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Mechanical forces affect many cellular functions. How cells respond to mechanical stimuli and

how the stimuli are transduced into cellular signals are important questions in cell biology. To

this end, the effects of hydrostatic pressure (filling) on bladder uroepithelium were examined by

exposing isolated pieces of uroepithelium to hydrostatic pressure in modified Ussing chambers,

thus mimicking the filling process of rabbit urinary bladders. Filling had profound effects on

both ion and membrane transport in the uroepithelium. Membrane distention activated

mechanosensitive ion channels, stimulating Na+ absorption across the umbrella cells via

epithelial Na+ channels, K+ secretion via nonselective cation channels, and Cl- secretion via Cl-

channels. In addition to elevated ion transport, pressure also stimulated discoidal vesicle

exocytosis in umbrella cells, resulting in ~55% increase in apical surface area of the umbrella

cells. Exocytosis in these cells also increased the amount of uroplakin III at the apical surface by

67%, and caused release of secretory proteins into the bladder lumen. One pressure-sensing

mechanism that could regulate umbrella cell exocytosis is ATP and purinergic receptor

signaling. Significant amounts of ATP were released from the uroepithelium during filling.

However, when the serosal surface of the uroepithelium was treated with the ATPase apyrase or

hexokinase, or incubated with the purinergic receptor antagonist PPADS, pressure-activated

exocytosis was blocked. More importantly, filling-induced exocytosis was blocked when P2X2

or P2X3 receptors were absent from mice bladders. The exocytic events were mediated by Ca2+,

cAMP, and PKA-dependent mechanisms. In addition to exocytosis, hydrostatic pressure induced

endocytosis of 100% of a biotinylated membrane pool within 5 minutes of stimulation. The
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endocytosed membrane was delivered to lysosome and degraded by a leupeptin-sensitive

pathway. The endocytic event could be activated by the purinergic receptor agonist ATPgS,

indicating that filling-induced endocytosis may depend on purinergic receptor signaling as well.

These results have shed light on how hydrostatic pressure regulates ion and membrane transport

in uroepithelial cells and may provide insights to how other mechanosensitive cell types respond

to external forces.
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INTRODUCTION

All cells are exposed to mechanical and chemical stimuli. Examples of mechanical stimuli

include hydrostatic pressure, shear stress, twisting, compression, and vibration, while examples

of chemical stimuli include hormones, the action of ecto-enzymes, and chemical messengers

such as adenosine triphosphate (ATP). A fundamental question in cell biology is how cells

respond to these external influences and how they are then translated into biochemical signals

that lead to adaptation. One organ system that serves as a good model for understanding how

cells react to mechanical and chemical forces is the urinary bladder, which experiences variations

in hydrostatic pressure as the result of fluctuations in urine volume. Furthermore, the release of

chemical agonists and antagonists from bladder tissues such as nerves, muscle, or the epithelium

can affect the cell biology of uroepithelial cells via modulation of ion channels and membrane

receptors. The following will be an overview on the biology of the mammalian urinary bladder

and an examination of the effects of external cues (mechanical and chemical) on the adaptive

response of the bladder and other mechanosensitive cell types.
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I. Overview of the urinary bladder

Historically, the urinary bladder has been compared to a plastic sac that functions as an isolated

short-term storage site for urine. By performing the storage function, the sanitary condition of an

animal’s living area is improved, and controlled

micturation serves as a mechanism of territorial

identification for some animals (96, 128).

However several studies, both past and present,

indicate that the bladder can also alter the ion

and protein composition of the kidney-generated

urine.

Structurally, the mammalian bladder is a

hollow, tetrahedron-shaped muscular sphere,

with the wall of the sphere comprising of several

layers (from the outside to the inside): the

muscularis, submucosa, lamina propria, and the

epithelium (Figure I-1) (23, 128, 177).

Intermeshed within the above structures is a circulatory, sensory, motor-sensory, and immune

system. On top of the lamina propria lies a layer of epithelial cells, also known as the

uroepithelium or the urothelium, and covers the entire inner surface of the sphere (128). The

luminal surface of the uroepithelium is covered by mucin glycoproteins and glycosaminoglycans

(GAG) (128, 250). Under normal conditions, the uroepithelium serves as a dynamic barrier that

responds to changes in urine volume by altering the membrane biology of the epithelial cells

Figure I-1. Cross-section of the bladder. (A)
Epithelium. (B) Lamina propria. (C) Submucosa.
(D) Muscularis.



3

(212). Damage to the uroepithelium results in loss of barrier function, leading to inflammation,

pain, and urgency to void (123, 124).

A. Anatomy

The human urinary bladder is generally described as having

two functional units: (1) a reservoir (body) that stores the

urine, and (2) an outlet (neck) that gates the flow of urine

(47). The reservoir of the bladder can be further divided

into three sections: the trigone, the equatorial region, and

the dome. The trigone forms the base of the bladder body

that lies immediately above the bladder outlet and is where

the urine enters via the ureters from the kidney. The

equatorial region is the central and the largest portion of the

bladder body, and the dome is located at the rear of the

bladder toward the curved region opposite the outlet region.

