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ABSTRACT

Background: Although Detrusor Hyperaclivity (DH) with [mpaired Contractility (IC) is a

common urodynamic finding in elderly subjects, its pathogenesis remains unknown.

Human detrusor biopsy studies indicate that subjects with DHIC exhibit ultrastructural

evidence ofboth the dysjunction and degeneration patterns present in isolated OH and IC,

respectively. Based on the known cellular effects of estrogen, we proposed a hypothesis

that declines in ovarian hormone production could contribute to the pathogenesis of

DHIC in elderly women.

Methods: ln this thesis project, mature 3-14 month old female F-344 rats were studied 4

months after bilateral ovariectomy (OVx) or sham surgery. Oetrusor structure was

evaluated at this lime point using light and electron microscopy, while classical muscle

strip studies were used to measure the impact of OVx on detrusor muscle contractility. In

an effort to identify estrogen-regulated proteins in the mammalian detrusor, kno\vn

candidate proteins were screened using Western blotting, while identification of novel

proteins \vas undertaken through proteomics, with two-dimensional gel protein resolution

fol1owed by microsequencing.

Findings: We observed that following OVx, detrnsor smooth muscle decreased by 25%),

with a 120/0 decrease in numbers of nucleated muscle profiles and degenerative changes

observed in many axons. Muscle strips from OVx animais generated 40-50% less tension

per strip or 10-20% less tension per mg wet weight in response to carbachol than did

equally sized strips from sham-operated animais, with no apparent change in muscarinic

receptor affmity.
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We also observed that numbers of caveolae and levels of caveolin-l protein, both

markers of maturation in detrusor myocytes, are similarly down-regulated following

OVx. Proteomics screening identified a string of acidic proteins (- 110 Kd) variably

charged which are down-regulated by OVx and up-regulated with 1713-estradiol

replacement. Initial characterization suggests that tbis protein, termed DERP (Detrusor

Estrogen-Regulated Protein) may be a member of the inter-alpha-trypsin inhibitor family,

possibly undergoing differential post-translational modification through sialination.

Conclusions: OVx rodents exhibited many of the changes of the degenerative

ultrastructural pattern, but none of the characteristic features of the dysjunction pattern.

The mature rodent detrusor and its innervation both appear to be sensitive to prolonged

ovarian hormonal deficiency, which could contribute to the development of IC in late

life. It remains to be seen whether any of these changes or IC itself can be reversed or

prevented with estrogen replacement therapy. Moreover, a full characterization of DERP

may allow for the development of novel interventional strategies in geriatric bladder

dysfunction.
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ABRÉGÉ

Antécédents: Une hYPeractivité du muscle de la parois de la vessie associée à une

giminution de sa ~ontractilité (HMDC; ou DHIC en anglais) est un phénomène

urodynamique fréquement observé chez les personnes âgées incontinentes. Toutefois, la

pathogénèse de l'HMDC demeure encore inconnue. L'analyse des biopsies provenant de

vessies de sujets atteints d 'HMDC montre, une évidence de disjonction et de

dégénérescence ultrastructurale, respectivement, au niveau de l'hyperactivité et de la

diminution de la contractilité du muscle de la parois de la vessie. En nous basant sur les

connaissances déja acquises des effets d'une hormone ovarienne, l'oestrogène, nous

proposons comme hypothèse de recherche que les périodes de déclin ou de carence de

production et de sécrétion de cette honnone pourraient induire la pathogénèse de

l'HMDC chez les femmes âgées.

Méthode: Nous avons étudié des rats adultes (F·344) âgées de 13 - 14 mois. Quatre mois

auparavant, ces rats avaient subi une ovariectomie bilatérale (OVx) ou une chirurgie

témoin. Nous avons ensuite procédé à l'évaluation de la structure de la parois de la

vessie en microscope optique et électronique, ainsi que mesuré l'impact de l'OVx sur la

contractilité de la parois vésicale en utilisant une technique classique d'échantillonnage

de bandes musculaires. Dans le but d'identifier des protéines responsables de l'effet de

l'oestrogène dans la parois de la vessie chez le rat, nous avons procédé au criblage des

protéines candidates connues en utilisant la technique de transfert de type western

(Western Blot). Nous avons également procédé à l'analyse et à l'identification de

protéines nouvelles par recherche protéomique en utilisant l'électrophorèse

bidimensionnelle (électrophorèse sur gel) suivi par le microséquençage.

Constatations: Nous avons observé qu'à la suite d'une OVx, il y a une diminution de

25% des faisseaux musculaires, une diminution de 12% du nombre de profils nucléés

dans le muscle lisse, ainsi qu'une présence d'axones en dégérescence dans la parois de la

vessie. En réponse au carbachol, les bandes musculaires, composées de plusieurs fibres

musculaires, provenant de rats OVx ont généré (par bande) une contraction musculaire

iv



•

•

•

diminuée de 40 à 50 % (ou diminuée de 10 à 20 %/mg de poids humide)

comparativement aux bandes d~égale grandeur provenant des rats ayant subi une

chirurgie témoin~ le tout, sans changement apparent au niveau de 1~affinité du récepteur

muscarinique.

À la suite d'une OVx, nous avons également observé une régulation une diminution du

nombre de vésicules « caveolae » et de protéine « caveo/in-l » -- deux marqueurs de

maturation de la fibre musculaire de la parois de la vessie. Les analyses protéomiques

ont permis l'identification d'une chaîne de protéines acides (- 110 kDa) de charge

variable qui est diminuée à la suite d'une OVx, mais augmentée avec une

hormonothérapie substitutive (17J3-estradiol). La caractérisation initiale laisse suggérer

que cette protéine, appelée protéine de régulation d'estradiol du détrusor (DERP), puisse

faire partie de la famille des inhibiteurs inter-alpha-trypsine, subissant probablement une

modification post-traduction différentielle par «sialination».

Conclusion: Contrairement aux sujets humains souffrants de 1'HMDC, les rats OVx

présentent plusieurs évidences de dégénérescence ultrastrurale, mais ne présente aucune

modification des caractéristiques de disjonction. Chez le rat adult~ une carence prolongée

en oestrogènes qui, vraisemblablement semble affecter la parois de la vessie et son

système d'innervation, conduirait éventuellement mais tardivement à une diminution de

la contractilité musculaie. Toutefois, il reste à prouver si l'une de ces modifications ou si

la diminution de la contractilité elle-même peut être réversible ou si l'hormonothérapie

substitutive (17J3-estradiol) peut la prévenir. La caractérisation complète de la DERP

pourrait permettre l'élaboration de nouvelles stratégies d'intervention en gériatrie dans

les cas de dysfonction vésicale.
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LITERATVRE REVIEW

Vrinary incontinence (VI) refers to an involuntary leakage of urine. Il is a major cause of

lost independence and disability in old age, particularly among elderly women. As a

result, it has a considerable impact on the weil being of a growing and a predominantly

femaie aging population1
• Nearly one-third of older individuals living in the community

and more than one-half of nursing home residents are incontinent. Among the latter

group, 800/0 are women. VI has far-reaching medical and psychological implications for

the affected individual. Incontinent patients are at risk for falls, fractures, pressure ulcers,

urinary infections, urosepsis, as weil as embarrassment, stigmatization, isolation,

depression, and even institutionalization l
•
2

• ln addition to affecting individuals' qualityof

life, UI is a major source of financial expenditure. The annuai expenses of caring for ail

individuals suffering from VI in the US have been estimated at over $30 billion dollars,

an amount greater than the combined annual expenditures for dialysis and coronary artery

bypass surgery.

Nevertheless, surprisingly little is known about the pathogenesis of this problem, and the

management of patients suffering from UI has been largely palliative. Fortunately,

several recent seminal studies have allowed us to begin developing, for the first time, a

pathophysiologic understanding of bladder dysfunction in aging.

1. V rodynamic Findings In Elderly Incontinent Subjects

The urinary bladder is composed of two anatomically and functionally distinct units: the

detrusor (bladder body) and the bladder outlet. During the storage phase of micturition,

the detrusor expands to store urine, while the outiet contracts to prevent urine outtlow. In

the voiding phase, the detrusor contracts and the outlet relaxes in order to allow for

voiding to beginJ
•

Resnick et al.:! conducted detailed urodynamic studies in 94 elderly incontinent nursing

home residents (77 women and 17 men). Among these subjects, two-thirds demonstrated

evidence of detrusor hyperactivity (DH; the detrusor contracts involuntarily). In a similar

1



• proportion there was evidence of impaired detrusor contractility (lC, the detrusor failed

to contract as strongly as it should). Overall, one-third had evidence ofboth DH and IC, a

combination of tindings tenned Detrusor Hyperactivity with Impaired Contractility

(OUIC; the bladder is found to be both ~'unstable" and weak). FinaUy, sorne subjects

(mainly men) showed evidence ofhladder outlet obstruction (BOO, the urethra resistance

is abnonnally high)2.1.

Although DHle represents the most common constellation of urodYnamic findings in this

population, its pathophysiology remains unknown. Moreover, this important problem

tends to he refractory to current medical therapy. In fact, antispasmodics used for OH can

worsen detrusor contractility, putting the patient at risk of urinary retention resulting in

possible urinary tract infection, septicemia and hydronephrosis, potentially leading to

renai failure'·2.

2. Ultrastructural Findings in Elderly Individuals with Normal and Abnormal

• Urodynamic Studies

Following urodynamic studies, detrusor biopsies were perfonned in the same group of

elderly subjects. Ultrastructural features of smooth muscle ceUs, intrinsic nerves and the

interstitium were carefully examined in large numbers of electron microscopy (El\'I)

images. These systematic studies have provided the tirst insights into a striking and

reproducible correlation between specific ultrastructural patterns and categories of

urodynamic findings (Table 1) 4.5.6.

The dense band pattern was found to represent the structural norm of the aging

detrusor. Il is characterized by an overall normal configuration of muscle ceUs and cell

junctions. Nevertheless, there is evidence of a slight widening of intercellular space

between muscle ceUs. In addition, the sarcolemma becomes dominated by dense bands

which appear to replace caveolae which nonnally present in interposed zones5
• Since

caveolae are thought to play a role in calcium signaling and muscle contraction, it was

proposed that depletion of caveolae might result in or herald a decrease in myocyte

• contractili~.

2
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Table 1. E.M. Ultrastructural Patterns in Specifie Urodynamic Categories

Urodynamic Category EM Pattern Ultrastruetural Features

Caveolar Depletion
'Nonnal' Aging Dense Band Dominant electron dense bands

Detrusor Hyperactivity Fewer adherens junctions

(OH) Dysjunction Appearence 0 f
'protrusion j unctions'

Impaired Contractility Axonal degeneration

(IC) Degenerative Myocyte degeneration
Detrusor Hyperactivity

with Impaired
Contractility Dysjunction and Features ofboth dysjunction and

DHIC) Degenerative degenerative patterns
Bladder Outlet Enlarged myocytes

Obstruction Myohypertrophy Collagenosis(BOO)

AlI subjects \vith detrusor hyperactivity (OH) on urodynamic studies, and none with

nonnal detrusor, exhibited features of the dysjunctioD pattern. The EM features of this

pattern include moderately widened intercellular spaces, scarce intennediate (adherens)

junctions which typically dominate the nonnal detrusor, and the de novo appearance of

abundant 'protrusion jUDctions,4.7. Protrusion junctions are long, slender, finger-like

processes extending from one muscle cell toward a neighboring cell. In detrusor

specimens obtained from individuals with documented OH, as many as 4-8 myocytes

may be joined by these junctions in a chain-like arrangement. Interestingly, these

junctions have not been described previously. Nevertheless, their contact zones show

sorne resemblance to gap junctions in that they lack sarcolemmal specialization and basal

lamina, while having an extremely narrow gap separating inner leaflets of apposed

sarcolemmae. As a result of these features, it has been proposed that protrusion junctions

may represent aberrant gap junctions. Moreover, the fact that their appearance coincides

with a decrease in adherens junctions suggests that these changes may reflect a shift from

predominantly mechanical coupling between detrusor myocytes in the normal bladder to

3
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mainly electrical coupling in the setting of OH. As a result, heightened activity of

individual smooth muscle ceUs could lead to an involuntary contraction of the entire

detrusor1
•
4

•

The degenerative pattern was observed only in individuals with impaired contractility

(lC), while subjects with DHle demonstrated features of both the dysjunction and the

degenerative patterns. In addition to the features of the dense band pattern, the distinctive

characteristics of the degenerative pattern include widespread degenerative changes

involving muscle cells as weil as axons, with no evidence of regeneration5
.

