S., Thomson, A. A. et al.: Growth factors in
bladder wound healing. J Urol, 157: 2388, 1997

195.  Chiquet, M.: Regulation of extracellular matrix gene expression by
mechanical stress. Matrix Biol, 18: 417, 1999

196. Wang, J. H., Thampatty, B. P.: An introductory review of cell
mechanobiology. Biomech Model Mechanobiol, 5: 1, 2006

197.  Visse, R., Nagase, H.: Matrix metalloproteinases and tissue inhibitors of
metalloproteinases: structure, function, and biochemistry. Circ Res, 92: 827,
2003

198. Mott, J. D., Werb, Z.: Regulation of matrix biology by matrix
metalloproteinases. Curr Opin Cell Biol, 16: 558, 2004

199.  Kushida, N., Kabuyama, Y., Yamaguchi, O. et al.: Essential role for
extracellular Ca(2+) in JNK activation by mechanical stretch in bladder smooth
muscle cells. Am J Physiol Cell Physiol, 281: C1165, 2001

200. Atala, A., Bauer, S. B., Soker, S. et al.: Tissue-engineered autologous

bladders for patients needing cystoplasty. Lancet, 367: 1241, 2006

201. Shu, X. Z., Liu, Y., Palumbo, F. et al.: Disulfide-crosslinked hyaluronan-
gelatin hydrogel films: a covalent mimic of the extracellular matrix for in vitro cell
growth. Biomaterials, 24: 3825, 2003

202.  Cartwright, L. M., Shou, Z., Yeger, H. et al.: Porcine bladder acellular
matrix porosity: impact of hyaluronic acid and lyophilization. J Biomed Mater Res
A, 77: 180, 2006

203.  Cartwright, L., Farhat, W. A., Sherman, C. et al.: Dynamic contrast-
enhanced MRI to quantify VEGF-enhanced tissue-engineered bladder graft

neovascularization: pilot study. J Biomed Mater Res A, 77: 390, 2006

204. Lai,J. Y., Yoon, C.Y., Yoo, J. J. et al.: Phenotypic and functional



40

characterization of in vivo tissue engineered smooth muscle from normal and
pathological bladders. J Urol, 168: 1853, 2002

205. Zhang, Y., Frimberger, D., Cheng, E. Y. et al.: Challenges in a larger
bladder replacement with cell-seeded and unseeded small intestinal submucosa
grafts in a subtotal cystectomy model. BJU Int, 98: 1100, 2006

206. Pariente, J. L., Kim, B. S., Atala, A.: In vitro biocompatibility evaluation of
naturally derived and synthetic biomaterials using normal human bladder smooth
muscle cells. J Urol, 167: 1867, 2002

207. Zhang, Y., Kropp, B. P., Moore, P. et al.: Coculture of bladder urothelial
and smooth muscle cells on small intestinal submucosa: potential applications for

tissue engineering technology. J Urol, 164: 928, 2000

208. Zhang, Y., Lin, H. K., Frimberger, D. et al.: Growth of bone marrow
stromal cells on small intestinal submucosa: an alternative cell source for tissue
engineered bladder. BJU Int, 96: 1120, 2005

209. Chung, S. Y., Krivorov, N. P., Rausei, V. et al.: Bladder reconstitution
with bone marrow derived stem cells seeded on small intestinal submucosa

improves morphological and molecular composition. J Urol, 174: 353, 2005

210. Lavik, E., Langer, R.: Tissue engineering: current state and perspectives.
Appl Microbiol Biotechnol, 65: 1, 2004

211.  Akbal, C., Lee, S. D., Packer, S. C. et al.: Bladder augmentation with

acellular dermal biomatrix in a diseased animal model. J Urol, 176: 1706, 2006

212. Saunders, R. N., Metcalfe, M. S., Nicholson, M. L.: Rapamycin in

transplantation: a review of the evidence. Kidney Int, 59: 3, 2001

213. Garcia, J. A., Danielpour, D.: Mammalian target of rapamycin inhibition
as a therapeutic strategy in the management of urologic malignancies. Mol
Cancer Ther, 7: 1347, 2008



41

214.  Wu, M. J., Wen, M. C., Chiu, Y. T. et al.: Rapamycin attenuates unilateral
ureteral obstruction-induced renal fibrosis. Kidney Int, 69: 2029, 2006



Chapter 2: Experiments and Results
2.1 Introduction

Partial bladder outlet obstruction (pBOO) is a ubiquitous problem in the aging
male"? and results in significant morbidity in the pediatric population“. Prostatic
hypertrophy can progress to overt urinary retention and renal insuficiencys. Pediatric
patients, that develop pBOO secondary to spina bifida and posterior urethral valves
(PUV), are at risk for the development of significant renal injury, including vesicoureteral

%58 |t has been established that the renal

reflux, hydronephrosis and renal insufficiency
injury that occurs secondary to prolonged exposure to elevated bladder pressures3;
however, pathophysiologic mechanisms which result in these high pressure bladders are
not fully understood. It has been well demonstrated that the progression to an end-stage
bladder is the result of multiple complex, well-regulated biochemical pathwaysg'”;
however, these studies have often been performed in isolation, examining a single time
point or an isolated mediator, which does not resemble the clinical scenario of a
progressive deterioration from a healthy bladder. Therefore, a representative,
comprehensive and clinically representative model would be invaluable to the

advancement of knowledge and patient care.