The bladder wall consists of three smooth muscular

layers: the outer longitudinal, middle circular, and the inner

longitudinal (Figure I-2) (80, 177). The smooth muscle

layers are known as the detrusor. The detrusor muscles are oriented in three directions and

thicken toward the neck of the bladder. Surrounding the neck of the bladder, the detrusor muscle

is also known as the bundle of Heiss (177). Functionally, the detrusor muscle is responsible for

increasing bladder pressure to initiate voiding. A band of smooth muscle known as the internal

sphincter is thought to surround the neck of the bladder. The internal sphincter is widely

Figure I-2. Detrusor of the
bladder wall. (A) Uroepithelium.
(B) Submucousa. (C) Inner layer
of longitudinal muscle layer. (D)
Middle circular muscle fiber. (E)
Outer layer of longitudinal muscle
fibers.
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accepted as an anatomical structure that regulates passage of urine through the neck region.

However, a ring of musculature does not exist around the outlet of the bladder (177). Instead, the

interureteric ridge, which forms the base of the trigone, acts as a final barrier to urine release

(177). The interureteric ridge is a blend of smooth muscle between the neck region and the

beginning of the urethra (177). During voiding, the muscles of the outlet relax and the bladder

smooth muscles contract, raising intravesical pressure and inducing urine flow.

B. Bladder innervation

The changes in the smooth muscular tone of the bladder are coordinated by two sets of nerves

(parasympathetic and sympathetic) emerging from the sacral and thoracolumbar levels of the

spinal cord (Figure I-3) (47, 177, 231). The sacral parasympathetic nerves innervate the detrusor

muscle and stimulate bladder wall muscle contraction to initiate voiding by providing excitatory

cholinergic and purinergic signals to the bladder (47). The thoracolumbar sympathetic nerves

release inhibitory signals to the bladder

neck and urethra to facilitate urine

storage. In addition to control of

Figure I-3. Bladder innervation. (A) Sacral
parasympathetic neurons from the sacral cord
(S2-4) innervate the detrusor muscle of the
bladder and the vascular supply to the pelvic
genital organs. (B) Thoracolumbar
sympathetic neurons (T9-L1) innervate the
bladder neck, vas deferens, seminal vesicles,
and prostate. (C) Somatic neurons innervate
the external urethral sphincter and the
external anal sphincter. (D) vas deferens,
seminal vesicles, and prostate. (E) Vascular
supply to pelvis genital organs.
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muscular tone by the autonomic nervous system, afferent nerves that innervate the bladder may

respond to change in urine composition and differences in chemical composition due to release

of nitric oxide (NO), ATP, and prostaglandins from the uroepithelial cells (47). The afferent

nerves are located in the serosal and muscle layers and in between adjacent uroepithelial cells (5,

73). Changes in urine volume, which could result in alteration in chemical composition (e.g.

release of NO, ATP, and prostaglandin) surrounding the afferent nerves could lead to changes in

biology of the uroepithelium.

C. Urine storage and elimination

The most important feature of the bladder is its ability to store and eliminate a variable volume

of urine. This is partly dependent on the cross talk between the musculature of the bladder and

the underlying nervous innervations. During the urine-filling phase, afferent nerve activities are

increased, contributing to lowered tension of the smooth muscles surrounding the reservoir of the

bladder. However, as intravesical (lumen) pressure increases steadily and rises above a threshold

level, the micturition (voiding) reflex is initiated. The voiding mechanism involves activation of

the parasympathetic input to the bladder reservoir and inhibition of the sympathetic inputs to the

urethra leading to contraction of smooth muscle and expulsion of urine.

II. Urinary bladder epithelium

The main function of the bladder epithelium is to provide a barrier against the toxic substances

generated by the kidney even in the face of cyclical fluctuations in urine volume. This ability to

isolate the urine from the underlining serosa is dependent on the uroepithelium, which is
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composed of a sheet of highly specialized superficial cells. It is the special properties of these

epithelial cells that allow the bladder to perform its main barrier function. The following sections

will give a simple overview of the general characteristics of epithelial tissues and then an

overview of the bladder epithelium.

A. What are epithelial tissues?

Epithelial tissues are comprised of cells that cover the exterior surfaces of body and line both the

internal closed cavities of the body and those body tubes that communicate with the exterior

environment (180). Epithelial cells are found in many organ systems, including the gut, blood

vessels, and the urogenital tract. In these different organ systems, epithelial tissues may serve

different purposes including formation of an almost impervious barrier, as in the epidermis or

urinary bladder. Epithelial cells may have secretory and absorptive functions, as in the intestines,

or they may provide a transport system through cell-surface cilia that move particulates and

mucus, as in the trachea and bronchi of the lung. Depending on the morphology and the surface

specialization of the epithelial tissues, different epithelia are able to fulfill the functional

demands that are placed upon them.