Finally, the myobypertropby pattern was present in individuals, mainly men, suffering

from bladder outlet obstruction (BOO). Its typical features include hypertrophic

myocytes, a reduction in adherens junctions, as well as a widened interstitium with an

abundant deposition of collagen and elastic fibers6
•

3. Bladder Innervation

Nonnal bladder perfonnance is responsible for two main functions: the storage of urine,

fol1owed by bladder emptying occurring at the appropriate time and place. Although

seemingly simple, these normal functions require the precise coordination of both the

detrusor and the outlet, mediated predominantly through parasympathetic and sensory

fibers. Il is important to note that the detrusor and outlet have different, yet collaborating

functions. Therefore, it is not surprising that they each receive an innervation that is

somewhat distinct8
•
9

•

The activation of paras)1Tlpathetic pathways generally promotes bladder voiding. Briefly,

central facilitation of the sacral micturition reflex activates parasympathetic efferents, and

the release of acetylcholine (Aeb) contracts the detrusor and shortens the outlet, resulting

in micturition8
. There is a high concentration of sympathetic fibers innervating the

bladder outlet, but only a minimal sympathetic innervation to the detrusor. Sympathetic

activation promotes outlet contraction through a.-adrenoceptors, promoting urine storage

4
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and preventing leakage10
• Sensory pathways provide infonnation relevant for micturition,

and they may also convey nociceptive information 3.

The parasympathetic preganglionic neurons residing in the brain and the sacral spinal

cord (SPN) mediate parasympathetic outflow to the bladder. Cholinergie preganglionic

neurons exit the spinal cord in the ventral spinal nerves to form the pelvic nerve, which

then synapses on cholinergic postganglionic neurons in the major pelvic ganglia (MPG) 3

residing in close proximity to the bladder. Preganglionic fibers may also synapse on

intramural ganglia within the bladder11
• The segmental distribution of dorsal root ganglia

(DRGs) innervating the bladder detrusor and outlet are similar, with a slight

predominance of the detrusor innervation by upper lumbar DRGs and of outlet

innervation by lumbar sacral DRGs. ln the rat, L6 DRGs accounts for the majority of the

afferent innervation to the bladder detrusor and outletJ• Table 2 summarizes autonomie

and sensory innervation ofbladder.

Table 2. Bladder Innervations

NEURONS TYPE CELL BODY INNERVATION

Detrusor Outlet

Parasympathetic

SYOlpathetic

Sensory

Efferent MPG

Effer-/affer- SC, IMG, MPG

Afferent DRG(L6-S 1)

++++

+(13)

+++

++

+++(a)

+++

•

Autonomie nerve fibers and nerve terminais form a dense plexus among detrusor smooth

muscle eells. Most of these nerves are excitatory cholinergic type12
• EM studies of

mammalian bladders have revealed the presence of a modest number of axons in aIl

specimens. A variety ofaxon terminal profiles were observed. Visible terminais included

terminais which were bare and others which were either partially or completely

ensheathed with Sehwann's cells. Cholinergie nerve terminais (with small clear synaptic

vesicles) were the most frequently observed type of nerve tenninal, while adrenergic
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axons (with small dense core synaptic vesicles) were rarelyobserved, particularly in the

human detruso~·7,13. Neurochemical studies of rat bladders by Johnson et al. 14 have

demonstrated the presence of a lü-fold higher norepinephrine concentration and tYrosine

hydroxylase (TH) activity in the bladder outlet as compared to the detrusor. These

findings, combined with a highly dense noradrenergic innervation at the bladder outlet,

aU suggest a major sympathetic role in the tonie constriction of the outlet during bladder

filling. Although sympathetic innervation to the detrusor is limited, a number of studies

suggest that ~-adrenoceptor-mediated relaxation of the detrusor May also facilitate urine

storage8
•

ln other studies, a variety of cholinergie parameters, including Ach concentration and

acetyltransferase (ChAT) activity were found to be 500/0 higher in the outlet as compared

to the detrusor. It has been proposed that parasympathetic activity in the outlet is also

important in the process of voidingl4. Muscarinie stimulation of the outlet has been

shown to facilitate voiding by inducing the contraction of longitudinal, rather than

circular muscle, resulting in shortening of the outlet, and increased diameter of the

lumen ls .

Although a number of investigators have examined aging-associated changes in the

mammalian bladder using established animal models, these findings have not been

entirely consistent. For example, a number of cholinergie and sympathetic biochemical

markers remain stable with advanced age14. In contrast, semi-quantitative histochemical

studies have revealed decreases in the sympathetic innervation to the aged rat bladder,

with no significant changes in CGRP-positive sensory fibers l6
• Muscle strip studies have

generally shown unchanged or increased contraction with aging by strips obtained from

the detrusor and the bladder outlet, in response to muscarinic agonists and by a­

adrenergic agonists respectivelyl7.18.

4. Contractile mechanisms in bladder smooth muscle

4.1 Transmitters and receptors

6
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In mammals both Ach and ATP have been proposed as excitatory neurotransmitters for

the activation of detrusor smooth muscle cellsy through muscarinic Ach receptor

(mAcbR) and purinergic receptorsyrespectively. Achy acting through smooth muscle cell

mAchRy is the prinlary neurotransmitter controlling bladder voiding. The density of

mAchR on the surface of bladder smooth muscle ceUs and the responsiveness of these

ceUs to Ach stimulation are highest in the dome and lowest in the base19
• The major

subtypes of mAchRs in the bladder have been shown to be M2 and M3 receptors on the

basis of M2 and M3 mRNA expression in porcine, rat and human bladders20
,20,20,21. Wall

el al. have utilized specifie antibodies to demonstrate that M2 receptors are the

predominant mAchR (86%) in the rat bladder, while M3 receptor expression is much

lower (14%), with Ml essentially undetectable22
• Among adrenergic receptors, p­

adrenoceptor predominates over a-adrenoceptors in the detrusor3
•

During the voiding phase, Ach release from the parasympathetic pelvic nerve endings

results in a sustained contraction of the bladder. It was proposed that the M2 receptor

exerts a modulatory action on p-adrenoceptor relaxant responses by inhibiting adenylyl

cyclase activation24
. Although M3 receptor levels are lower than those of M2• studies

indicate that M3 is the mediator of the direct contractile effect of acetylcholine in detrusor

smooth muscle, acting through lP3/Ca2
+ signaling 24.25. In fact, co-immunoprecipitation

studies suggest that Ml and M3 receptors couple to members of the Gi and Gq/ll

families, respectively, resulting in adenylyl cyclase inhibition and phosphoinositide

hydrolysis26
• Thus, during bladder voiding, M3 receptor stimulation couId produce direct

contraction of the detrusor smooth muscle, whereas Ml receptor may act indirectly by

reversing sympathetically (J}-adrenoceptor) induced relaxation of the smooth muscle.

These two effects could synergise to produce a more efficient discharge of urine27
,28.

ln addition to the above classical neurotransmitters, accumulating evidence points to the

importance of an atropine insensitive, nonadrenergic, non-cholinergie (NANC) neuronal

component in bladder micturition. This NANC neurotransmission is rnediated through

ATP or purinergjc analogsy acting mainly through P2X purinergic receptors29
-
3I

. These

receptors belong to two major families: P2X family of ATP-gated ion channel receptors

7
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and a P2Y family of G protein-coupled purinoceptors. In the bladder, P2X receptors were

shown to localize in clusters located at the surface of detrusor muscle ceUs in close

proximity to presynaptic varicosities32
• These clusters represent either homo- or hetero­

oligomers consisting of different subtypes of P2X receptors, including P2Xl~32,33. The

P2X receptors fonn ligand-gated cation channels through the fonnation of a novel

trimeric subunit structure previously unobserved for any otheT ion channet3~. These

receptors are responsible for depolarization of the cell membrane upon stimulation by

either ATP or related purine compounds35
.J6. In addition, during parasympathetic

activation of the bladder, ATP May also act as cotransmitter with Ach. This occurs since

released ATP acts on P2X ion channel receptors to produce excitatory junctional

potentials and Ca2
+ influx leading to rapid and transient initial contraction. Whereas

activation of muscarinic receptors mediates the slo\v plateau phase of the response via G

protein-coupled system, a mechanism which is responsible for the maintenance of

contractile activity and flOW
29

.JO.37.

Finally, the functional responsiveness of the rat bladder to these neurotransmitters

appears to be also influenced by the hormonal environment. Phannacological estrogen

administration for 4 days was shown to induce significantly inereased responses to an

a-adrenergic agonist (methoxamine), a cholinergie agonist (bethanechol) and a

purinergic agonist (ATP) in bladder strips obtained from immature female rabbits. ln

contrast, no change was observed in the response to the p-adrenergic agonist

isoproterenol19
• Interestingly, the density of both a-adrenergic and muscarinic receptors

increased in these tissues, while p-adrenergie receptors did not change38
• Nevertheless, in

mature female rabbits or OVx rabbits 17-p-estradiol (E2) administration for 1-4 weeks

caused marked decrease in muscarinic receptor density. The above discrepancies May be

attributed to many methodological differences, including differences in the species used,

in ages examined, as weIl as duration or dosage of E2 treatment39AO
•

4.2 Calcium Oux and smooth muscle contraction

Flu.xes in intraeellular calcium levels represent a crucial signal for inducing bladder

smooth muscle contraction. A variety of neurotransmitteT stimuli lead to increased

8



•

•

•

cytosolic free Ca2
+ concentrations [Ca2

+]1 in detrusor myocytes. Such fluxes in

intracellular Ca2
+ levels May occur as a result of the entry of extracellular Ca2

+ across

sarcoplasma through voltage-gated or receptor-dependent Ca2
+ channels, as weIl as

through Ca2
+ release from the sarcoplasmic reticulum (SR), its intracellular storage site.

The SR releases Ca2
+ in response to second messengers including IP3 (inositol

trisphosphate) and ryanodine41
.42. The elevated concentration enables Ca2

+ to bind to

calmodulin (CaM, four Ca2
+ bind to one CaM). This binding facilitates interaction with

specifie target proteins including myosin light-chain kinase (MLCK). The resultant

(Ca2+) 4-CaM-MLCK complex (the active fonn of MLCK) catalyses phosphorylation on

myosin light chains43 . The reaction triggers the cycling of myosin crossbridges along the

actin filaments, resulting in force or contraction of the muscle. Restoration of resting

[Ca2
+]; is reached by removing Ca2

+ from the cell by a sarcolemmal Ca2
+ pump or a Na"'"­

Ca1
+ exchanger, or a SR membrane Ca2

+pump (into the SR). This is followed by CaM

dissociation and rapid MLCK inactivation, then myosin dephosphorylation and finally

muscle relaxation~ .

Thus, regulation of [Ca2+],- is the most effective way of controlling smooth muscle

contraction, since it dictates the level of myosin phosphorylation. A variety of signaIs

trigger an increase or reduction of [Ca2+];. Among those which increase (Cal+lt are

a-adrenergic agonists and membrane depolarizing neurotransmitters such as Ach, while

~-adrenergic agonists and nitric oxide mediate a decrease in (Ca2+]i. In addition to Cal","

regulation, some other mechanisms are also implicated in regulation of smooth muscle

contraction, including modulations not involving phosphorylation by MLCK44
•

4.3 Intercellular communication in the bladder

Adheren5 JUDction, also known as intennediate junction or attachment plaque, consists

of two dense bands matching each other in adjacent cells, \Vith an intercellular gap of 40­

60 nm occupied by a band of electron-dense material. The ceU-cell adhesion properties of

adherens junctions are mediated by members of the cadherin family of proteins45
• Sînce

cadherins are connected to the actin cytoskeleton in each muscle cell, they provide a

means ofmechanical coupling between individual muscle ceUs46
• In view of the abundant

9



•

•

•

presence of adherens junctions and the apparent absence of gap junctions in the normal

bladder, it has been proposed that the fonner junctions represent the predominant fonn of

intercellular coupling among myocytes in the bladder12

The gap junction or nexus is a structure seen between smooth muscle cells in most

tissues, but interestingly it bas not been observed in detrusor smooth muscle cells12
.