It is postulated that the bladder passes through several distinct physiological
phases en-route to decompensation. An initial phase of inflammation, with adaptive
muscle hypertrophy and the ability to generate sufficient pressure to compensate for the
increased pressures needed to void occurs across the increased urethral resistance, and
finally a high pressure, poorly compliant bladder that has decompensated into a fibrotic
organ develops. Therefore, any assessment of the pathophysiologic decompensation
must analyze changes over several time points, as the bladder passes through distinct
phases en route to this decompensated state. Delineating these phases and their
progression over time may help improve clinical care and outcomes, as medical
prevention can be more tailored to the particular pathophysiology of the patient’s bladder.
Further elucidation of biochemical mechanisms could lead to novel therapies and
decrease progression to renal damage.

. . 12-14
Therefore, we have used a well described an animal model

and compared
the urodynamic, histologic and biochemical changes over several time periods after

pBOO. lItis important for our model to effectively replicate the clinical scenario, whereby
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these changes occur insidiously and without significant acute symptoms or morbidity.
Our observations, and those of others, demonstrate the presence of distinct phases
along the path to bladder decompensation including an initial inflammatory response
whose mediators initiate the subsequent effects, a compensatory response with muscle
hypertrophy and the final phase which results in a fibrotic, end-stage bladder responsible
for the significantly elevated bladder pressures. These features mimic the clinical
situation, which places the patient at significant risk for an end-stage bladder and

subsequent renal failure.

2.2 Methods
2.2.1 Animal Model of pBOO

The University of Alberta’s Animal Care and Use Committee approval was
obtained for the research. Adult female rats underwent pBOO at a weight of 200 gms as
described by Sutherland et al'. After induction of isoflurane anesthesia the bladder was
exposed via a midline incision and an 18-gauge catheter was advanced through to the
urethra. The bladder neck region was dissected, ureters were identified and a right angle
clamp was placed around the urethra. A 2-0 silk tie was then gently tied down to the
tissue to ensure sufficient resistance without completely occluding the urethra. The
catheter was then removed and the suprapubic incision closed with absorbable suture.
Four separate experimental groups (2,4,8, and 13 weeks of pBOO) were compared to
shams. Sham animals underwent the same procedure including, urodynamics,
advancement of the angiocatheter, and dissection of the urethra, except that no suture

was placed around the urethra.

2.2.2 Animal Health

To ensure that the animals remained healthy during the period of pBOO, the rats
were food and water intake were monitored and the animals weighed prior to pBOO and
at the end of the experiment as a general measure of overall health. At animal sacrifice,
blood was drawn and sent for serum creatinine levels. Necropsy was performed, with the
bladders and kidneys weighed and grossly inspected for hydronephrosis or bladder

stones.

2.2.3 Urodynamic Measurements

Urodynamics were performed under anesthetic, both prior to the creation of
pBOO and at animal sacrifice at 2, 4, 8 or 13 weeks. These were performed under
anesthetic with the bladder exposed through a midline incision. An 18-gauge

angiocatheter was placed into the dome of the bladder and secured. The bladder was
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completely drained, and the catheter was connected to a Y tubing connector, with one
port attached to a syringe pump, which infused a normal saline solution at 0.1 ml per
minute. The second arm was attached to a pressure transducer. Pressures were zeroed
to atmospheric pressure and then recorded at 15-second intervals once the infusion

started.

The primary parameters recorded were maximal bladder capacity and detrusor
pressure. Bladders were infused with normal saline solution at 0.1 ml per min and
recording proceeded until bladder incontinence was observed when urine was expelled
per urethra. Pressures were recorded throughout the urodynamics and the maximum
detrusor pressure was defined as the maximum pressure recorded before urination. The
animals were determined to have phasic contractility if they demonstrated a sustained

amplitude variation of at least 10 cm H,0.

2.2.4 Organ and Tissue Analysis

At the time of animal sacrifice, bladders were surgically removed above the level
of the suture, opened and weighed after the removal of all urine, stones and adherent
adipose tissue. The bladders were sectioned and either snap frozen in liquid nitrogen or
submersed in 4% paraformaldehyde. Kidneys were grossly inspected for the presence of

hydronephrosis, weighed, and then preserved as for the bladders.

Paraffin blocks created from the paraformaldehyde sample were 5um sections
were mounted on slides and stained with hematoxylin and eosin (H+E) or Masson's
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 with a micrometer to ensure

comparability.

Mean bladder thickness was measured by sectioning a 0.5 x 0.5 cm sample of
the posterior bladder wall. To minimize contraction, the bladder wall was placed in a
microscopic cassette and held firmly in place with foam padding during fixation in
paraformaldehyde. This effectively prevented tissue stretch or contraction that would
influence thickness of the bladder wall. Histologic sections were viewed under 20x
magnification with a micrometer. The bladder wall thickness was calculated by
measuring the distance between the urothelium and the detrusor-fat junction in five

randomly selected fields from each animal in every group and calculating the mean.