1. Development and maintenance of the epithelium

Epithelial cells form barriers that separate biological compartments and regulate homeostasis by

controlling ion and solute transport between these compartments (241). By forming a barrier, the

membrane of the epithelial cell is exposed to different environments. The plasma membrane

facing the lumen or the exterior of the organ is called the apical or the mucosal domain, and the

membrane facing the underlying connective tissue is called the basolateral or the serosal domain.
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Each domain is comprised of a distinct set of proteins, which regulate ion and solute transport

across the epithelium. Differences in the distributions of membrane proteins between apical and

basolateral plasma membrane domains are maintained by protein sorting from intracellular

compartments and selective retention in the membrane. Protein delivery to either the apical or

the basolateral membrane domain is determined by various factors including sorting signals

found within the amino acid sequence of the protein or the result of post-translational

modifications such as N-linked or O-linked glycosylation or acylation (165).

To maintain the polarized distribution of the lipid and proteins that are unique to either

domain of the epithelial cell, tight junctions, a belt-like structure encircles the apex of the cell to

form the apical junction complex (156). The tight junctions also serve as the contact point

between adjacent epithelial cells. The presence of these specialized intercellular proteins

provides an immovable fence to prevent mixing of apical and basolateral lipid and membrane

proteins that are unique to their respective membrane domains.

2. Regulation of epithelial cell permeability

a. Paracellular permeability

In addition to maintenance of polarized lipid and protein distribution in epithelial cells, tight

junctions regulate epithelial cell permeability by formation of pores between cells. Tight

junctions are composed of a dense network of cytoplasmic proteins, cytoskeletal elements, and

several transmembrane proteins. The cytoplasmic proteins include ZO-1, which links the tight

junction associated transmembrane proteins to the actin cytoskeleton (152). Transmembrane

proteins include junctional-associated membrane protein 1 (151), IG8 antigen (163), and

occludin and claudins (71, 72). Depending on the epithelia (leaky or tight), differences in pore
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sizes determined by the tight junction proteins can regulate solute movement across the tight

junction (156).

b. Transcellular permeability

The second determinant of cell permeability is the ability of epithelial cells to regulate movement

of substances across cells, also known as the transcellular pathway. Movement of substances

across the cell membrane can be mediated by several mechanisms. For example, transport of ions

can be via primary (energy dependent) or secondary (energy independent) ion channels localized

to the apical and basolateral membrane domains. Varying the number of ion channels and

transporters on the plasma membrane can regulate the movement of small substances, such as

ions and amino acids. Other substances, such as proteins (e.g. immunoglobulin A) can be

transported across cells via membrane-bound vesicles. These vesicles are formed when areas of

the plasma membrane undergo invagination and pinch off. Once the vesicles are formed, the

internalized protein can be recycled back to the membrane of origin, the vesicle content can be

delivered to the lysosome for degradation, or the internalized protein can be delivered to the

opposing membrane by a process known as transcytosis. Altering the rate of transcytosis can

modulate transcellular passage of large proteins. This may depend on external cues and

regulatory molecules.

B. Uroepithelium

The uroepithelium is a highly specialized epithelial tissue. No other epithelium has yet been

identified which can satisfactorily substitute for the bladder epithelium as a barrier between

tissue fluids and urine. By acting as a tight barrier, the uroepithelium isolates the hypertonic
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urine, which in some animals may be 2 to 4 times the tonicity of blood plasma (96). In addition,

urea and creatinine concentrations in urine may be 100 times the concentration of blood plasma,

and sulphate and phosphate ions 60 and 30 times more, respectively (96). Therefore, not only

does the barrier function of the uroepithelium prevent equilibration of electrolytes, which can

lead to dehydration, the uroepithelium prevents dissipation of the chemical gradient generated by

the kidney (96).

The uroepithelium is of endodermal origin. It is composed of multiple cell layers, with

three morphologically distinct cell types. Sitting above the connective tissue attached to a thin

layer of basal lamina are the basal cells. The basal cells are cuboidal or columnar, with a

diameter of 5-10 µm. When examined by light microscopy, the basal cell cytoplasm is highly

basophilic, and when viewed by electron microscopy appears electron dense. Previous studies

indicate that basal cells are germinal in nature. They elongate above the basal layer to give rise to

intermediate cells (96).

Intermediate cells are derived from basal cells (96). They are approximately 20 µm in

diameter, and their cytoplasm appears less basophilic (96, 128). One distinguishing feature of the

intermediate cell nearest the umbrella cells is the presence of a population of large (>200 nm)

cytoplasmic vesicles (212). Currently, the functions of these cytoplasmic vesicles are unknown.