Nevertheless, the structure of smooth muscle gap junctions in the gastrointestinal tract or

vas deferens is similar to that observed in other tissues including the heart and brain12
• A

gap of 2-3 nm separates the apposed membranes. The gap junction is a hexameric hemi­

channel structure that consists of transmembrane protein connexins. When hemi­

channels of adjacent cells attach, an intercellular passage is created, which provides a

hydrophilic channel directly connecting the cytoplasm of the two muscle cells. The

fonnation of this connection allows for an exchange of ions (i.e. electrical coupling), as

well as the exchange of small molecules (i.e. metabolic coupling). As a result, direct

communication is established between such cells, allowing for coordinated function of

the cells in a tissue.

Three major structural differences exist between the contact zones of adherens junctions

(AJ) and gap junctions (GJ). These include (l) GJ sarcolemmae Jack the specialization

observed in adherens junctions where electron-dense bands are evident on the apposing

sarcolemmae, with myofilament bundles spreading from the Al into each of the two celis.

(2) The width of the gap between the two cells is usually 40-60 nm in Al, but only 2-3

nm in GJ. (3) The two apposing cells in Als have a common basal lamina appearing as an

electron-dense band in the separating gap. On the other hand, GJs have no lamina in the

contact zone (at the periphery of the zone, the lamina of one cell becomes continuous

with that of the neighboring cell and does not extend into the gap), and the sarcoplasma

of the two cells are nearly continuous12
•

ProtrusioD junctions (PJ) consist of long, slender, finger-like process extending from

one muscle cell toward a neighboring cell to contact either its surface or a similar process

reciprocally extending from it. Protrusion junctions or similar structures have not been
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described previously, but their contact zones show close resemblance to gap junctions in

that they lack sarcolemmal specialization and basal lamina, while having a narrow gap

separating inner leaflets of apposed sarcolemmae. In fact, the sarcoplasma of myocytes

adjoined by protrusion junctions has the appearance of being continuous. As a result of

these features, it has been proposed that PIs May in fact represent aberrant gap junctions.

In the setting of detrusor hyperactivity and the dysjunction pattern, as Many as 4-8

myocytes are joined by these junctions in a chain-like arrangement~. Based on the above

considerations, a hypothesis has been made suggesting that the apparent replacement of

AJs by PIs may Inediate a conversion of cell coupling from predominantly mechanical

mechanisms in the normal bladder to mainly electrical coupling in bladders exhibiting

DH. Such a change in bladder structure and interface could facilitate propagation of

heightened smooth muscle activity leading to involuntary detrusor contractions lA.

Regulation of gap junctions by estrogen. Several investigators have observed that the

onset of effective labor in the myometrium of normal pregnant rats and in models of pre­

tenn labor requires the synthesis and functional assembly of Cx43 ( the major subtype of

connexin proteins) into gap junctions47 . Moreover, a variety of studies indicate that the

upregulation of Cx43 and gap junction formation in tbis context may be, at least in part,

regulated by estrogen. For example, a correlation has been noted to exist between

increased Cx43 expression and elevated estrogen expression. More direct evidence

indicates that treating immature rats with 17~-estradiol stimulates gap junction

fonnation48
, a process inhibited by tamoxifen or cycloheximide49

, and that estrogens

induce Cx43 rnRNA levels in pregnant ratsso. Taken together, these studies support the

hypothesis that estrogens regulate gap junction formation~7. Nevertheless, the precise

mechanism of this effect remains unclear, as does the presence or absence of a functional

estrogen responsive element (ERE) consensus site in the Cx43 promote~l. Several

different mechanisms have been proposed for the estrogen-mediated upregulation of

Cx43 expression. These include increased Cx43 gene transcription by direct

mechanisms~8, as weil as its induction by indirect mechanisms mediated by c- [os and c­

Jun acting via putative AP-I sites52
, or through increased synthesis of sorne of the

prostaglandins which have been shown to induce gap junction formation~8.
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s. Caveolae and Caveolin

Caveolae are 50-100 nm flask·shaped, non-clatherin·coated plasma membrane

invaginations in many mammalian cell types53. In addition to being implicated in

transcytosis (transcellular transport of macromolecules), potocytosis (the uptake of small

molecules and ions via GPI-Iinked proteins)54, as well as sorting of surface proteins,

caveolae have been implicated as organizing centers for signaling molecules53
•
54. The

number of signaling molecules apparently localized to caveolae has been increasing and

includes src family kinases, Ras, phospholipase Cy (PLCy), nitric oxide sythases (NOS),

PKC isoforms, heterotrimeric G proteins, Mek-l, Erk-2, as weil as growth factor

receptors such as EGFR, PDGFR53.55
•

Caveolae are abundantlY expressed in Most smooth muscle cells present in a variety of

tissues, including the ureter, vas deferens, intestine and detrusor. Moreover, numbers of

caveolae increase with maturation ofthese tissues12
• The sarcolemma of mature myocytes

is characterized by the presence of rows of caveolae interspersed with adjacent regions

containing electron-dense material'2. Although the rate of myocyte development and

maturation varies in different tissues, caveolar appearance can be considered as one of the

tenninal features of a developmental-maturational process which begins when

mesenchymal cells assume early myocyte characteristics such as the expression of

smooth muscle-specifie actin. When examining detrusor biopsies obtained from elderly

individuals with normal bladder function, a ·'dense band" pattern was described, with

caveolar depletion as a prominent features. This pattern has not been observed in younger

individuals. As a result, it has been proposed that with nonnal aging, detrusor myocytes

undergo a loss of terminal differentiation or maturation, and that this ultrastructural

change represents evidence of a type of cellular hde-differentiation" in aged detrusor

myocytes 5.

Caveolin-l is a 21 Kd membrane protein, also known as VIP21, since it was originally

isolated from trans-Gogi network-derived exocytic vesicles (VIP21 or vesicular integral

membrane protein of 21 Kd)s6 and later from caveolae (caveolin-l )57. Not only is

caveolin-l the major caveolar protein in Many cellular populations, but its levels of
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expression appear to generally correlate with numbers of caveolae present at the cell

membrane. For example, both lymphocytes53 and Fisher rat thYr0id (FRT) cells58 lack

caveolae and neither cell line expresses caveolin-l protein. However, transfection of

these cells with caveolin-l results in the formation of membrane invaginations which are

morphologically indistinguishable from caveolae endogenously present in similar

cellsS3
.5s. 80th caveolar density and caveolin-l levels increase during adipocyte

differentiation and brain development5S
.59. Finally, the relationship between caveolae and

caveolin-l protein appears to be also maintained when their expression is decreased6o
•

Based on these and other studies, it has been proposed that caveolin-l protein expression

is bath necessary and sufficient for caveolar formation, while also contributing to the raie

of caveolar complex in signal transduction.

Caveolin can interact directly with Many signaling Molecules, and the interaction

generally appears to hold the signaling proteins in an inactive conformation. For instance,

caveolin interacts with epithelial NOS (eNOS), holding the latter inactive until activation

and releasing by Ca++/calmodulin61
• In addition, caveolin also prefers the inactive

conformation of Ga subunits, Ha-Ras and C-Src. Since Many signaling Molecules can

cause cellular transformation when constitutively activated, it has been proposed that

caveolin May possess transfonnation suppressor activity. In support of this notion, both

caveolae and caveolin are most abundantly expressed in tenninally differentiated cells,

whereas caveolin mRNA and protein expression are reduced in Nlli3T3 cell lines

transfonned by v-Ab/, Bcr-Ab/ and Ras60
•
62

. In studies by Thyberg et af3, numbers of

caveolae on the membrane surface of rat arterial smooth muscle cell decreased

remarkably when the ceUs converted from a contractile to a synthetic phenotype, while

caveolar numbers increased during the ceUs' conversion from a synthetic to a contractile

phenotype. Furthennore, inhibition of caveolin expressIon with antisense

oligonucleotides has the reverse effect of activation of RaslMAPK-dependent signaling

and cell transformation~.

Il has been proposed that caveolae May represent a site of calcium signal generation in

endothelial cells with calcium waves emanating from caveolae-rich domains65
• In

13



•

•

•

support of this hypothesis, IP3 receptor and calcium pump of the plasma membrane have

been localized to caveolae66
•
67

• These findings infer a role of caveolae in regulating

cytosolic Ca2
+ concentration, probably through a combination of channel-mediated influx

and energy-dependent extrusion. Interestingly, G-protein-coupled receptors such as

mAChR are clustered into caveolae upon treatment with agonists, but not with

antagonists68
.

6. OVARlAN HORMONES IN THE PATHOGENESIS OF oUle

6.1. Estrogen and Estrogen Receptors

Estrogens are produced mainly in ovaries in \Vomen and, to a lesser extent, in testes, in

men. Once produced they are able to diffuse easily in and out of most ceUs, but undergo

specifie high affinity interactions through estrogen receptors (ERs) in target cells. At

least two subtypes of nuclear estrogen receptors exist. ER-ct is the ~'classic" estrogen

receptor studied for several decades, while ER-Il has only been identified quite

recently69.70. Even more recent studies support the existence of a membrane estrogen

receptor, possibly a third variety of estrogen receptor71
• lnterestingly, the ER is the only

known example of the steroidal subfamily of nuclear receptors with more than one

known subtype.

ER-ct and ER-J3 can fonn either a homodimer or heterodimers in vi/rD. Together with the

estrogen molecule, this complex can bind to the estrogen responsive element (ERE), the

cognate target site on DNA. This type of evidence suggests the existence of estrogen

target genes that are exclusively regulated by either of the homodimers or the

heterodimer72
• Moreover, in transient transfection systems these two receptors, when

bound to estrogens, were each shown to exert an entirely different signal once they

interact with an API enhancer element. As a result, in this system, ER-ct activates

transcription, while ER-J3 inhibits transcription. In contrast to their divergent effects

mediated through the API enhancer element, ER-ct and ER-J3 both demonstrate the same

transactivation profile when mediating the effect of estrogen at a classical ERE73. The

above findings have demonstrated, for the tirst time, that ligand-mediated responses by
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ER-p at the API site can act as negative regulators of transcription73
• Moreover, these

kinds of studies have provided a molecular framework that can begin to explain the often

highly divergent effects of the same estrogen molecule in different cells and tissues.

6.2. Estrogen receptor structure & mecbanisms of its activation.

Classical teaching views estrogen signaling as occurring through nuclear ERs, which are

ligand-activated transcriptional regulators. Like other members of the superfamily, ERs

have a modular structure consisting of 5 distinct functional domains named A/B, C, D, E

and F. The N-tenninal A/B contains the ligand-independent transcription activation

function 1 (AF-l). The C domain or DNA binding domain (DBD) responsible for ERE

binding has a characteristic helix-loop-helix structure stabilized by two zinc atoms. The

o domain appears to be a hinge region that cao modulate the DNA-binding ability of the

receptor. The E and F domains are involved in the ligand-binding function (hence LBD)

and also harbor a nuclear localization signal as well as sequences necessary for

dimerization and transcriptional activation (AF-2). Although transcriptional activation is

mediated through both AF-l and Af-2, only the latter is ligand dependent7o.7~.

The ER-a and ER-p share with each other many of structural characteristics including

DNA and ligand binding (97% and 600/Q homology in DBD and LBD respectively).

However, the molecular mechanisms that regulate the transcriptional activity profile of

these two receptors are different, due to a lack of conservation among the AIB domain

and F domain sequences. Such sequence divergences have profound functional

consequences since the AIB and F domains are highly relevant to dimerization and

transcription activation70,75.

Lazennec et a/.76 analyzed the specifie steps involved in the activation of ER through

studies using a set of constitutively activated ER point mutants. These receptors were

shown to interact with several coactivators and with members of the pre-initiation

complex such as TATA box-binding protein (TBP) and transcription factor lIB (TFIIB).

The consequences of the interaction were conformational changes followed by a bending

of ERE-containing DNA (the bending being crucial to transcriptional ability of the
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transcription factor), recruitment of RNA polymerase fi to the transcription initiation site

and starting of transcription. These results demonstrated that ER undergoes major

confonnational and functional changes when it is turned from an inactive into an active

state, and that the constitutively activated ER point mutants cao mimic the ligand­

activated state ofwild type receptors76
•

The classical concept of ER regulating genes following an obligatory step of ERE

binding had been thought for a long time to be the only mechanism for ER function.

However, it has increasingly been appreciated that multiple ligands for the ERs can

modulate eell funetions through binding to other transcription factors (such as AP l,

antioxidant response element and Sp1)77, or via non-genomic actions mediated through

plasma membrane proteins18, However, the existence of membrane ER has only recently

become accepted79.80.