Immunohistochemistry
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Immunohistochemistry was performed on frozen sections by embedding them in
Shandon CryomatrixT'VI (Thermo Electron Corp., Pittsburgh, PA) and 8 um sections were
cut, fixed in acetone, treated with hydrogen peroxide to quench endogenous peroxidase
and blocked with corresponding serum from a secondary antibody for 1 hour. Slides
were then incubated for 2 hours at room temperature with rat anti-mouse F4/80
monoclonal antibody (mAb) (5 pg/ml; eBioscience Inc., San Diego, CA), for identification
of connective tissue growth factor (CTGF) and alpha-smooth muscle actin (a-
SMA)(eBioscience Inc., San Diego, CA). Sections were then incubated with anti-F4/80
mAb and conjugated with horseradish peroxidase (Sigma, Saint Louis, MS) for 1 hour at
room temperature. Signals on tissue were revealed using diaminobenzidine and

hydrogen peroxide. Thereafter, counterstaining was performed with hemotoxylin.

2.2.5 Real-time reverse transcription—-polymerase chain reaction

Total RNA was extracted from bladder samples using RNeasyTNI spin columns
(Qiagen, Mississauga, ON, Ca) according to the manufacturers’ recommendations. To
eliminate contamination with genomic DNA, DNAse digestion was performed for 60
minutes. First-strand cDNA was synthesized using an enhanced avian first strand
synthesis kit (Sigma, Oakville, ON, Ca) at 42°C using 500 ng total RNA extract. Real-
time reverse transcription—polymerase chain reaction (RT-PCR) was conducted using
Power SYBR® Green PCR Master Mix (ABI, Foster, CA) in a 25 uL tube with a total
reaction volume of 25 uL containing 1 uL ofa 1:2 dilution of first-strand reaction product,
0.2 yM gene specific upstream and downstream primers. Amplification and analysis of
cDNA fragments was carried out using a 7300 real time PCR system (ABI, Foster, CA).
Cycling conditions were initial denaturation at 95°C for 3 minutes, followed by 40 cycles
consisting of a 15-second denaturation interval at 95°C and a 30 second interval for
annealing and primer extension at 60°C. Amplification of the housekeeping gene p-actin
mRNA was used as to normalize the results. mRNA levels were measured as CT
threshold levels and normalized with the individual p-actin control CT values. Altered

mRNA levels in pBOO bladders are expressed as fold changes.
2.2.6 Hydroxyproline Analysis

Bladder collagen content was determined by liquid chromatography / mass

spectrometric analysis of 4-hydroxyproline 1o 17

from the snap frozen samples. An
internal standard (N-methyl-L-proline) and 6N HCI solution were added to pre-weighed,

freeze dried bladder tissue and each sample was then hydrolyzed overnight at 115°C.
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The O-butyl ester derivatives were prepared with 10% BF.-butanol for 30 minutes at
120°C after drying the hydrolysate. Liquid chromatography (column: Eclipse XDB-
C18)/mass spectrometry analysis was performed on a Hewlett-Packard (series 1100,
Atlanta, GA) mass selective detector monitoring the ions at m/z 186 and 188. Results

were expressed as ug hydroxyproline per mg of dry sample weight.

Data presentation and calculation

Graphs were constructed using mean values and error bars representing the
standard error of the means. Parametric statistical analysis was performed with a 2
tailed, non-paired student t-test, when comparing pre to post pBOO results. ANOVA,
with the SNK test, was used to compare results between groups of animals. Differences

were considered significant if p<0.05.

2.3 Results
2.3.1 Animal Health

Rats included in the analysis remained healthy for the duration of the experiment.
Animals were weighed prior to pBOO and at the end of the experiment. There were no
significant differences between pre pBOO and post pBOO weights when comparing the
experimental and control sham animals at the 4 and 12-week time points. The
experimental animals gained weight at the same rate as controls (Figure 2-1). Serum
creatinine was drawn at the end of the experiment and there was no significant increase
in serum creatinine when compared to control animals (Figure 2-2). At necropsy, there
was no gross evidence of hydronephrosis in any of the animals and kidney weights did
not change over the course of the experiment and histology remained normal as

compared to controls

2.3.2 Urodynamic Outcomes

Urodynamic data were used to confirm the physiologic response to the pBOO as
this directly correlated to outcomes seen in the clinical setting and confirms its relevance.
Animals were tested before surgical induction of pBOO and after the allotted time
periods. Therefore, comparisons were made to the animal’s own baseline and between

different durations of obstruction. The findings are as follows:

a) Total Bladder Capacity
Total bladder capacity initially increased with pBOO then returned to baseline
values by 13 weeks of pBOO (figure 2). Bladder capacity did not significantly change

from baseline in neither sham nor experimental group and was not different compared to