However, the vesicles do not appear to play a role in modulation of membrane surface area in

intermediate cells (212). In contrast, similar cytoplasmic vesicles are also found in the superficial

umbrella cells that form the mucosal surface of the uroepithelium (96, 128, 213). Numerous

studies have been performed that describe the morphology and function of the umbrella cells (96,

120, 128, 134, 135, 201, 212, 225). The following sections will summarize those findings.
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1. Umbrella cells

These large, hexagonal cells cover the urinary surface of the uroepithelium (96). When examined

by transmission electron microscopy (TEM), the shape of these superficial cells loosly resembles

an umbrella, thus the name umbrella cells. Depending on the degree of bladder fullness, umbrella

cells can range from ~50 µm in diameter in empty bladders to greater than 120 µm in distended

bladders (128). The umbrella cells are attached to one another by tight junctions, adherens

junctions, and desmosomes. One hallmark of umbrella cells is the morphology of the apical

surface (the surface that interfaces with urine). The entire apical surface is covered with

scalloped areas of membrane called plaques that compose from 70-90% of the surface, with the

remaining 10-30% of the membrane occupied by “hinge” regions (175). When the apical

membrane is examined by electron microscopy the outer leaflet appears twice as thick as the

inner leaflet, thus the term asymmetric unit membrane (AUM) (94, 120, 128, 234). Together, the

AUM and the tight junction complexes provide an impenetrable barrier against the toxic

materials found in the urine.

Another feature of the superficial umbrella cell is the presence of a large population of

cytoplasmic vesicles. Depending on the animal species, the morphology of the vesicles can

appear fusiform (in mouse bladder) or discoidal (in rabbit bladder) (94, 175). The vesicles are

localized near the vicinity of the apical plasma membrane and express unique transmembrane

proteins called uroplakins (to be discussed below). Because the protein composition of the

vesicles is similar to the apical plasma membrane, these cytoplasmic vesicles may play an

important role in the bladder accommodative response without compromising the barrier

function of the bladder. This is thought to occur by trafficking of the vesicles to and from the
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apical plasma membrane (95, 175). In addition, the vesicles may serve as specialized carriers for

delivery and retrieval of membrane proteins as well as release of secretory proteins (48).

2. Uroplakins

As described above, the apical plasma membrane of umbrella cells is covered with scalloped-

shaped plaques that are separated by membrane domains called hinges (128). The plaques are

composed of a paracrystalline array of subunits with center-to-center spacing of approximately

16 nm (128). Each subunit is composed of an inner and outer ring each having six protein

particles, and together the particles form a twisted ribbon structure that protrudes from the lipid

bilayer (223). The protein particles that make up the plaque subunits have been isolated and

cloned (243). These proteins (uroplakins; UP) are transmembrane proteins, and there are at least

five known members (UPIa, UPIb, UPII, UPIIIa, and UPIIIb). UPIa (27 kDa) and UPIb (28 kDa)

have four transmembrane domains (128). UPII (15 kDa), UPIIIa (~47 kDa), and UPIIIb (~47

kDa) are type one transmembrane proteins (intracellular carboxy terminus) (128). Interestingly,

UPIa associates with UPII and UPIb associates with UPIIIa or UPIIIb making up the inner and

the outer ring of the plaque subunit (49, 237).

All five members of the UP family contain large extracellular domains, which contribute

to the AUM morphology. The cytoplasmic domains of UPIa, UPIb, and UPII are minimal with

the exception of UPIIIa and UPIIIb, that have a substantial hydrophilic tail of approximately 50

amino acids (49, 236). This has led to speculations that UPIIIa and UPIIIb may provide anchors

for the plaque particles and may associate with the underlying cytoskeleton to facilitate changes

in apical membrane structure.
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In addition to the apical plasma membrane, UP are also present in the membrane of the

cytoplasmic vesicles. The specific composition of the UP in the vesicles is not well characterized

as that of the apical plasma membrane (212). However, similarities in the morphology of the

vesicle membrane with that of the apical plasma membrane indicate that the vesicles may traffic

to and from the membrane thus play an important role in modulating the membrane dynamics of

the umbrella cells.

The areas of apical plasma membrane between adjacent plaques are the hinge regions

(128). The protein and lipid composition of the hinge regions are not fully understood. However,

a highly glycosylated (85 kDa) glycoprotein called urohingen is found in the hinge area (244).

The function of the urohingen and the hinge regions is currently unknown, although the regions

in between adjacent plaques must offer barrier protection against urine as well. Another

speculation is that hinge regions may be the location of cytoplasmic vesicle insertion, but no

direct evidence is available to support this speculation. Regardless, the hinge regions are likely to

contain all other membrane proteins that are excluded from the plaque regions. Some of these

proteins may include membrane receptors such as purinoceptors (P1 and P2), ion channels such

as the epithelial sodium channel (ENaC), and the mucin-like glycoprotein MUC1, which have

been localized to the apical surface of the umbrella cells (29, 97, 197).

3. Barrier function of the uroepithelium

One of the major functions of the uroepithelium is to prevent the urine from invading the

underlying connective tissues and musculature of the urinary bladder. This barrier function is

reflected by the low permeability of paracellular and transcellular pathways in the uroepithelium.