Studies have shown that 17p-estradiol (E2) can trigger a variety of signal transduction

events, occurring over a few seconds to minutes. These events include the stimulation of

CAMp19, calcium flux 81, eNOS activation 82, PLC activation and inositol phosphate

generation 83.8\ as weil as prolactin release71
• Many of these rapid estrogen actions have

been attributed to the ability of E2 to act at the cell membrane. Specifie cell membrane

effects could include E2 indirectly aetivating tYrosine kinase growth factor receptors such

as EGFR, with subsequent signal transduction initiated through these receptors85
.

Alternatively, E2 could act directly through its own receptor(s) on cell membrane. The

putative membrane receptor has been investigated by several laboratories recently and

appears capable ofpromoting signal transduction 71.86.

Morey et al. showed that primary cultures of human vascular smooth muscle cells

express what appear to he membrane ER87
, Thus, estrogen could activate growth factor

signaling through membrane receptors, resulting in enhanced gene transcription88
• Recent

studies from the same group showed that cells could express either ER-a and-p in the

membrane. Interestingly, membrane and nuclear ERs cao be derived from a single

transcript and have similar affmities for E2. Nevertheless, nuc1ear receptors are far more
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abundant than the same type of ER expressed in the cell membrane. Functionally, both

membrane ER-a. and ER-Il activate G proteins, ERIC, and induce celI proliferation, yet

there is a differential regulation of c-jun kinase (JNK) activity by these !Wo receptors, in

that ER-Il, but not ER-a., stimulates JNK acti.vity71.

6.3. ER Expression:

ERs are expressed in many cell types including neurons and smooth muscle ceUs.

Peripheral gaoglia: Papka et a/.89 have demonstrated the expression of ER protein and

mRNA in subpopulations of neurons in parasympathetic pelvic ganglia (PG), sensory

dorsal root ganglia (DRG L6-S 1), as weil as vagal nodose ganglia (NG). Sorne of these

ER-immunoreactive (ER-ir) neurons project axons to the uterus. The bladder receives a

similar type of innervation originating from the same categories of ganglia (PG and

DRG) and even the same DRG sensory level, as does that to the uterus. Thus, it is highly

possible that sorne ER-ir neurons originating in these ganglia project to bladder, rather

than projecting to the uterus. Moreover, recent studies have revealed that while ER-p is

widely expressed in rat DRG neurons, only the smaller neurons in L6-S 1 levels that are

known to provide innervation to reproductive organs and the bladder express the ER_a90
•

Since neurons in autonomie and sensory ganglia also express mRNA of ER-a and

ER_p90, it is likely that estrogen could influence several functional aspects of such

neurons including transmitter synthesis, receptor production, plasticity or receptivity.

Tissue expression: ER-f3 rnRNA was found to be co-expressed with ER-a. mRNA in

ovary, prostate, brain, lung, liver, kidney, fat, bone, uterus, pituitary, and bladder7~.91.92.

The relative expression of the two receptors varies from one tissue to another.

Immunohistochemical studies have revealed a marked contrast between the patterns of

expression of these two receptors in the ovary and bladder, where ER-J3 was abundant

and ER-a. was almost undetectable, and in the uterus where both were present in

epithelial cells lining the lumen and glands93
• Furthermore, neonatal estrogen leads to a
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significant increase in ER-a whereas ER-p levels are down-regulated94
• This finding

again speaks in favor of distinct biological roles of ER-a and ER-J3 in estrogen action.

6.4. Estrogen Erreets:

Erree.s of estrogen on cell phenotype and survival

Estrogen can exert trophic and protective effects in a variety of cell types exposed to

cytotoxic insults ranging from hypoglycemia, serum deprivation and ~-amyloid

administration to glutamate toxicity 95-99.

Bcl-2 is a potential mediator of E2 neuroprotection, as its expression has been shown to

reduce oxidative stress and prevent cell death. In NT2 neurons, Bcl-2 levels are

dramatically elevated upon differentiation and are further enhanced with E2 treatment95
•

In the nervous system, estrogen can promote neurite outgrowth, neuronal sprouting,

synaptogenesis, and neurotransmitter (i.e. Ach) synthesis, while influencing the

expression of neurotrophic factors and their receptors (i.e. NGF)IOO. Estrogen can also

influence neurons via mechanisms other than activation of a classical nuclear receptor.

One example is the effect of Ach on neurotransmission, which occurs by altering the

activity of membrane-bound receptor systems100. Furthennore, there is recent evidence

that low doses of E2 may promote the survival of cultured DRG neurons deprived of

NGF, possibly through anti-apoptotic mechanisms 101
•

Estrogen and the bladder

Estrogen could potentially aftèct the bladder at multiple different levels of function. Its

effects could be mediated directly via the ERs, or mediated indirectly through interaction

with mediators such as growth factors, cytokines, uroepithelial cells and others93.

Estrogens may also potentially act indirectly by having effects on the nervous system.

Levels of endogenous estrogens in postmenopausal women vary considerably. Ovarian

production of estrogen essentially ceases and different estrogen levels can be attributed to
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a variable estrogen synthesis in extragonadal sites, especially adipose tissues where low

potencyestrogens are produced by a conversion from androgens102
•

The female genit~l and urinary tracts develop from a common embryological precursor,

the urogenital sinus. Like the vagina, the bladder outlet contains a high concentration of

estrogen receptors (mainly "classical" ER-a receptors), and is therefore extremely

estrogen sensitive. Estrogen deficiency can result in atrophic urethritis, a process that

may result in local symptorns and contribute to the development of urinary incontinence.

ln individual wornen with urinary incontinence estrogen replacement may improve

symptoms, although this benefit still remains to be proven in appropriate prospective

randomized trials103-1 OS •

Traditionally, classical ER binding (i.e. ER-a.) was detected at much lower or barely

detectable levels mainly in the nuclear fractions of extracts obtained from the bladder

body (detrusor) as compared to that of the bladder outlet106
• Kuiper et aF.J. examined both

ER-a. and ER-Il mRNA in multiple rat tissues including ovary, uterus and bladder.

Highest levels of both ER-a and ER-Il rnRNA were found in the ovary. In contrast, a

high expression of ER-a, but only a moderate expression of ER-f3 mRNA were detected

in the uterus. [n contrast, the mRNA expression of ER-f3 in the bladder is much higher

than that of ER-a 74. These authors did not specify which portions of the bladder they

examined. However, since the detrusor makes up, by far, the largest portion of the

bladder, it would be reasonable ta expect that most of the extract obtained from an entire

bladder wouId represent detrusor tissues. Recently, investigators from the same

lab10710calized high level of ER-Il mRNA and protein, but no ER-a, to the epithelium

and smooth muscle in the detrusor and urethral epithelium. However, ER-a mRNA was

detected, but only in the connective tissue beneath the epithelium and bel\veen the

detrusor smooth muscle bundles. In another study3, ER-{3 protein was localized by

immunohistochemistry to the nuclei of both bladder epithelial ceUs, as weil as smooth

muscle ceUs.
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Errects of ovariectomy OD the bladder

Longhurst et al. lOS investigated the effects of ovariectomy (OVx) on bladder function in

female rats. The study failed to reveal any effect of OVx on micturition characteristicst

and neither OVx nor E2 treatment affected contractile function in the bladder outlet.

Howevert muscle strips obtained from animais which had undergone OVx 4 months

earlier demonstrated significant decreases in contractile responsiveness to nerve

stimulation, ATP, carbacho1 and high KCl when compared to sham-operated rats.

Treatment with E2 appears ta prevent these effects of OVx. Interestingly, in contrast to

the above findingst OVx appeared ta have little impact at the 2 months time point.

Although this study supported our overall hypothesis postulating that OVx and estrogen

deficiency contribute to the pathogenesis of impaired detrusor contractility, a number of

crucial issues remained unresolved. Levels of administered E2 appeared to be

supraphysiologic since ail such animais developed evidence of marked bladder

hypertrophy. Such an effect could be mediated through a direct effect of high E2 levels

on the bladder or indirectly via a diuresis induced by pharmacologjcal E2 doses. Finally,

this study did not shed any light on the cellular mechanisms mediating the effects of OVx

and E2 on bladder structure, cellular function and contractility, as weil as potential

mediators of such effects.

ln a more recent studYt muscle strips obtained from rabbits only three-weeks after OVx

did not differ in their contractile response to carbachol and KCl from control tissues. ln

the same studYt a two-week treatment with E2t but not with progesteronet increased the

muscle relaxation mediated by p-adrenergic receptors109
• ln another study, Diep et al.

examined the effects of OVx and E2 treatment on micturition and detrusor strip

contractility in rats of different ages1
la. The results showed that detrusor strips from OVx

animais had a decreased responsiveness ta cholinergie stimulation in bath young and

mature rats. Howevert there was an age-related differentialtesponse to exogenous E2, in

that E2 treatment only partially restored muscle contractility in young rats, while being

able to reverse the effects ofOVx in the mature rats llO
.
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INTRODUCTION

Although urinary incontinence is an important cause of disability in late life, resulting in

major financial costs, its pathophysiology, particularly at the cellular level, remains

largely unknown until recently. Studies have shown that detrusor hyperactivity with

impaired contractility (DHIC) was a novel, yet very common urod}'1lamic finding in the

incontinent elderly patients2
, and that patterns of ultrastructural changes in detrusor

biopsies were strongly correlated with the categories ofbladder dysfunction demonstrated

on urodynamic studies. For instance, subjects with urodynamic evidence of detrusor

hyperactivity (OH) demonstrated ultrastructural dysjunction pattern, which was

characterized by evident reduction of adherens junctions, and the de novo appearance of

"protrusion junctions'w. In contrast, specimens from individuals with impaired

contractility (lC) exhibited features of the degeneration pattern with axonal and myocyte

degeneration5
• ln subjects with DHIC features of both the dysjunction and degeneration

patterns were observed ~.5 •

Il has been proposed that Uprotrusion junctions" (pJ) may be aberrant gap junctions~.

Since their appearance coincides with the diminution of adherens junctions, Il has also

been suggested that such changes could convert the detrusor from a mainly mechanically

coupled to a predominantly electrically coupled tissue.a. Interestingly, mammalian

parturition is preceded by a honnonally mediated de novo formation of gap junctions~7. In

addition, there is DOW also increasing evidence that estrogens can influence the survival

and phenotype ofmany cellular populations, including vascular smooth muscle cells and

specifie categories of neurons!!!. The female menopause results in a loss of ovarian

estrogen production! 12. However, since many non-ovarîan tissues continue to produce

lower potency estrogens, both the levels, and the relative proportions of endogenous

residual estrogens in elderly women not receiving honnonal replacement therapy are

variable1
12. We have therefore proposed a hypothesis suggesting that estrogen deficiency

in elderly women could contribute to the development ofDRIC.
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In this thesis projeet, a systematie evaluation was eondueted examining the effeets of

prolonged ovariectomy upon the physiologie, ultrastruetural and biochemieal properties

of the mammalian detrusor. In the following pages, evidenee is presented that detnlsors

of chronieally ovarieetomized mature rats develop structural and physiologie changes that

support a role of ovarian honnones, most likely eStrogen, in the pathogenesis of IC.

Efforts have also been made to sereen for moleeules that could be potential mediators for

the effects of ovarian hormones, including 17J3-estradiol, on the structural integrity and

function of the aged bladder. As a result, we also present preliminary data identifyjng one

such candidate protein, which we termed Detrusor Estrogen-Regulated Protein (DERP).

MATERIALS AND METHOOS

1. Animal Procedures

Female Fischer 344 rats (retired breeders) were used in order to replicate the findings

published by Longhurst et al 108. Moreover, F-344 rats represent a well-established and

characterized rodent model for the study of agingl13
• In addition to a wealth of available

background information, in contrast to other strains such as the Sprague Dawley rat, F­

344 rats are inbred resulting in lesser variability and do not develop major obesity.

The animais were obtained at the age of 9-10 months from a single colony (Harlan

Sprague Dawley Inc., Indianapolis, IN), they were housed 2 per cage in an approved

animal care facility with water and food provided ad lib. Vaginal examinations and

cytological studies were conducted prior to the surgery in order to standardize timing

within the menstrual cycle. Under anesthesia with pentobarbital, either sham or bilateral

ovariectomy (OVx) surgery was performed using a dorsal surgical approaeh. Vaginal

observation and vaginal smears were performed post-surgery and one week prior to

sacrifieing (4 months after surgery). The presence of mature eeUs on vaginal cytology in

OVx animaIs was indicative of estrogen stimulation from residual ovarian tissue and such

animais were excluded from further studies. Most sham animais were in a state of
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irregular cycling at this age, while a few demonstrated a constant estrus pattern Il';. Efforts

were made to sacrifice the animaIs at the stage of proestrus whenever possible.