46



any of the pre- obstruction values. In the experimental group with pBOO, there was a
significant increase over pre-obstruction volumes after 2, 4 and 8 weeks of pBOO
(p<0.05), and at 8 weeks, capacity was significantly higher than the 4-week group
(p<0.05). Thereafter, capacity subsequently decreased, so by 13-weeks of pBOO, the
bladder capacity of the experimental animals were not significantly different from either

the shams or their pre-pBOO volumes (Figure 3).

b) Maximal Bladder Pressure

Maximal bladder pressure also increased with pBOO, but this occurred later than
the peak increase in bladder capacity and then remained significantly increased
throughout the remaining experimental period (Figure 4). Although the bladder pressure
was not increased after 2 weeks of pBOO, it was significantly greater than sham controls
and pre-pBOO after 4, 8 and 13 weeks of obstruction (p<0.05). After 8 weeks of pBOO,
peak bladder pressures were observed which were significantly higher than 2, 4 and 13
weeks. Although the bladder pressures declined after 8 weeks, they remained also higher

than sham controls as well as the earlier time points of 2 and 4 weeks (p<0.05).

c) Compliance

Compliance of the bladder was calculated by dividing the maximum capacity by
the maximal pressure. The compliance increased initially as compared to the shams
(0.02 mls / cm H20, range 0.0075-0.075 ml/cm H20) to 2 weeks (0.04 mls / cm H20,
range 0.005-0.10 ml/cm H20) before it gradually decreased to a minimum at 13 weeks
(0.008 mis / cm H20, range 0.002-0.014). However, these values did not reach

statistical significance (Figure 5).

d) Volume / Pressure Curves
Representative curves were selected from sham, 4 week, and 13-week animals,

which demonstrated increased capacity at 4 weeks and pressure at 13 weeks (Figure 6).

Phasic contractions were seen in 3/5 of the animals after 2 weeks of pBOO and

in 3/6 after 4 weeks; however, in only 1/4 at 8 weeks and none after 13 weeks of pBOO.

2.3.3 Organ and Tissue Analysis
a) Gross Appearance
On gross examination, the bladders of the animals with pBOO demonstrated

obvious visible morphological changes secondary to prolonged obstruction. Initially, after
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two weeks of pBOO the bladders appeared very inflamed, and by four weeks the
bladders were very distended and thin walled which progressed to become very small

and contracted by 13-week of pBOO (Figure 7).

b) Bladder Mass and Thickness

The weight of the bladders in the experimental group increased after 4 weeks of
pBOO and remained elevated for the course of the experiment. Whole bladder weights
were significantly increased when compared to sham operated controls in the 2, 4 and 8-
week groups (p<0.05). The 4-week pBOO bladders were significantly heavier than the 2-
week bladders (p<0.05 (Figure 8).

The thickness of the bladder walls both grossly and as measured histologically
using the micrometer increased to its maximum by 4 weeks of pBOO and gradually
decreased thereafter. The 4-week specimens were significantly thicker than both sham

groups, as well as the 8-week and 13 week pBOO groups (p<0.05)(Figure 8).

c) Tissue Histology

Microscopic sections were consistent with our hypothesis that the bladder
progresses through several phases, including inflammation, muscle hypertrophy and
fibrosis en route to a high pressure, end-stage bladder. After 2 weeks there was an
inflammatory infiltrate obvious on H+E staining. By 4 weeks, there was an appreciable
increase in muscle mass, while maintaining basic tissue architecture. At 8 weeks, the
muscle was less apparent and there was an increase in connective tissue with a general
loss of tissue architecture, which was pronounced by 13 weeks (Figure 9). Masson’s
trichrome staining demonstrates mature collagen fibers, and several samples showed a

near complete replacement of the bladder wall by 13 weeks (Figure 10).

d) Immunohistochemistry

The detection of inflammatory mediators was consistent with our hypothesis that
the presence of CTGF is detected throughout the urothelium at 2 weeks, and seems to
decrease thereafter (Figure 2-11). The detection of myofibroblasts is also time
dependent, with a minimal detection of a-SMA in the sham groups, a significant presence
seen at 8 weeks and a gradual increase to a dense collection in the sub-urothelial layer
by 13 weeks (Figure 12).

2.3.4: Real Time RT-PCR
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HIF-1a, PDGF, CTGF and TGF-31 are cytokines which have been previously

shown to play a prominent role in pBOO and fibrosis'®?’

. In our pBOO model, an initial
up-regulation of MRNA for each of the cytokines measured was seen in the inflammatory
phase. A statistically significant (p<0.05) increase in the mRNA for collagen type |, CTGF

and TGF-p occurred at two weeks, before a return to baseline levels (Figure 13).

HIF-1a mRNA also increased by 2 weeks, but did not reach statistical
significance, compared to shams, until it peaked at 4 weeks, and remained significantly
higher than shams through to 13 weeks (p<0.05) (Figure 14). PDGF-A mRNA was the
only cytokine to decrease, where all values were statistically significantly lower than
shams (p<0.05).