One method of assessing the paracellular and transcellular permeability is by measuring the
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transepithelial resistance (TER), which is the ability of the epithelium to impede ion flow

between epithelial cells and transport of ions across epithelial cells via channels or pumps. TER

measurements can be made using Ussing chambers, where an isolated piece of uroepithelium is

mounted between the chamber apparatus and modeled to an equivalent electrical circuit made up

of capacitors and resistors (see Materials and Methods section for more detail). Using this

method, the TER across isolated pieces of rabbit uroepithelium has been shown to reach as high

as 75,000 – 135,000 W*cm2, consistent with the relatively low levels of transcellular ion

transport and paracellular ion flow (1). Although TER measures ion flow across all of the

epithelial cell layers, in the uroepithelium the majority of resistance is provided by the apical

membrane of the umbrella cell (37, 134, 138).

4. Factors that regulate uroepithelial permeability

a. Tight junction

In addition to plaques on the uroepithelial surface, tight junctions surrounding the umbrella cells

are likely to play a major role in determination of paracellular permeability (77). In mice and rat

bladders, occludin and claudin-4, -8, and -12 are reported in the umbrella cell tight junctions

where claudins form continuous branching fibrils of transmembrane particles that completely

encircle the apical aspect of the lateral surface of umbrella cells (1). This indicates that occludin

and claudins may contribute to the high resistance phenotype of the umbrella cells by formation

of size selective ion filter (215).
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b. Ion channels

The presence of ion channels on the apical and basolateral membrane of the umbrella cell is a

major determinant of uroepithelial permeability. In contrast to tight junctions that can regulate

paracellular movement of ions across the uroepithelium, ion channels on the apical and

basolateral membranes of the umbrella cells regulate transcellular movement of ions. In rabbit

uroepithelium, aldosterone increases the rate of sodium absorption (230). Sodium enters the

umbrella cells via epithelial sodium channels localized on the apical plasma membrane and exits

the umbrella cells via the basolateral membrane Na+/K+ ATPase (137, 138). As sodium exits the

cell via the Na+/K+ ATPase, potassium is pumped into the cell generating a high intracellular

potassium gradient (129). Potassium can exit the basolateral membrane of the umbrella cell

through potassium selective channels driven by its high intracellular concentration (139).

 In addition to the amiloride-sensitive epithelial sodium channel, Lewis and colleagues

have also demonstrated that the apical membrane of the umbrella cell contain an amiloride-

insensitive, cation-selective channel and a cation channel that partitions between the apical

membrane and the mucosal solution (131, 133, 249). The basolateral membranes of the umbrella

cells contain chloride channels, and Na+/H+ and Cl-/HCO3
- exchangers. Aside from regulation of

transcellular ion movement, additional functions of these ion channels are currently unknown,

though the basolateral ion channels and exchangers may play important roles in cell volume

regulation during osmotic stress (52). The apical sodium and nonselective cation channels

described above may play important roles in mechanotransduction during the filling response.
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C. Accommodative changes of the bladder uroepithelium

Changes to the uroepithelium depend on the cyclical levels of urine volume. The uroepithelium

can undergo dramatic changes in the overall tissue morphology. The umbrella cells can also

undergo changes in cell biology such as initiation of biochemical signals that leads to alteration

in membrane biology. The dynamic nature of the uroepithelium allows the bladder to

accommodate various levels of urine volume. More important, the barrier function of the

uroepithelium is maintained in the face of altered cell biology.

There are at least two ways for the uroepithelium to adapt to changes in urine volume.

The first is simply unfolding of the mucosal surface, which is highly convoluted in the empty

bladder (120, 201). Another adaptive response is changes in tissue morphology. As the urine

volume increases, the intermediate and basal cells migrate laterally (96), and the superficial

umbrella cells undergo a transition from roughly cuboidal in the empty bladder to squamous in

the filled bladder (153). Alterations in the uroepithelial cells result in a thinner uroepithelium.

D. Hydrostatic pressure-induced exocytosis in bladder

As urine volume increases, superficial umbrella cells undergo morphological changes. These

changes could be explained by two different models. One model describes the folding and

unfolding of the umbrella cell apical membrane as the only mechanism for accommodative

response (120, 201). The other model supports the idea of hydrostatic pressure-induced

exocytosis, where hydrostatic force (filling) stimulates the exocytosis of fusiform/discoidal

vesicles in the umbrella cells leading to increased bladder surface area (95, 175). This latter

model was based on several previous observations. First, morphological analysis revealed that

umbrella cells from distended bladders contain much fewer vesicles then umbrella cells from
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empty bladders (153). Second, isolated uroepithelium exposed to hypo-osmotic bathing buffer or

increased hydrostatic pressure exerted against the tissue leads to significant increase in

membrane capacitance (135). These data are consistent with exocytosis in the bladder umbrella

cells. However, there is no direct correlation between discoidal vesicle exocytosis and increased

surface area. Moreover, the modest change in response to hydrostatic pressure (17%; see (135))

and the difficulties in interpreting the results from osmotic stimuli (213) weaken the significance

of exocytosis in response to hydrostatic pressure.