Upon sacrificing of the rat under deep anesthesia, the bladder detrusor was immediately

removed at the level of the ureter, and then eut sagitally while maintained cold. One-half

was transferred to pre-chilled fixative for light and electron microscopy processing, the

remaining half was then eut into two quarters and transferred into the Eppendorf tubes

and snap frozen in liquid N2, stored at -sooe until processing for protein studies. For

muscle strip contractility studies, the eotire bladder was used. After bladder rernoval, the

uterus was removed and weighed.

Sorne animais underwent 17p-estradiol (E2) treatment before sacrificing. Silastic

capsules containing E2 (for OVx rats) or placebo (for sham or OVx rats) were irnplanted

subcutaneously on the back of the neck. The protocol used for silastic capsule preparation

and placement followed a well-characterized and established method for the

physiological and long-lasting administration of E2 11S
•

ln our study of maturation, the detrusor portions of the bladders were rernoved from

newbom (2 days old) and young adult (1 month old) female rats immediately after

sacrifice. When examining estrogen receptor expressions, bladder detrusor, bladder outlet

and ovary were dissected and removed from 5 adult female rats. The samples were snap

frozen in N2 and stored al -sooe until processing.

2. Light and Electronic Microscopie Studies

2.1 Tissue processing

Bladder samples were processed for electronic microscopie (EM) as previously described

in human biopsy studies by Elbadawi et a/116
• Hemi-bladders were immersed overnight in

freshly made pre-chilled 2.50/0 glutaraldehyde at 4°e, and subsequently transferred into

pre-chilled 0.2 M cacodylate buffer. Samples were stored refrigerated with buffer

changed weekly until trimmed. Two tissue blocks (- 1 mm), trimmed to the size
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appropriate for electron microscopy, were obtained from the dome regions of detrusor

specimens. The blocks underwent standard processing by osmication, dehydration and

embedment in Araldite. Semi·thin (1 J.lm thick) sections stained with Toluidine blue were

examined by light microscopy for orientation of smooth muscle profiles, and also for

quantitative light microscopie studies. Ultrathin sections (silver to silver-gold) were

obtained from the trimmed block that best represented the specimen and had optimal

orientation (dominant obliquely and longitudinally sectioned) of muscle ceU profiles. The

sections were then mounted on uncoated lSO-mesh grids (5 to 10 sections per grid) and

stained by the standard uranyl nitrate/lead citrate sequence. At least 2 grids from each of

the 2 blocks were studied in each case.

2.2. Quantitative Iigbt microscopie studies

A computer controlled image analysis system (Star 1, Photometries Inc.) was used by a

Hblinded" trained individual to capture a total of 716 low magnification images from

'''coded'' semi·thin (1 J.lm thick) toluidine blue stained sections obtained from 7 sham and 7

OVx animais. Resultant images were stored on floptical disks.lmagePro Software (Media

Cybemetics Inc.) was used to manuaUy delineate the boundaries of the visible muscle

tissue in each image and to determine the proportion of pixels in each field represented by

muscle tissue. Similarly the numbers of myocyte nuclei in each image were independently

counted by two different "blinded" observers. The code was ooly broken upon completion

of ail data analysis.

2.3. Qualitative Electronie microscopie studies

Detrusor tissues from 7 pairs of sham/OVx animaIs were fully processed for electron

microscopie analysis. Under a JEOL JEM lOOSX or a Philips EM300 electron

microscope, structure of the 3 compartments: muscle cells, interstitium and intrinsic

nerves of the detrusor were examined in detail and amply documented photographically

(average of 90 photographs per specimen). The specifie features evaluated qualitatively

in each of the 3 compartments have been described previously1l6. Ali EM photographs

used in qualitative studies were scanned by a scanner (SnapScan 310, Agfa). Using low

(4,000 x) magnification images a "blinded" individual manually delineated the
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boundaries of individual nucleatcd muscle cel1s using image analysis software (Media

Cybemetics mc.). Only those muscle cell profiles with a whole perimeter and nucleus

were traced and analyzed. The length of the muscle eeU perimeter and area were

measured in pixels and these values were subsequently converted to Ilm and J.lm2 using

internai standards. Ail samples and images were coded until the completion of analysis.

2.4. Caveolar analysis

Sarcolemmal caveolae were manually counted in a ~~blindedn way in 72 coded high

magnifieation photographs (10,000 x) obtained from the sarne 7 pairs of OVx/sham rats.

Structures counted as caveolae included ail non-coated vesicles present within 100nm of

the myocyte membrane. Counts were only performed in the single myocyte in each high

magnification photograph displaying an entire membrane perimeter cut in cross-section.

These photographs were then scanned (SnapScan310; Agfa) and analyzed using image

analysis software (ImagePro l, Media Cybemetics; Silver Spring, MD). Myocyte

profiles were traced manually with a mouse and their length in pixels was determined

using this software. Each 1000 pixels of image represented 7.1 Ilm of sarcolemmal

length.

3. Muscle Strip Studies

The method has been adapted from Longhurst et a/los. Upon removal, the entire detrusor

was placed in oxygenated (950/0 02, 5% C02) 4°C Tyrode solution (NaCI 135 mM; KCI

2.8 mM; CaCh 1.9 mM; MgCh 0.4 mM; Na2HP04 0.4 mM; NaH2P04 0.4 mM; NaHC03

1.3 mM and Dextrose 6 mM). Muscle strips measuring 50 mm x 2 mm (8-15 mg) were

prepared. A total of 2-4 strips were cut longitudinally from each detrusor in a

standardized fashion. The carbachol-stimulated contractility was compared using muscle

strips obtained from sham vs. OVx rats, each group having 12 muscle strips from 4

animais. Each strip was suspended between paired hooks and placed in a 5 ml organ

baths containing warm (32°C) oxygenated Tyrode solution. The strips were connected to

a Grass force displacement transducer (FT03C) and an initial tension of 1 gm was

applied during an equilibration period of 60-90 minutes. Responses were recorded on a

Grass Polygraph (Model 7). Concentration-response curves were measured by applying
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increasing concentrations of Carbachol (# C4382; Sigma; St. Louis, MO) and waiting for

the response to plateau. The interval between applications increased from 15-30 minutes

as higher doses were reached. The addition of each concentration of carbachol was

fol1owed by several washes with drug-free buffer. Muscle strips were then blotted dry

and weighed.

4. Western Blot Studies

Frozen sample tissue quarters were homogenized in liquid nitrogen. A lysis buffer (recipe

from Dr. M. Fems's lab) was used to dissolve the homogenate (25mM Tris, 150mM

NaCI, 5mM EDTA, 1%TritonX·l 00, 0.10/0808, plus a protease inhibitor cocktail from

Roche, loc.). After sonication and extracting at 4°C for 20 min, the lysates were

centrifuged (lO,OOOg at 4°C for IS min) and supematants were transferred. Following

protein quantification using the Bradford method (BIO-RAD #500-0006), equal amounts

of 2x Laemmli buffer (Sigma; #S-3401) was added to each sample, mixed, and the

samples were snap frozen in small aliquots in liquid nitrogen, and stored at -SO°C.

Molecular weight marker (Amersham-Phannacia) and an equal quantity of protein

samples were heat-denatured and then resolved in 100/0 SDS-PAGE followed by transfer

to a nitrocellulose membrane (BIO-RAO). For detection of caveolin and actin, the blot

was blocked with 5% skim milk in TBST, then cut into two portions at approximately 30

Kd molecular weight. The upper portion was incubated with monoclonal antibody to

(l-smooth muscle actin (SIGMA; #A2S47), and the lower one with a polyclonal antibody

to caveolin-l (Transduction Laboratories; #C13630) at a concentration of 1: 1000.

Incubation was carried out for 1 h at RT or 4°C ovemight. The blots were washed with

TBST 10 min x3 and then incubated with peroxidase labeled anti-mouse (upper part) or

anti-rabbit (Iower part) secondary antibodies for 1h. Following final washes, the blots

were developed using the ECL detection system (Amersham, #RPN2108). Quantitation

of Western blot bands of interest was performed using a phosphoimager/densitometry

image analysis system (Molecular Dynamics). Quantitative comparisons were made only

between bands resolved on the same membrane.
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In identifying the protein of interest, anti-Iumican primary antibody was kindly sent by

Dr. Peter J. Roughleyt17; and the anti-serum against pig ITI-H4 was generously provided

by Dr. Andres Pineiro l18
. When performing Western blotting with the latter antibody, 5%

Ovalbumin in TBST was used as blocking solution.

s. RT-PCR

Frozen tissue obtained from rat detrusor, bladder outlet or ovary was ground in liquid N2

into a fine powder. RNA extraction was then performed using the "RNAwiz" kit

(Ambion; #9736). RNA quantification was perfonned using spectrometer optical density

at 260/280. Aliquots were resolved using agarose gels in order to check the integrity of

the RNA samples. A total of 2flg of total RNA was used for reverse transcription. This

was accomplished using the Superscript system (Gibco-BRL #11904-018) with oligo

(dT) primer followed by PCR amplification. The primers specifie for ER-a, ER-rl 74,

and ITI-H4 cDNr\ (designed on Gene Runner) were synthesized by Shelton

Biotechnology Center ofMcGill. (Table 3).

Table J. RT-PCR for Detecting mRNA Expression

mRNA Primers PCR Program

ER-a

ER-~

5'-AATICTGACAATCGACGCCAG (nt 472-492) Denature: 95°C, 1 min
5'-GTGCTTCAACATTCTCCCTCCTC(nt 794-116) Annealing: 57°C,1 min

Extension: 72°C,1 min
5'-TICCCGGCAGCACCAGTAACC (nt 38-58) Cycles: 30
5'-TCCCTCTITGCGTITGGACTA (nt 279-300)

ITI-H4 5'-TAGACAATACATGCCTCcrC-3 '(nt 1986-2005)
5' -GTCACCACCAGTCGTTCAG-3' (nt 2432-2450)

Denature: 94°C, 1 min
Annealing: 55°C, 1 min
Extension: 72°C, 1 min
Cycles: 35

The PCR reaction mixture (501-11) contained 25mM MgCh, 10J.1M each of the sense and

antisense primers and 1 unit of Taq DNA polymerase. The peR program was carried out

• in the DNA thennal cycler following a denaturation step at 94°C 195°C for 4 min, and
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• was concluded by a single extension step at 72°C for 10 min (see Table 3 for details of

individual PCR reactions). Finally, PCR products were resolved and analyzed uSlng

ethidium bromidel 1% Agarose gel electrophoresis.

6. 2-D Gel Analysis And Protein Microsequencing

Schema For The Proteomic Approach (Pandey et al. 112)

Excision of spots of int.....

SDS-PAGE
(second dimension)

!
S1aIning
,. SiN.'
2. Coomassie
3. Fluorescent
4. Autoradiography

••
~~t. 1 .M'
.70~.: •

45 •••• • •••*'
20 ...... .. ....

Condition A Condition B

Image aniMySis

o.
•• ·0
' ...

Reduction
• 8 (:!) •

•••• and alkyfalion

lsoelectric fOCYsing on
narrow· cr btoad-range IX stripa

(flt'St dlm~cn)

S<Wubillze proteftls 8. ..@
trom cells

~,

,~Jt
CondilionA

• • •• • •
• • •
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Mass spectrometrie E
identifICation ot spots ........__• • •
as Shawn in Figure 1 •• •' ...

•

•

6.1. Study design

The schematic figure adapted from Pandey et al. 119 summarizes the experimental

strategy which allowed us to identify one candidate protein in our search for Oetnlsor

Estrogen-Regulated Protein (DERP), a protein down-regulated by OVx and up-regulated

by E2 treatment.
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6.1. 2-D gel electrophoresis

Approximately one quarter of a rat detrusor was homogenized in liquid N2 and then

resolved in IEF buffer, followed by disruption by sonication and extraction for 20min at

RT before centrifugation (IO,OOOg at RT for 15 min). The protein in the supernatant was

quantified at a wavelength of A2S0 on the spectrometer and then stored at -sooe in

aliquots.