2.3.5 Hydroxyproline analysis

With the initiation of the pBOO, an initial decrease in the amount of collagen in
the bladder wall occurred where significantly less hydroxyproline was measured in the 2,
4 and 8-week samples as compared to shams (p<0.01). By 8 weeks, collagen levels
began to increase, until at 13 weeks, the amount of collagen in the bladder wall
decreased and was no different from sham controls and 2-week samples, but remained

significantly higher than the 4 and 8-week samples (p<0.05) (Figure 15).
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2.4 Discussion

Partial bladder obstruction (pBOO) is a pervasive problem throughout urology,
from the child with a neuropathic bladder or PUV to the adult male with prostatic
hyperplasia or urethral stricture. Although a great deal of knowledge has been accrued,
our current treatment regimes remain crude and can contribute to significant morbidityzz'
% This has forced a re-examination of the pathophysiology of pBOO, whereby
recognizing that while the outlet resistance may have initiated the process, ultimately
pBOO leads to permanent pathologic changes in the bladder wall. As of yet, current
treatment is unable to reverse the molecular and biochemical processes, and thereby

prevent the very high-pressure end-stage bladder.

Thus, a representative animal model would be invaluable to the further
development of medical and surgical treatment andto advance the field of regenerative
medicine. This current model demonstrates that it is very applicable to the clinical
scenario urologists face. Despite the fact that the animals remained apparently healthy,
clinically relevant measurements including urodynamics demonstrated marked pathologic
changes associated with high-pressure bladders. | Importantly, this model
demonstrates progression of pathologic changes over time with a pBOO, a feature not
described by previous models, which lead to a more thorough understanding of the

pathology and potential corrective therapies.

These temporal relations can provide great insight into advancing medical
treatment, as we can now further examine the effects of anticholinergics, or other novel
therapies. This will allow us to manipulate multiple variables, such as timing of initiation
and dosing schedules and accurately assess their effects. With respect to advancing the
surgical treatments, a great deal of progress has been made in the field of tissue
engineering, with respect to bladder substitution, but these grafts are usually placed into
healthy bladders, with normal tissue architecture and blood supply26'28. This is
fundamentally different from what we would propose with our model, which much more
closely resembles the clinical scenario. ltis likely that end-stage bladder has lost its
normal architecture and vasculature, which would be much less likely to integrate an
engineered substrate. Therefore, progress in this field will likely require the implantation
of grafts into a diseased animal model, such as described herein, that more closely

resembles the human clinical scenario.

Our hypothesis is that the pathophysiology of pBOO involves several predictable

phases. The bladder initially is able to compensate to the increased stress and pressure,
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but the sustained pressure results in a decompensation phase. Our results are
consistent with this, as the initial increase in bladder capacity seen at 2 weeks after
pBOO apparently related to the inflammatory response, with an increase in cellularity
histologically and the up-regulation of the inflammatory cytokine mRNA. It is likely that if
earlier time points had been chosen such as1,2, or 7 days, the greater increase in
inflammatory cytokines may have been observed. TGF-$ and CTGF were selected for
this study, as these have been well documented to play fundamental roles in fibrosis in

many organ systems, and specifically the bladder® 2% %,

TGF-1 has been long been recognized as having a prominent role in the

pathophysiology of pBO0O® %3

. Although its biology is complex and its regulation occurs
at many levels, the increased mRNA levels implies an up-regulation of this fibrogenic
cytokine. CTGF has also been shown to be an early event in response to stretch® and
has been shown to result in bladder fibrosis'®, with increased collagen and extracellular
matrix deposition32 . Although the effects of the increased collagen and extracellular
matrix may not yet be seen until after prolonged obstruction, but it is likely up-regulated

very early in the pathophysiology.

Previously, others have implicated HIF-1a and PDGF in fibrosis due to hypoxia,

and it is likely that our model of bladder outlet obstruction induces hypoxiass’ ¥ as

described by others in the past 35,36

PDGF comprises a family of growth factors, related
to both fibrosis, with TGF-f3, and hypoxia via the HIF-1a pathway. Adam et al.
demonstrated that mechanical stretch in-vitro will selectively up-regulate PDGF-BB®,
leading to bladder hypertrophy19. Akbal et al. used hydrostatic pressures of 20-40 cm
H,O on bladder smooth muscle and fibroblast cell cultures to demonstrate an increase in
PDGF-BB?. Huang et al established a relationship between HIF-1a and CTGF, as HIF-
1a deficient mice were not able to produce CTGF after hypoxia36. However, our
animals did not show a significant increase in HIF-1a until 4 weeks after pBOO, which
likelycorresponds to the time required for bladder pressures to become sufficiently
elevated before hypoxia develops. TGF-1 has been shown to have no discernible effect
on PDGF expression in cultured hair follicles®’, and only a minimal stimulatory effect in
retinal cells®®, while TGF-p1 was shown to down-regulate PDGF-A in lung fibroblasts®.
PDGF-A expression may be biphasic in that initially a decrease occurs during the
inflammatory period of pBOO, before the subsequent increase in HIF-1a results in its up-
regulation. Since PDGF is secreted by myofibroblasts, the up-regulation may be to their

. . . 4
increased proliferation 0
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The inflammatory cascade initially results in the bladder being able to increase its
capacity while maintaining normal bladder pressures. However, the cytokines initiate
smooth muscle hypertrophy, seen histologically associated with the proliferation of
myofibroblasts. TGF- also promotes of the development of myofibroblasts4° ,and its
increased expression in this model likely accounts for the subsequent elevation in
pressures at 4 and 8 weeks, as the bladder is becoming fibrotic as shown by the loss of
phasic contractions seen in many of the animals at 2 weeks and 4 weeks, which was lost
13 weeks when no contractile activity was seen. The histologic features observed
correspond to significant of muscle hypertrophy, with the preservation of the general
bladder tissue architecture. These functional and histologic changes seen correspond
with the increased thickness of the bladder wall and increased weight of the bladder
itself, which are common markers for hypertrophy and loss of tissue compliance

throughout the entire bladder® *" 2.