III. Mechanotransduction and regulation of membrane traffic in

mechanosensitive cells

Mechanical stimuli alter membrane traffic in many different cell types including astrocytes,

fibroblasts, cardiac myocytes, endothelial cells, osteocytes, kidney epithelia, type II alveolar

cells, and the hair cells in the inner ear (6). How mechanical stimuli are transduced into

biochemical signals leading to changes in vesicular traffic is not well understood, and in the

uroepithelium nothing is known. However, it is believed that the first step in

mechanotransduction is the activation of a mechanosensor that is able to sense alterations in

plasma membrane tension or changes in the underlying cytoskeleton. This initial signal is

processed by downstream mechanotransducers and secondary messengers leading to changes in

cellular events, such as endocytosis and exocytosis. Several different mechanosensors and

mechanotransducers have been described (89, 184). Those that regulate membrane traffic include

cytoskeleton, ion channels, integrins, tyrosine kinases, and signaling molecules such as ATP,

Ca2+, cAMP, and PKA (43, 89, 107, 147, 184, 185, 195). The following sections will provide a
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brief overview of the role of these potential mechanosensors and mechanotransducers on

membrane traffic in various mechanosensitive cell types.

A. Cytoskeleton

Actin microfilaments, microtubules, and intermediate filaments are the chief components of

cytoskeleton (6). Not only does the cytoskeleton uphold the structure of the cell, it also plays an

important role in mechanotransduction. Deformation of the plasma membrane by mechanical

forces is accompanied by a rapid reorganization of the cytoskeleton. Because the cytoskeleton is

attached to the plasma membrane, alterations in the cytoskeleton can affect membrane tension

and thereby affect various cellular events, including endocytosis and exocytosis (6, 89, 107,

158). Changes in the cytoskeleton can also affect membrane traffic through other

mechanosensors such as integrins and stretch-activated ion channels. Since mechanosensors are

attached to the actin cytoskeleton, disruption of this interaction can alter their activities (89). For

example, disturbing the microfilament can influence the activity of stretch-activated ion channels

in embryonic skeletal muscle (228). Alterations in cytoskeleton, which disrupt membrane tension

can affect the activities of integrin receptors in capillary endothelial cells (45). Additionally, the

cytoskeleton may regulate exocytosis by serving as a scaffold that coordinates the organization

of endocytic and exocytic signaling complexes (107).

In the bladder, cytoskeleton may play an important role in pressure-induced exocytosis.

In the umbrella cells, a dense network of intermediate filaments is observed in the vicinity of

apical plasma membrane. When the bladder is empty, the intermediate filaments are arranged

randomly throughout the cytoplasm. However, upon filling the intermediate filaments reorganize

and align into a parallel-like arrangement beneath the apical surface. As the intermediate
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filaments reorganize, the discoidal/fusiform vesicles move into close proximity with the

membrane to allow for interaction with tethering and/or docking proteins to initiate fusion. Lewis

and de Moura have shown that treating the uroepithelium with the actin-disrupting agent

cytochalasin B inhibits osmotic pressure-induced capacitance increase, and colchicines, a

microtubule disrupting agent, causes a more rapid increase in osmotic-induced capacitance

(135). These data indicate that the cytoskeleton in umbrella cells may play an important role in

exocytosis.

B. Mechanosensitive ion channels

Mechanically sensitive ion channels, such as stretch-activated ion channels, are known to play

important roles in signal transduction for different cell types (6, 89). Several classes of these ion

channels have been described, including nonselective cation channels, some of which conduct

Ca2+ and can induce Ca2+ release from intracellular stores (89, 90). Increased intracellular Ca2+

triggers exocytosis in many cell types (32). Entry of Ca2+ through plasma membrane channels

can also regulate endocytosis (198). In the hair cells of the inner ear, a nonselective cation

channel plays important roles in mechanotransduction (103). Bending of the stereocilia activates

a nonselective cation channel that depolarizes the cell. This results in activation of a voltage-

sensitive Ca2+ channel that raises intracellular Ca2+, which in turn stimulates synaptic vesicle

exocytosis (6, 67, 103). In the rat atrium, secretion of atrial natriuretic factor (ANF) is blocked

by gadolinium, a rare earth metal that inhibits many stretch-activated nonselective cation

channels (121). Recently, vanilloid receptor (VR1), a capsaicin-gated ion channel expressed by

nociceptive primary afferent neurons was identified in the bladder (20). In mice bladders lacking

VR1, ATP release was diminished, indicating that VR1 receptors may modulate ATP secretion
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(21). Another vanilloid receptor-like protein, vanilloid receptor-related osmotically activated

channel (VR-OAC), may have functional roles in sensing osmotic stretch (144). However,

whether VR-OAC plays any role in secretion is unknown.