The Mini-PROTEIN II 2-D system (BIO-RAO) was used to resolve protein extracts in

two dimensions. Equal amounts (120J.lg) of protein samples from detrusors of sham,

OVx, OVx+E2 treated animais were resolved first through isoelectric focussing (IEF),

followed by SDS-PAGE electrophoresis120
• After electrophoresis the gels were fixed in

50% methanol for 1 hr with 3 changes and then subjected to silver staining (protocol

provided by Harvard Microchemistry Facility).

6.2. Preparation of protein sample for amino acid sequencing

Visual analysis of Ag-stained 2-D gels allowed us to identify several distinct protein

spots, which were consistently down-regulated by OVx and then up-regulated or re­

expressed follo\ving E2 treatment. The spots of interest were then excised and pooled,

following the protocol on microsample handling for peptide internai sequence analysis

provided by Harvard Microchemistry Facility. Standard 2-D gels that optimize for the

density (i.e. maximizing the protein to gel volume ratio) were run, fixed, Ag stained.

Only the gels with sharp protein spots and clear background were chosen and used for

sample pooling.

Working in the fume hood with surgery cap, mask and surgery gown (to avoid

contamination including that of the ubiquitous keratin), hearts of the chosen spots were

excised with a ~~neuro punch"' (0.65 mm, Fine Science tools inc.). Excised spots were

aspirated by connecting the neuro punch with a Butterfly-19 needle (Venisystems,

#4590), and the latter with a 1ml sYringe. The gel spots were then transferred to a labeled

1.5ml Eppendorf tube. An equivalent number of spots were excised from the background

to serve as controls, and transferred to a separate labeled tube). Gel slices were then
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washed in the tube lwice using 50% HPLC grade acetonitrile in water for 2-3 min. The

supematant was aspirated after each wash, leaving the gel slices moist. The cap was

closed, snap Crozen in N2 and then stored at -SO°C. Gel spots were accumulated in a

single tube using this approach until a total concentration of 0.5-1 pMol was achieved for

each sample.

6.3. Internai peptide sequencing

The pooled protein sample was subjected to protein microsequencing analysis, perfonned

at the Harvard Microchemistry Facility by microcapillary reverse-phase HPLC nano­

electrospry tandem mass spectrometry (f.lLCIMSIMS) on a Finnigan LCQ quadrupole ion

trap mass spectrometer. The basic steps include:

Proteolytic ... Microcapillary
~

Nana- r-- [on Trap ... Review & Pre- ... Sequest r--+ Revie\v & Post-
Digestion HPlC ES ( MS/MS processing Processing

7. Characterization of the protein of interest

Upon receipt of sequencing data, data base (such as Entrez PubMed of NCBI) and

literature researches were performed. The protein of interest was further confinned and

characterized using immunoblotting and other biochemical approaches.

8. Statistical analysis

Comparisons between groups were performed using Student t-test, chi-square, l-\Vay

analysis of variance (l-way ANOVA) or 2-way analysis of variance (2-way ANOVA), as

appropriate.

RESULTS

1. Ensuring the completeness of the castration

Ail of the OVx animais studied demonstrated both evidence of mucosal atrophyon visual

inspection, as weIl as a complete absence of mature epithelial ceUs in vaginal cytological

smears. In addition, during a post-mortem examination no residual ovarian tissue was
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• observed in any of the OVx animais, while obvious uterine atrophy was seen in aU. ln

contrast, cytological smears from most sham-operated animais exhibited constant

diestrus, a pattern typical for animais of this age. As expected, following OVx animal

body weight increased, while the uterine weights decreased (p<0.05, Table 4).

Table 4. Body Weigbt and Uterœ \Veigbt of the Rats

Sbam

Body \Veight (g) 274.7 +/. 29.9·

\Vet \Veigbt Ulerus(g) 0.8 +/- 0.1 •

• p<0.05

OVx

305.0 +/- 24.7·

0.2+/- 0.1*

OVX+E2

288.0 +/. 30.3

0.5+/· 0.163*

•

•

2. Loog-term Ovariectomy Results in Sarcopeoia of Detrusor

Low magnification EM images did not reveal any striking changes in the detrusor 4

months after ovariectomy. Muscle fascicles and cells appeared to be largely intact in both

sham-operated (Fig.lA) and ovariectomized (Fig. lB) animais. In the latter, the smooth

muscle compartment appeared to be decreased, with possible widening of spaces bel\veen

muscle fascicles. Adherens junctions joining detrusor muscle cells were visible at high

magnification in both sham and ovariectomized tissues, but seemed fewer in the latter.

No ultraclose abutments were observed in either group, but a single structure resembling

a "'protrusion junction" was seen in a single field in one ovariectomized animal.

Smooth muscle represented 130,816 :t 1957 pixels in images obtained from sham­

operated animais (59.1 % of the field; Fig. 2A), but only 103,888 ± 1897 (47.0 0/0,

p<O.OOl) in equal numbers of images from OVx animais. Counts of myocyte profiles

were somewhat lower (149 ± 6) in specimens from OVx tissues than those from sham­

operated animais (169 :t 8, Fig. 28; p<0.05). ln low magnification EM images from OVx

animais (Fig. 2C), there appeared to be fewer small-sized myocyte profiles « 50 J,lm2
)
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than in images frorn sham-operated animais, with an apparent shift towards medium­

sized (50-100 f.1Il12) and large-sized (>100f.1Il12) myocyte profiles.

3. Ovariectomy Also Results in Degeneration of Detrusor Axon Profiles

Axonal profiles were generally intact with no evidence of degeneration in detrusors from

sham-operated rats (Fig.3A). Degeneration was observed in sorne intrinsic axons in OVx

detrusors (Fig.3B). The degeneration was characterized by depleted synaptic vesic1es,

disrupted mitochondria, axoplasmic multivesicular electron-dense bodies, and disrupted

axolemma with fragmentation or lysis of sorne profiles. The identity ofaxonal profiles

undergoing degenerative changes could not be detennined since no secretory vesic1es or

myelination was observed in any. Neither axon sprouts nor regenerated axon tenninals

were observed in any specimen. Among intact axons observed in OVx bladders were

both myelinated and nonmyelinated profiles.

4. Detrusor Muscle Strips From OVx Rats Generate Less Tension
ln Response To Carbacbol

The tension generated at different carbachol concentrations by detrusor strips from OVx

rats was 30-50% less than that by strips of the same length from sham-operated animais

(Fig. 4A; P < 0.001). Although cut to the same length, strips obtained from OVx animais

tended to weigh less (9.3 ± 0.8 mg vs. 11.4 ± 0.7mg, NS). When tension generated was

corrected for strip weight, the differences in tension became considerably smaller, yet

still statistically significant (Fig. 4B; P < 0.05). Expression as a percentage of the

maximum tension generated by each muscle strip, per entire strip (Fig.4C) or per weight

of the strip (Fig.4D) revealed no significant differences between sham and OVx groups.

5. Caveolar / Caveolin Regulation

5.1. Caveolar Depletion Following OVX

Ultrastructural examination of myocytes in detrusors from sham-operated controls

revealed that the sarcolemma displayed the characteristic features of nonnal mature

smooth muscle cells (i.e. altemating thick electron dense bands and much thinner less
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dense zones, the latter containing rows of unifonn sized, flask-shaped surface vesicles­

caveolae; Fig. SA). In contrast, in tissues from OVx animais, the sarcolemmae appeared

to be dominated by electron dense band patterns (sometimes in long stretches that

covered almost the whole sarcolemma) which were interposed by unevenly spaced thin

zones with fewer caveolae (Fig. SB). Image analysis revealed a 28% decrease in the

numbers ofcaveolae per 1000 pixels ofsarcolemmallength (p<O.005; Fig.SC).

S.2. Caveolin-l protein expression was down-regulated aCter OVx

Western blots for caveolin-l and a-smooth muscle actin were performed using equal

amounts of detrusor protein extracts obtained from paired OVxJsham-operated rats.

Coomassie blue stain was used to ensure both protein integrity and equal loading. A

comparison of a-smooth muscle actin signal intensity showed no evident difference

between such paired samples. In contrast, there was a modest, but consistent decrease in

caveolin-l expression with OVx in the same blots (Fig.6A). Quantitative analysis using

samples from 7 pairs of OVxlsham-operated rats revealed a 300/0 decrease in caveolin-l

expression after OVx (p<O.005), whereas a-smooth muscle actin expression showed no

change (Fig.6B).

5.3. Down regulation orCaveolin-1 is reversed by administration or 17p-estradiol

When equal quantities of total protein were examined, the down regulation of caveolin-l

protein 4 months after OVx was effectively reversed by a I-month administration of E2.

In contrast, a-smooth muscle actin signal intensity showed no evident difference

between such paired samples (Fig.7).

5.4. The relationsbip between caveolin-I and myocyte maturation

Levels of a-smooth muscle actin were similar in equal quantities of protein extracts

obtained from newbom and young adult female rats. In contrast, caveolin-l protein levels

were significantly higher in young adult as compared to newbom animais (Fig.8A).

Quantitative analysis using samples from a total of 8 animais revealed a greater than 3­

fold increase in caveolin-l protein in adult, as compared to newbom detrusors (p<O.OO1),

while a-smooth muscle actin expression showed no change (Fig.8 B).
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6. Expression of Estrogen Receptors ln Bladder

As shown in Fig.9, ER-a. and ER-p mRNA were both abundantly expressed in the ovary.

The expression of ER-a. mRNA is evident in the bladder outlet, yet is barely detectable in

the detrusor (A). In contrast, ER-p mRNA is significantly expressed in both the detrusor

and the outlet (B).

7. Identification of DERP

7.1. Patterns of protein expression following OVx

2-D gel resolution of protein extracts from OVx and sham-operated rats revealed

relatively subtle changes in protein expression patterns. Four months after the surgery,

the expression of most proteins did not change. No proteins appeared to be consistently

expressed de 1l0VO, while a few proteins were upregulated, and sorne proteins were shown

to be downregulated. Of particular note, a string of protein spots was observed at -110

Kd with a pl varying between 4-5. Interestingly, this string of proteins nearly disappeared

4 months after OVx, but was restored to approximately nonnal expression following the

subcutaneous implantation of E2 for only 1 week (Fig.lO). As a result of these consistent

findings, this protein string was chosen as candidate for peptide sequencing.

7.2. Sample pooling of the protein of interest for sequenCÎng

Fresh protein samples from sham rats and the highest quality and fresh reagents/solvents

were used throughout the procedures. Standardized 2-D gels were stained with Ag, and

the ones with optimized conditions were chosen for gel pooling. The string of spots at

-110 Kd with pl of 4-5 were carefully excised and processed. A total of nearly 100 spots

(-0.5 pMol) were pooled from 30 gels, which were, in tum chosen from over 100 gels.

7.3. Microsequenciog of the protein of ioterest

The following sequences resulted from the microsequencing of the pooled protein extract.

A. (S52284) Rat lumican precursor121
:
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1). ITNIPDEYFNR

2). NNQIDHIDEK

3). EEAVSASLK

B. (yI 1238). Rat Inter-alpha-inhibitor H4 heavy chain (or ITI_H4)122:

1). SQNEQDTVLDGDFIVR

2). IPAQGGTNlNK

C. Single sequences (No Groups)

1). (p04264) HUMAN CYTOIŒRATINI: SKAEAESLYQSK

2). (z29074) HUMAN CYTOKERATIN9: TLNDMRQEYEQLIAK

7.4. Identification and characterization of DERP

First, we set out to see if Lumican may be our protein ofinterest. We ran SDS-PAGE and

performed Western blotting using a polyclonal antibody generated against rat lumican.

Visible bands were observed at -60-80 Kd. 20 gels combined with Western blotting for

lumican using 5 pairs of samples from sham and OVx resulted in a string of Hsmeared"

signais in each of the blots and no evident difference between the two groups (Fig. 11).

Careful observation of the Ag stained 2D gels revealed a usmeared" string of signaIs at

-80 Kd, immediately below the string of clear spots which were of primary interest to us.

Based on lumican studies conducted in Dr. Peter Roughley's lab, we concluded that the

string of signaIs appeared to be "smeared" vertically due to differentiai glycosylation. As

a result of this usmearing" and the great sensitivity of the microsequencing method

Iumican was sequenced at a greater than expected size (Fig. 10).

Subsequent efforts focussed on the 2nd candidate protein: Inter-alpha-inhibitor H4 heavy

chain (lTI-H4). Using antisera generated against pig ITI-H4, 2D-Western blots were

performed. Our results demonstrated a clear string of signal at -110 Kd with pl of 4-5.