The role of the myofibroblast in neuropathic bladders was first described by
Wiseman et al **and its role in neuropathic bladders is actively being explored44’ .
Increased sub-urothelial myofibroblasts, compared to controls, were found in patients
with neuropathic bladders which failed conservative treatment*. Our study confirms not
only their presence in a high-pressure bladder, but also their recruitment with the
progressive pBOO. It is widely believed that the pro-fibrotic cytokines TGF- and CTGF
have a prominent role in the differentiation and activation of myofibroblasts4°’ 46,47,
Therefore, the initial inflammatory cascade and upregulation of TGF-p and CTGF are
likely associated with the increase in sub-urothelial myofibroblasts seen at 8 and 13

weeks.

By 8 weeks of pBOO in this model, the bladders have begun to decompensate,
with very high pressures and a significant decrease in capacity by 13 weeks. This likely
occurs from progressive fibrosis leading to less contractility and more fibrotic, poorly
compliant bladder. The increased in collagen synthesis in the bladder wall is consistent
the marked increases in bladder pressures seen at 13 weeks. The initial decrease in
collagen content is likely due to development muscle hypertrophy early after pBOO,
which decreases the relative proportion of collagen in the tissue. As the bladder
decompensates, the collagen content increases to its maximum at 13 weeks as seen
histologically where pathologic deposition of collagen leads to the loss of normal bladder
architecture. This likely also accounts for the increase in thickness, as the hypertrophied

muscle is replaced by fibrosis.
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This model appears to be the first to demonstrate the progression through
discreet phases of inflammation, followed by a compensated, muscular hypertrophy
phase, before a final decompensated, fibrotic phase develops. Different therapeutic
strategies may be required for the different phases of pBOO. Early treatment must be
aggressive and tailored to preventing the inflammatory cascade, and focused on
preventing muscle hypertrophy and contractility. Once pressures become elevated, then
treatment is tailored at reducing contractility and preventing deterioration to fibrosis.
Treatment of the final phase, therefore, needs to focus on fibrosis, as there is minimal
normal detrusor tissue left. However, the proliferation of myofibroblasts may provide
another biological target. Our model also further encourages the early and aggressive
use of current regimes such as clean intermittent catheterization and anticholinergics48’ 49
in the hopes of minimizing the inciting inflammatory cascade and preventing the

pathologic progression from increased intravesical pressure to fibrosis.

53



2.5 Conclusions

Based on our results we feel that this model effectively demonstrates the
fundamental changes to the bladder that occur over time with a pBOO in a clinically
relevant manner. Furthermore, it correlates changes to findings at a tissue and organ
level and highlights discreet phases. This programmed and predictable progression
certainly is translatable into an increased number of therapeutic options. For example,
medical prevention may be more effective if specifically targeted at inflammation and
muscle hypertrophy initially, versus prevention or reversal of fibrosis during later stages
of the disease process. Furthermore, this effective and reproducible model will allow for

precise testing of novel medical therapies, including tissue replacement strategies.

Finally, this model can be used to examine changes that occur on a molecular
and cellular level. We hypothesize that the inflammatory and fibrotic pathways will vary
according to the duration of pBOO and this will be invaluable information for further

development of prevention and therapeutic strategies.
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Figure 1: The animals maintained healthy weights throughout the experiment,

gaining weight at the same rate as control animals. Animals obstructed
for 2 weeks trended towards weight-loss, implying significant physiologic

stress, but this was not statistically significant.
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Serum creatinine levels were drawn at the end of the experimental

period. There were no statistical differences between the groups.
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Figure 3. Urodynamic bladder capacity, comparing the pre to post pBOO values

and between groups of animals. Animals had significantly higher
capacity than both sham groups and their pre-pBOO capacity after 2, 4
and 8 weeks of pBOO. Capacity at 13 weeks was not different from
shams or pre-operative levels. Maximal capacity was seen at 8 weeks,
which was also significantly higher than the capacity seen at 4 weeks

(p<0.05). All values represent the means with the standard error.
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Figure 4. Maximal bladder pressures, comparing pre to post-pBOO values and
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between groups. Bladder pressures were significantly higher than both

shams and pre pBOO levels at 4, 8 and 13 weeks. Mean pressure at 13

weeks exceeded levels recorded at 4 weeks, while the 8 week animals

had pressures significantly higher than those seen at 2, 4 and 13 weeks.