In addition to VR1 receptor/channel expression in the bladder, other mechanosensitive

ion channels exist in the bladder uroepithelium that can conduct Cl-, K+, and Na+ (224). Whether

these ion channels play any role in pressure-sensitive membrane traffic in umbrella cells is

unknown. However. Ferguson, et al. have suggested that the amiloride sensitive epithelial Na+

channels may modulate ATP release from the uroepithelium (62), which, in turn, plays an

important role in modulating umbrella cell exocytosis (see Chapter 4). Other ion channels,

including the ATP-gated P2X purinergic receptors (to be discussed below), which are

nonselective cation channels that can increase intracellular Ca2+, may have important functional

roles in mechanotransduction in the bladder. More details on the mechanosensory role of ion

channels in the bladder uroepithelium will be presented in Chapter 3 and 4.

C. Integrin receptors

Integrins are another class of mechanosensors. They are made up of two receptor subunits, a and

b, which together links extracellular matrix molecules to the intracellular actin cytoskeleton

(107). There are several ways in which integrin receptors can modulate exocytic events. The b-

subunit forms interactions with several intracellular molecules, including the cytoskeletal

associated proteins talin and a-actinin (6). The b-subunit also interacts with focal adhesion

kinase, which in turn associates with other molecules including pp60src, Fyn, Grb2, and

phosphatidylinositol-3 kinase (31, 107). These molecules can regulate the Rho family of

GTPases, including Rho, Rac, and CDC-42 (31, 107). Disruption of these small GTPases has
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been shown to interfere with activities such as organization of the actin cytoskeleton,

endocytosis, and exocytosis.

When integrin receptors activities are disrupted, mechanosensory transduction is

inhibited (6). In frog skeletal muscle, treatment with short amino acid peptides Arg-Gly-Asp

(RGD peptide in single-letter amino acid code) uncouples integrin receptors from the

extracellular matrix (34). As a result, stretch-induced release of neurotransmitters from the motor

nerve terminal is blocked. RGD peptide treatment can also inhibit production of platelet-derived

growth factor from smooth muscle cells exposed to mechanical stretch (34). In the bladder

epithelium, nothing is known about the role of integrin receptors in mechanotransduction. The

functional role of integrins in the accommodative responses of the uroepithelium is an area that

remains to be explored.

D. Tyrosine kinases

Receptor and nonreceptor tyrosine kinases may play important roles in mechanotransduction

(147, 184, 185). As their names indicate, receptor tyrosine kinases have transmembrane domains,

whereas nonreceptor tyrosine kinases are anchored to the plasma membrane via amino-terminal

myristoylation. One possibility that tyrosine kinases may transduce mechanical stimuli into

biochemical signals is via conformational changes. In cardiac myocytes, mechanical stretch

stimulates tyrosine kinase phosphorylation and elevation in intracellular Ca2+ (185). The tyrosine

kinase inhibitor lavendustin A inhibits stretch-induced ANF secretion (209). In addition, stretch-

activated secretion of vascular permeability factor in mesangial cells is inhibited by tyrosine

kinase inhibitors genistein and herbimycin A (84). These data indicate that tyrosine kinases are
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important regulators of stretch-sensitive secretory events and may be important in

mechanosensitive cell types such as bladder epithelial cells.

E. Adenosine triphosphate

Adenosine triphosphate (ATP) is an important biological molecule that is present in high

concentration in the cell cytoplasm (~3-5 mM) (168). Not only is it an energy source for all cells,

it is known to play an important role in mechanotransduction where it can modulate exocytosis

in several cell systems (42, 89). In mechanosensitive cells, ATP can be released under

physiological conditions (79). Once it is released, it has been demonstrated to stimulate exocytic

events such as surfactant release by alveolar type II lung cells (179). ATP can also stimulate

mucin secretion from goblet cells isolated from canine tracheal epithelium (46). In addition,

exogenous ATP has been shown to stimulate membrane trafficking in brown adipocytes via

purinergic receptor activation (170). In contrast, ATP can also modulate several types of ion

channels. In hippocampal neuroblastoma cells, ATP can evoke two excitatory responses, opening

of a receptor-operated nonselective cation channel and a Na+ channel (57). Activation of

nonselective cation channels may increase intracellular Ca2+, leading to membrane traffic.

ATP released from the bladder uroepithelium may also play an important role in

mechanotransduction. There is growing evidence that the uroepithelium may communicate

bladder fullness to the nervous system via ATP signaling pathways (39, 41). ATP released from

the uroepithelial cells, nerves, and the bladder detrusor may activate the afferent nerve terminals

to signal the state of bladder fullness to the central nervous system (62, 118, 221). ATP may also

modulate umbrella cell membrane trafficking during filling (see Chapter 4). One of the goals of
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this dissertation is to examine the effect of ATP signaling on membrane trafficking in umbrella

cells. More on this topic will be discussed in Chapter 4 of this dissertation.