Moreover, signaIs from the sham sample appeared to be of a stronger intensity than those

obtained from the OVx group (Fig. 12).
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DISCUSSION

1. Loog-term OVx results io sarcopeoia iovolviog detrusor muscle

Our results indicate that the rodent detrusor loses smooth muscle mass (sarcopenia)

following ovariectomy. Until now, the term "sarcopenia" has only been used to describe

age-related loss of skeletal muscle mass123.124. However, our data indicate that the

hormonal changes associated with the female menopause and aging may also result in

sarcopenia involving detrusor smooth muscle. As in the case of skeletal muscle

sarcopenia, detrusor sarcopenia can result in decreased muscle strength that may then

contribute to impaired contractility. Although we did not observe any ultrastructural

features of apoptosisl15 or necrosis, fewer nucleated muscle profiles were observed in

detrusors from OVx than sham-operated animaIs, suggesting that the observed sarcopenia

is, at least in part, the result of a loss of myocytes. Nonetheless, the observed shift

towards medium and large muscle profiles after OVx suggests a potentially

heterogeneous response of individual detrusor myocytes to ovarian hormone depletion.

This finding could retlect selective loss of certain muscle cells with compensatory

hypertrophy of sorne of the remaining ones. ln a recent study, Hashimoto et al.

demonstrated the presence of decreased smooth muscle cell density in bladders from

rabbits which had undergone OVx 4 weeks earlierl26
• As expected, estrogen replacement

increased smooth muscle cell density within the bladder wall1
26. Although performed in a

different species, this study provides support for our observation of the presence of

detrusor muscle sarcopenia following long-term OVx surgery.

2. Degeneration of some axonal profiles in the detrusor follow OVx

Unlike the changes seem in the neuropathic humandetrusors, the axonal degeneration

observed in our OVx rats was neither widespread nor accompanied by axonal

regeneration after OVx. The degenerated axons in detrusors from OVx animais are more

likely parasympathetic, afferent sensory, or both than sympathetic in nature, in view of

scarcity of sympathetic fibers in the dome of the normal rat bladderl27
. In the present

study, the identity of the degenerated axons could not be detennined in the absence of

their histochemical characterization or ultrastructural definition of their synaptic vesicles.
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It has been shown that androgens influence the morphology of parasympathetic neurons

controlling bladder function l28 and that estrogen induces the expression of detrusor

muscarinic receptors39
• Moreover, 17J3-estradiol can clearly promote the survival of

dorsal root ganglia neurons in vitro, possibly through an anti-apoptotic mechanism 10\ •

The presence of intact axonal projections in the mammalian bladder is necessary for both

the initiation of normal detrusor contractility following neurotransmitter release, as weil

as for the trophic maintenance of its target (i.e. smooth muscle cells). Thus, axonal

degeneration couId contribute to diminished detrusor contractility both through direct

effects (diminished neurotransmitter release) and potential indirect effects (diminished

trophic support for detrusor myocytes, with their possible degeneration).

3. Muscle strips from OVx animais generate less tension in response to carbachol

Tension generated by detrusor muscle strips in response to nerve stimulation, ATP,

carbachol, and high KCI was lower at 4 months, but not 2 months after OVx, when

compared to strips from sham-operated animais 108. Our studies performed in mature

rodents confirm that 4 months of ovarian hormonal deprivation results in major (nearly

500/0) declines in muscle strip contractility. In neither our, nor the cited studylOS, did

ovariectomy result in a statistically significant decrease in bladder muscle weight.

Nevertheless, expressing contractility per strip weight diminished the ovariectomy­

induced overall decline in contractility. These findings, supported by our quantitativ~

morphologjcal data suggest that, in addition to an axonal degeneration, ovariectomy­

related decline in detrusor contractility also results from sarcopenia, as weil as potential

contractile deficits in individual muscle cells. The latter do not appear to be related to

altered receptor affinity to carbachol, but could be the result of muscarinic receptor loss,

specifie deficits in post-receptor signal transduction, or both.

4. Regulation of caveolae and caveolin-l followiog OVx

As discussed in the literature review, caveolar depletion was a prominent feature

observed in the "dense band" pattern identified with nonnal aging of the detrusor.

Furthennore, caveolae play a role in Ca2
+ signaling and the entry of extra-cellular Ca2

+
55

.
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Based on the above considerations, we postulated that caveolar depletion could contribute

to diminished contractility of individual myocytes and perhaps the entire detrusor. Thus,

we undertook an examination of caveolae and their major component protein, caveolin-l,

on our animal model.

Our findings demonstrate a down-regulation in caveolae and caveolin-l expression in

detrusor myocytes 4 months after OVx. Although the role of estrogen and other

honnones in the development and maturation of responsive tissues is weU established,

this is, to our knowledge, the first demonstration of either caveolar expression or caveolin

protein being regulated honnonaUy. The similar magnitude of the decrease in caveolar

expression al the sarcolemmae (280/0) and the lowering of caveolin-I protein levels (30%)

supports the concept of a coupling between caveolin-l levels and the numbers of

caveolae53,58.

We have also shown that caveolin-l levels increase significantly with post-natal

maturation of the female rat detrusor, while levels of a-smooth muscle actin remain

unchanged. The timing and sequence of events during rat detrusor myocyte

differentiation have been described previouslyl29. Rat bladder mesenchymal ceUs begin

to acquire smooth muscle features at day 16 of a 22 day gestation and a-smooth muscle

actin protein is one of the earliest biochemical markers of this differentiation129. ln

contrast, our data support the concept that caveolin-l protein is a marker of late

differentiation (maturation) rather than carHer differentiation in smooth muscle cells

12,130. Meanwhile, expression of a-smooth muscle actin protein appears to be more

reflective of the presence of a general myocyte phenotype. Taken together, our

observations indicate the presence of a loss of tenninal differentiation or maturation

(early "de-differentiation") in eeUs whieh still retain the general features of the smooth

muscle cell phenotype 5.

Our observation that 17-p-estradiol administration increases caveolin-l protein levels

after OVx further implicates estrogen in the regulation of tbis protein and caveolae.

However, al this time, our findings do not allow us to draw conclusions about the level at
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which this regulation takes place. Future studies need to utilize quantitative methods such

as Northern blots, quantitative RT-PCR techniques or the RNase protection assay to

clarify this issue. It also remains to be established whether this regulation is a direct effect

of estrogen or is mediated indirectly through the expression of another intermediate

molecule by myocytes or by other cellular populations. The promoter of the human

caveolin-l gene has been shown to contain three regions which are capable of binding

SREBP-l (sterol regulatory element binding protein-l), in addition to CAAT and SPI

consensus sequences!3!. These findings do not rule out an interaction of the estrogen­

estrogen receptor complex with this promoter, particularly in the 5' region of the

published sequence.

Our results so far are the first to demonstrate that ovarian hormonal production is an

important factor in maintaining the integrity and phenotype of the adult detrusor, as weIl

as its innervation in the female mammal. Since ovariectomy (after 4 months) leads to

sarcopenia of detrusor with impaired contractility, degeneration of its intrinsic axons, as

weIl as possible phenotype change like Hde-differentiation" reflected by caveolar change

and cavelin-l regulation, deficiency of ovarian honnones May influence the development

of impaired detrusor contractility in women late in life. This notion is supported by the

clinical studies on elderly wornen which revealed the presence of highly variable

endogenous estrogens in elderly women, and which also suggested that these hormones

may favor the maintenance of normal detrusor structure and contractility in late life132
• In

contrast to the effects of ovarian hormones on impaired contractility, neither our animal

studies, nor our preliminary human results have provided any data to support a role for

these hormones in the pathogenesis of detrusor hyperactivity. For example, there was no

evidence for the development of the dysjunction pattern in the OVx animais.

Nevertheless, our findings do not completely mie out the possibility that estrogen

deficiency May play a role in DH through mechanisms other than the dysjunction pattern

(such as neurogenic) or ils developmenl al time points after OVx other than the one

studied.
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s. Estrogen receptors expression and estrogen effects

The effects of estrogen on the integrity of detrusor smooth muscles and intrinsic axons, as

weil as myocyte growth and contractility may or may not be mediated directly. It is weil

known that both the female bladder outlet and urethra require estrogen to achieve and

maintain normal function 103 • In contrast, the detrusor has not been traditionally

considered to be an estrogen-dependent target103
• Nevertheless, studies by Longhurst et

al. lOS demonstrated decreased in vitro contractility of detrusor muscle strips obtained

From OVx rat as compared to sham-controL Radioligand binding studies have

demonstrated high levels of ER-a. in human vagina, cervix and uterus, as weil as in the

bladder outlet regions, but specifie ER-a binding is extremely low in the detrusorl03
.

The newly identified ~-estrogen receptor, however, is more abundant in the rat bladder7~,

with significant expression in detrusor myocytes93
, as well as uroepithelium93

• Our RT­

PCR results demonstrated with clarity that the mRNAs of the two subtypes of estrogen

receptors (ER-a and ER-~) are differentially expressed in the bladder, in that ER-a is

abundantly expressed in the outlet but barely detectable in the detrusor, while ER-p is

expressed in both regions. These differences in expression and distribution could partly

explain the diversity and complexity of estrogen functions.

6. Identification of DERP (Detrusor Estrogen-Regulated Protein)

6.1. Strategies for scanning molecules of interest

In searching for the mediator(s) for the estrogen effects, we had originally started with

Western blotting using antibodies to examine molecules that could potentially play a role

in such effects. These molecules included various connexins, cadherins, growth factors

including NGF, PDGF and CNTF, as well as cytokines such as IL-6. To date, we have

not obtained any positive results using this strategy. This may be the result of a low

protein expression of these substances, the poor sensitivity of sorne of the antibodies

utilized or the fact that only a single and late lime point after OVx was studied.
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The 2D gel-microsequencing strategy proved to he much more advantageous. It was

chosen over di fferential display133, although both approaches are powerful methods to

detect differentially expressed molecules (protein in the former example and gene in the

latter). 2D gel-sequencing fumishes additional infonnation such as identification of

potentially relevant expressed proteins134. Moreover, differential display has three Most

noticeable drawbacks: high frequency of false positives, the short size of the

differentially displayed fragments and the fact that c10ned sequences tend to be at the 3 t

end of sequences, regions which are often poorly characterized and sometimes even

unpublished. As a result, it is often necessary to use cloned short fragments to screen a

full-Iength cDNA library in order to obtain larger clones and more useful sequence

infonnation1.35. Finally, controversy also exists regarding the reproducibility of

differential display, whereas 2D gel approaches at the protein level tend to yield much

more consistent results.

Our studies using 2D gels have proved to be successful. The string of protein spots

described above was consistently expressed in the sham control samples, but was barely

detectable in the OVx group, \vith a retum to sham levels in the OVx+E2 group.

Microsequencing ofthis string of gel spots indicated two relevant Molecules: lumican and

ITIH4.

6.2. Studies on lumican

Lumican is a member of the small interstitial proteoglycan proteins with leucine-rich

repeat (LRR), and is widely expressed in the extracellular matrix (ECM) of Many tissues

including connective tissues, arteries, lung and others136
• The presence of LRR suggests

that lumican May be important for the ECM formation and maintenance due to its role in

regulating collagen fibrillogenesis and mediating interactions with other ECM

components137
•
138

. Growth factors/cytokines have been shown to modulate the molecular

fonn of lumican probably via a direct effect on syothesis within cells139
• Furthermore,

age-related variation in growth factors and hormones present in the ECM or their

receptors present on the cell surface could contribute to the changes in lumican structure

observed with ageIl7
•
139

• Based on the above information, it is reasonable to speculate that
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lumican may have a role in mediating sorne of the effects of estrogen on the mammalian

bladder.

Western blotting combined with protein resolution in 1D or 2D gels revealed no

difference between OVx and sham controls, but a nsmearedn signal was observed in 2-D

gels at -80 Kd with vertically long streaks. Careful observations matched this string of

spots with the "smeared" string on Ag-stained 2D gels localized right beneath the clear

spot string of our interest. Personal communication with Dr. Roughley (who provided us

with the lumican antibody) also confinned the size and the nsmeared" character of the

lumican protein. Thus, lumican was excluded as our protein of interest.