All values represent the means with the standard error.
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Compliance was calculated by dividing bladder volume by the pressure.
Although there were no significant differences calculated, an initial
improvement (compensation) and subsequent deterioration

(decompensation) is apparent.
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Figure 6: Plotting the change in pressure vs. bladder volume gives an excellent
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representation of the changes seen in the obstructed bladders and the

difference with prolonged observation.




d) | e)

Figure 7: Digital photography demonstrates the obvious gross changes occurring in the
bladder. The initial inflamed appearance progressed to larger volumes at 4
weeks, and finally demonstrated a small capacity bladder at 13 weeks. “Ruler” is
a 1 ml tuberculin syringe with increments of 0.1 ml corresponding to 5mm.
Legend: a) Sham b) 2 weeks pBOO at 20x; c) 4 weeks; d) 8 weeks; e) 13 weeks.
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shams, but not at 13 weeks (p<0.05). However, bladder wall thickness

was not significantly different from shams until 4 weeks, and then the 8

and 13 weeks bladders reverted back to a thickness not significantly

different from shams. This is consistent with significant muscle

hypertrophy at 4 weeks resulting in an increase in mass and thickness,

and the progression to fibrosis manifested by a thinner and lighter

bladder.
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e) f)

Figure 9. H+E staining is consistent with an initial inflammatory response at 2
weeks, muscle hypertrophy at 4 weeks, then a progressive increase in fibrosis and loss
of normal tissue architecture through 8 and 13 weeks. All photographs are at 20x
magnification, except ¢, which was photographed at 100x to demonstrate the increased
cellularity and inflammation. Legend: a) sham; b) 2 weeks; c) 2 weeks pBOO at high

magnification; d) 4 weeks; e) 8 weeks; f) 13 weeks.
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e)

Figure 10.
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Masson’s trichrome staining more aptly demonstrates the progressive
increase in collagen deposition. All photographs are at 20x magnification.
Legend: a) Sham b) 2 weeks pBOO at 20x; c) 4 weeks; d) 8 weeks; e)
13 weeks. This is consistent with a gradual, but definite increase in
collagen deposition that nearly replaces the entire bladder wall by 13

weeks.



e)

Figure 11. IHC for CTGF demonstrate time-dependent changes in the pro-fibrotic
mediator, with a maximum at 2 weeks and a gradual decrease to sham
levels seen in the fibrotic tissue at 13 weeks. Legend: a) sham, b) 2

weeks, c) 4 weeks, d) 8 weeks, e) 13 weeks.
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e)

Figure 12.
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IHC for a-SMA demonstrates an increase in sub-urothelial myofibroblasts with duration of
pBOO. With prolonged exposure to pBOO, we see progression from minimal detection in
the shams and 2-week samples, to a significant presence in the 13-week samples,
correlating to the increase in bladder pressures on urodynamics. Legend: a) Sham b) 2

weeks pBOO at 20x; c) 4 weeks; d) 8 weeks; e) 13 weeks.
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Figure 13.
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*
BTGF-B1
OCTGF
BCollagen

* p<0.05 vs sham

Early up-regulation of mMRNA, with significantly increased levels of CTGF,
TGF-B1 and collagen seen in the first 2 weeks of pBOO and a decrease
to baseline levels with prolonged pBOO. This is fundamental to our
hypothesis of an initial inflammatory cascade resulting in the deleterious
down-stream changes resulting in the end-stage bladder. All values

represent the means with the standard error.
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Figure 14:
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BHIF-1a

OPDGF
*p<0.05 vs sham

Sham 2 4
Weeks
RT-PCR for HIF-1a. and PDGF-A demonstrate reciprocal activity. HIF-1a
increases significantly above shams whereby PDGF-A shows a
significant decrease in mMRNA production compared to shams. However,
levels of PDGF-A do trend back to baseline, which may be a result of the

increased HIF-1a.
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* p<0.05 sham vs 2, 4, 8, 13 weeks
#p<0.05 13 weeks vs 2, 4, 8 weeks

Sham 2 4 8 13
Weeks

Mass spectrometry for hydroxyproline shows a significant decrease in
the amount of tissue collagen by 2 weeks, with the 2,4,and 8-weeks
samples significantly lower than shams. The 13-week samples were
significantly higher than 4 and 8-week samples, and back to the level of
the sham bladders. All values represent the means with the standard

error.



Abbreviations

pBOO Partial bladder outlet obstruction
PUV Posterior urethral valves
RT-PCR Real-time reverse transcription-polymerase chain reaction

TGF-$ Transforming growth factor Beta
CTGF Connective tissue growth factor
a-sma Alpha smooth muscle actin

HIF-1a Hypoxia inducible factor alpha

PDGF Platelet derived growth factor
mAb Monoclonal antibody

IHC Immunohistochemistry

H+E Hematoxylin and eosin
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Chapter 3: Future Direction
3.1 Future Direction:

The treatment of patients with neuropathic bladders is progressing rapidly, with
novel medical applications and surgical treatments’. Although significant advances have
been made with excellent in-vitro studies, progress to clinical application is limited by in-
vivo testing. Therefore, our animal model represents a very clinically relevant and
reproducible vehicle for assessing development. A controlled and reproducible model will
allow us to determine the efficacy of varying doses and dosing schedules and assess the
effects on the prevention of an end-stage bladders and the prevention of fibrosis.
Furthermore, it provides an ideal means to test the development of synthetic grafts

provided by the emerging field of regenerative medicine.

Recent work, including our own, has focused on multiple other molecular
pathways to prevent detrusor overactivity and neuropathic bladders. These include
MAPK?, NO**, PDGF®® HIF1a®’, and TGF-g%"". Although selective agents have been
used to inhibit their activity in-vitro, a lack of a clinically relevant animal model has
inhibited their translation into human practice. This model readily identifies pro-fibrotic
pathways involving TGF-p, CTGF, and HIF-1a and provides an ideal means of observing

the effect of new oral agents.

Despite the significant progress achieved in the lab, the translation to human
practice has numerous significant obstacles to overcome'?. The normal bladder tissue
must be to store urine safely and empty completely upon command. Therefore, the bio-
engineered tissue must be watertight, capable of significant expansion while maintaining
a low-pressure environment, and capable of a coordinated and forceful contraction. This
requires the development and integration of: the urothelium, a viscoelastic connective

matrix, and smooth muscle cells.

Many investigators have been successful at developing a tissue scaffold and
some of aforementioned elements, but have yet to replicate the normal conditions. Atala
et al. published results from the human application of their scaffolds in 2006", but the

%1% Most of the have

results have been controversial and have yet to be replicated
shown promising in-vitro results, or have been implanted into healthy animals with normal
bladders. However, this has significant limitations, as contemporary clinical indications for

bladder augmentation result in avascular and high-pressure bladders.
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Perhaps the most exciting direction involves the use of multi potential stem cells,
which promise the ability to develop normal tissue. Much of the contemporary work
involves manipulating the cytokine milieu to induce differentiation of the cells to normal
detrusor. However, this also results in a significant clinical concern, as many of the
signals capable of inducing differentiation are also many of the signals that become

dysregulated with malignant differentiation.

Therefore, a diseased animal model is required to truly assess both novel
medical preventative strategies using both established medications and novel
therapeutics. We will expose groups of animals to standard dose oxybutinin and high
dose oxybutinin to determine if we can prevent the muscle hypertrophy, elevated bladder
pressures and subsequent fibrosis. Furthermore, as early intervention ahs also been
reported to prevent bladder deterioration, we will also look at the effect of initiating
therapy at the time of pBOO vs. after 4 weeks, when the pressures and contractility have

been documented to increase.

Our model also offers an excellent opportunity to explore the use of
novel therapeutics. Recently, there have been several publications regarding PDE-5
inhibitors, used for erectile dysfunction, who have reported improved lower urinary tract
function'®"®. This is supported with scientific evidence that the increase in nitric oxide
ameliorates the effects of TGF-f. Our previous work highlighted an inflammatory
response to the bladder with induction of pBOO and upregulation of TGF-f, both of which
contribute to eventual bladder decompensation and fibrosis. Therefore, we plan on

testing the effect of a long-acting PDE-5 inhibitor (tadalafil) on outcomes after pBOO.

Another potential preventative medication is rapamycin, a powerful inhibitor of
the mTOR pathway. Although originally used for its immunosuppressive effects in
transplant medicine, it has recently gained popularity as an anti-cancer agent and anti-
fibrotic agent due to its inhibition of the HIF-1a pathway. Therefore, we wish to explore a
novel means of preventing fibrotic changes after pBOO, as our previous work suggests a
prominent role for HIF-1a in the latter stages of pBOO. We will assess the effect of

standard rodent doses of rapamycin after prolonged pBOO.
Our hypothesis is that a more aggressive approach to therapy (early anf higher

doses) will prevent further deterioration. Also, more selective inhibition will demonstrate

effective prevention of fibrosis.
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Our model also allows us to further explore the use of bio-engineered grafts in a
diseased animal model system. We will be able to compare the efficacy of different grafts
(e.g. seeded vs. unseeded) and assess for differences if grafts are implanted early in the
disease process vs. later, into fibrotic and avascular environment. We hypothesize that
the grafts seeded with urothelial tissue will have more “normal” properties. Furthermore,
grafts implanted soon after pBOO will have more normal physiologic and histologic

characteristics compared to implantation into end-stage bladders.

3.2 Summary

Our animal model has great potential to advance the medical treatment of
neuropathic bladders as well as improve surgical outcomes by advancing the field of
tissue engineering. The ability to test novel medications and strategies is required to
complement and expand upon our rapidly expanding knowledge of pathways and
mediators. Physiologic measurements with long-term outcomes are required for clinical
relevance and will help promote clinical application and maximize results. It may also

prevent further exploration of ineffective therapy.

Furthermore, the very young field of regenerative medicine has shown great
promise with respect to bladder reconstruction, but a great deal more work need to occur
to improve results and our understanding. Our model provides an ideal means to

evaluate different grafts and allow for relevant short and long-term assessments.
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