6.3. Studies on ITIH4

As a result of more recent studies, we believe that "DERP" (Detrusor Estrogen-Regulated

Protein) is closely related to ITIH4. Combining 2D gel protein resolution with Western

blot detection using antiserum raised against pig ITlli4 we observed a clear string of

signal at -110 Kd and a pl of 4-5. In addition, signaIs from the sham samples appeared

to be stronger than those from the OVx group.

ITIH4 belongs to the [TI (Inter-alpha trypsin inhibitor) protein family of plasma serine

protease inhibitors, with a highly conserved N-tenninal 2/3 and a variable C-tenninal 3rd

l.m-l.u. Proteins of this family harbor a von Willebrand type A (VWA) domain suggesting

a heterophilic binding capacityl40, a calcium binding site and the reactive site as ((-2­

thiol-protease inhibitors l41
• Analysis of amino acid sequences revealed that ITlli4

possesses several potential N-glycosylation sites, although there are no Cys-rich domain

as are often found in many plasma proteins. Interestingly, sorne unique properties have

been found in its C-tenninal 3rd. These include a proline-rich, bradykinin-like domain

(suggestive of vuinerability to cleavage)I~3, and a region homologous to the ATP­

dependent proteases, with the significance of the latter remaining to be confirmed140.143.
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Being a recently cloned protein 140,141, rrnI4 is not weIl characterized, and tittle is known

about its regulation and function l44
• Our data suggest that it may be regulated by OVx

and estrogen, and that it may play a potential role in bladder muscle integrity. For

instance, the presence of a site with potential protease inhibitory activity suggests that

down-regulation of DERP following OVx could result in diminished inhibition of

endogenous proteases with increased proteolysis, as weil as muscle compartment loss

(sarcopenia) and impaired contractility. We have not yet obtained full sequence on our

proteins. We have assigned the name UDERPn (Detrusor Estrogen-Regulated Protein) to

this protein in order to emphasize its relationship with estrogen and its origin trom

detrusor tissue, while also acknowledging the possibility that trus protein may be closely

related to ITI-H4 rather than being ITIH4 itself.

Recently, endometrial gene expression of ITI-H4 was detected during the estrous cycle

and early pregnancy in pig, suggesting an ITI-H4 protective role of the uterus from the

inflammatory response induced by conceptus attachment to the uterine epithelium145.

This also suggests that ITIH4 may be regulated by estrogen (supporting our data), and

that uterine tissues can synthesize ITIH4. Combined with studies that showed ITI-H4

mRNA expression in such smooth muscle tissues as stomach and intestine in addition to

liver, its major expression sitel46
, it is reasonable to speculate that bladder can synthesize

ITIH4. However, as ITIH4 was first identified as a serum protein 118, and was shown to

act as an acute phase proteinI44.146.147, it could also function as a serum protein binding

nonspecifically to the bladder. Our initial RT-PCR studies using primers for ITIH4 have

yjelded signaIs that demonstrate ITIH4 mRNA expression in the rodent bladder. Efforts

are underway to examine whether OVx affect ITIH4 rnRNA expression.

The mechanism whereby DERP appears as a string of differentially charged protein spots

and subsequently disappears after OVx currently remains unexplained. Nevertheless,

several potential explanations can be considered. It is possible that the string of spots

represents several entirely distinct protein molecules ail with the same molecular weight,

yet with 5-7 different pIs. This is unlikely due to the fact that the 5-7 distinct spots are aIl

regulated in the same pattern by OVx and E2 treatment, and that the sequencing of the
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pooled protein homogenate representing ail of the spots did not point ta several different

proteins. Thus, this string of protein spots more likely represents isofonns of the same

protein resulting from a variety of possible post-translational modifications. One possible

mechanism is through variable glycosylation. Not only can this in sorne cases (i.e.

addition of sialic acid residues) modify the overall charge on a protein, but a variety of

studies point to differences in glycosylation of specific molecules (i.e. NCAM) which

occur in the setting of development and pathological events and which can have

important functional consequencesl48.149. Phosphorylation can also cause alterations in

charge, but this is unlikely in our case because phosphorylation usually takes place in

intracellular proteins (signaling molecules in particular), but not in serum proteins.

We have consistently shown by 2D and silver staining that DERP was nearly

undetectable 4 months after OVx, but returned to sham levels with E2 treatment as a

string ofprotein spots at -110 Kd with pl range at 4-5. This regulation could take place at

different levels varying from transcription, RNA processing, translation, to post­

translational modifications. Our experiment combining 20 gels with Western blots

revealed a string of signais at the apparently correct position in the OVx sample, although

of much lower intensity when compared to sham controls. Unfortunately, this particular

experiment was not entirely convincing since the background surrounding the signais was

very strong in the sham control. Due to technical difficulties, we have not been able to

reproduce this result with more samples. Nevertheless, this single experiment suggests

downregulation of DERP at either the level of rnRNA or protein production, or through

more rapid protein degradation, or through changes in its ability to enter and bind bladder

tissue. Other potential experiments to explain our findings include alteration of the degree

of a type of glycosylation (sialination), since the addition of small numbers of sialic acid

residues to a large protein can alter its pl without changjng its k.D detectable on routine

gel electrophoresis l49. Future studies need to aim at clarifying the following questions by

in vivo and in vitro studies: What is the identity of DERP exactly? Why does il normally

appear as a string of spots? How is it regulated by OVx and estrogen? What else regulates

it and how? Which cells in the detrusor produce il and how is it released into the serum?

What is its role in ensuring normal detrusor structure and function?
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SUMMARY

In the course of our studies we have observed the development of a number of changes

involving both the detrusor and its innervation following chronic bilateral ovariectomy.

As illustrated in the schematic figure presented in the next page, a number of these

changes, including decreases in numbers of myocyte caveolae, axonal degeneration, as

well as sarcopenia of the detrusor could ail contribute to decreases in detrusor

contractility. We have also searched for molecules that could mediate sorne of the effects

of E2 in the bladder. As a result of these efforts, we have identified DERP (possibly ITI­

H4) as a potential candidate. Our results provide a pathophysiologic basis whereby

post-menopausal declines in ovarian honnones could contribute to the pathogenesis of IC

in wornen late in lire. Future studies will be required to clarify the relationship between

honnonal status and IC in elderly wornen, while characterising the potential roles played

by DERP and other possible Mediators such as prostaglandins and cytokines.
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Model: Schematic summary highlighting those cellular effects of prolonged estrogen deficiency which may
contribute to the pathogenesis of impaired detrusor contractility in laie life. Unproven or speculative effects and
mechanisms are presented in brackcls.

Prolonged Deficiency in Estrogen Levels and their Effects

Bilateral Ovariectomy and/or Aging in rats
Mimicking lalc post-mcnopausal changes in hunlan

/ ~ ! '\.

Decreased Detrusor Contractility

~

Downregulation
of DERP expression
(increased detrusor
proteolysis through
decreased inhibition of
endogenous proteolysis?)

+

Loss of Myocyte
Bulk in Detrusor:
"Sarcopenia"
(direct effects of J..E2'!;
indirect effects of -1.E2
through accumulation of
myotoxic mediators such
as cytokines or prostaglandins'!)

+

Degeneration
of Axons Projecting to
the Detrusor
(direct effccts of J,E2?;
indirect effects of -1. E2
through accumulation of
ncurotoxic mediators such
as cytokines or prostaglandins?)

Down-regulation of
Caveolae & Caveolin
(J..Ca2+ signaling'!;
J,contractility of
individual myocytes'!)

Impaired Ability to Empty Bladder
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FIGURES AND LEGENDS

FIG. 1. Structure of detrusor muscle fascicles and extracellular spaces in sections

obtained from sham and bilaterally ovariectomized female rats. A. Sham-operated

animal. Fascicles (F) of several muscle ceUs, many nucleated; narrow largelyempty

spaces between fascicles. X 5,050, No. J-52719.

........
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Fig. lB. 4 m OVx animal. Spaces between fascicles wider and contain collagen. X 5,050,

No. J-52689.
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• FIG. 2A. Loss ofdetrusor muscle bulks (sarcopenia) 4 m after OVx. Computer assisted

analysis oflight microscopie images from sham-operated (n=7) vs. OVx (n=7) animais;

statistically significant (p<O.OOl; double asterisk).
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• FIG. 28. Redueed nucleated detrusor muscle ceUs (nucleated) after OVx. Number of

eeUs significantly lower (asterisk) after OVx (n=7), as eompared to sham-operated (n=7)

animais (p < 0.05).
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• FIG. 2e. Fewer smaller muscle profiles « 50 ~m2) images from OVx (0=6) than images

frorn sham.operated animais (0=6); apparent shift towards rnedium.sized (50.100 ~2)

and larger (>100J.1m2
) profiles in the fonner.
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FIG. 3. Detrusor after OVx. Profiles ofdegenerated (arrows) and intact (thick arrow)

axons (X 20,050, No. J-47569).
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• FIG. 4. Comparison ofcarbachol-stimulated contractile force in 12 muscle strips from 4

sham-operated and 12 from 4 OVx animais.

A Generated tension greater in muscle strips from sham-operated than strips from OVx

animais (2-way ANOVA; p < 0.001). B. Tensions expressed per muscle strip weight

reduced but differences still statistically significant (2-way ANOVA; p < 0.05). C. & o.
Generated tension as a percentage of maximal contraction for that strip expressed per

strip (C) or strip weight (D); no significant differences.
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• Fig. 5. Caveolar downregulatioD following OVx.

A. Detrusor tissue from a sham-operated rat displaying the characteristic features of a

nonnal sarcolemma. These include altemating electron dense and thinner zones, with the

latter containing many caveolae characterized as flask-shaped, relatively unifonn,

ordered arrangement (arrows). Cistemae of endoplasmic reticulum and mitochondria are

often observed beneath caveolae. Bar=O.21 J.1m

B. In OVx specimen, the myocyte sarcolemma was dominated by long electron dense

bands with fewer interposed caveolae (arrows).

C. Numbers ofcaveolae per 1000 pixels of membrane perimeter in high magnification

photomicrographs ofdetrusor tissues from 5 pairs of sham and OVx rats (p<O.005).
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• Fig. 6. Expression ofCaveolin-l protein is downregulated by OVx

A. Western blot for caveolin-l and a-smooth muscle actin protein using equal amount of

protein extract from detrusors ofpaired sham-operated and OVx animais. B. Graph of

densitometry results from a total of 14 animais. The caveolin-l or a-smooth muscle actin

band intensity in samples from 7 OVx animais was expressed as a percentage of the band

intensity in their paired sham-operated controls (p<O.05).
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Fig. 7. Caveolin-l downregulatioD is reversed by E2 treatment. Western blot of

caveolin-l and a-smooth muscle actin in animais treated for 1 month with subcutaneous

silastic implants containing placebo (OVx) or E2 (OVx+E2) four month after OVx

surgery.
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• Fig.8. Caveolin-l: a marker of myocyte maturation? A. Western blot for caveolin-l

and a-smooth muscle actin in detrusors obtained from newborn (day 2) and young adult

(one month old) female rats. Results are representative ofstudies involving a total of8

rats. B. The caveolin-l or a-smooth muscle actin band intensities in samples from a total

of 8 animais are expressed as a percentage of the band intensity in young adult as a

percentage ofthat in paired newbom animais (p<O.OOI).
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Fig.9. Estrogen receptor mRNA expression in detrusor, bladder outlet and ovary.

Total RNA \Vas extracted from bladder detrusor, outlet and ovary of adult female rat, the

latter serving as positive control and negative control C'ovary RT....). RT-PCR was

carried out \Vith ER-a (A) and ER-J3 (B) primers. The final products were resolved in 10/0

agarose/ethidium bromide gel.
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• Fig. 10. 2D gel protei~-p1Ittems. Protein extracts from detrusors of sham (A), OVx (B)
r '~...

and OVx +E2 (C) animàl'w~eresolved in tirst dimension by IEF followed by SOS-

PAGE for the second dimension. The protein signais were visualized by Ag staining. The

arrows indicate the position of the protein string of interest (-110 kD, pl 4-5), and the

white arrows the string of fuzzy signais (lumican, 84kDa).
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• Fig. 11. Lumiean excluded. Western blotting was carried out following SOS-PAGE

(A) and 2D-gel electrophoresis (B) using detrusor protein extracts from sham or OVx

animais, probing with polyclonal antibodyagainst lumican.
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Fig. 12. Studies on ITIH4. 2D gel electrophoresis ofprotein samples from sham (A) or

OVx (B) rat, followed by Western blotting using antiserum against pig ITIH4.
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