F. Purinoceptors

1. Purinergic receptors

There are two classes of purinoceptors, P1 and P2. P1 receptors are known as adenosine

receptors (see below), and P2 receptors are purinergic receptors (30). There are two distinct P2

receptor families: the P2X ligand-gated nonselective cation channel that has been reported to be

similar in structure to the subunits of the epithelial sodium channel (193), and the P2Y receptors,

which are seven-transmembrane domain receptors coupled to heterotrimeric G-proteins (28). In

the P2X receptor family eight P2X receptor isoforms (P2X1-7 and P2XM) have been described

and at least six P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, and P2Y12) are molecularly

distinct entities that can elicit functional responses (29, 167, 193). Both P2 receptors have a wide

range of functions, including platelet recruitment, bone formation, fluid and electrolyte secretion

in the colon and gallbladder, and membrane trafficking. As a result, they are ubiquitously

expressed in a variety of cell types (30). Activation of P2 receptors by mechanical stimuli can

lead to various downstream effects in cells. One common consequence of P2X and P2Y receptor

activation is increases in cytosolic Ca2+, which can stimulate exocytosis (193). Because P2X

receptors are nonselective cation channels they can directly mediate Ca2+ entry into the cell

(193). P2Y receptors act to raise Ca2+ indirectly by coupling through G-proteins to modulate

adenylate cyclases, which generate cAMP and phospholipases, which generate diacylglycerol

and inositol 1,4,5-triphosphate (IP3). In turn, IP3 binds to IP3 receptors and stimulates increased

cytosolic Ca2+ (193).
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Several P2X receptors, including P2X2, P2X3, P2X4, and P2X5 receptors have been

localized to the serosal surfaces of uroepithelial cells (58, 61, 125). These receptors, along with

ATP, may play an important role in sensing bladder fullness (28). This regulatory function is in

accordance with the hypothesis proposed by Burnstock and Williams where membrane

distension leads to ATP release from uroepithelial cells, which then acts on P2X3 receptors on

the subepithelial sensory nerves to transmit biochemical signals to the central nervous system to

convey information on bladder distension and pain (28, 30). When P2X receptors are blocked by

antagonists, sensory nerve activities are inhibited (162). Similarly, in the absence of P2X3

receptors in bladders of knockout mice, sensory nerve firing is decreased. (39) In addition to

sensory function and detecton of bladder fullness, P2X receptors may also modulate

discoidal/fusiform vesicle trafficking in the umbrella cells during the urine-filling process (see

Chapter 4). P2Y receptors may be involved in umbrella cell membrane trafficking as well. These

observations indicate that purinergic receptors are important regulators of normal bladder

function. They may modulate important accommodative responses during the urine-filling

process.

2. Adenosine receptors

The second class of purinoceptors that may play an important role in membrane trafficking is

adenosine (P1) receptors. There are four different adenosine receptors, denoted A1, A2A, A2B, and

A3 (66). Similar to P2Y receptors, all four members of the P1 receptors have seven-

transmembrane domains and are coupled to G-proteins (66). Depending on the P1 receptor

isoforms, activation of adenosine receptors by its physiological agonist adenosine can have

stimulatory or inhibitory effects. A1 and A3 receptors are coupled to Gi-proteins, and A2A and

A2B receptors are coupled to Gs-proteins (66). Stimulatory effects of P1 receptors include
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degranulation of mast cells and stimulation of sensory nerve activities (66). Inhibitory effects

include reduced glomerular filtration and inhibition of platelet aggregation (66). In the bladder

umbrella cells, the precise role of P1 receptors in pressure-induced exocytosis is currently

unknown. However, in experiments where isolated pieces of uroepithelium are treated with

adenosine membrane capacitance increased (245). Addition of isoform-specific P1 receptor

agonists (CCPA, CGS, and IB-MECA) also stimulated capacitance increase (Yu, et al.; personal

communication) (245). These data indicates that P1 receptors may also modulate membrane

trafficking in mechanosensitive cells.

G. Secondary messenger cascades

Mechanical stimulation can trigger elevation in intracellular Ca2+ in many cells, including

cardiac and smooth muscle cells, fibroblasts, osteoblasts, endothelial cells, neurons, and

epithelial cells (89). Changes in intracellular Ca2+ concentration can affect most regulated

secretory events (17). In hair cells, mechanically-activated exocytosis of neurotransmitter-

containing vesicles is dependent on increases in intracellular Ca2+ concentration (103). Stretch-

induced ANF secretion from isolated rat atrium also requires the activity of Ca2+ channels and is

blocked by Ca2+ channel inhibitors (114). Increases in intracellular Ca2+ can result from a

combination of several mechanisms, including release of Ca2+ from intracellular stores, such as

the endoplasmic reticulum, influx of Ca2+ from the extracellular environment through Ca2+

channels, and/or decreased efflux of Ca2+ from the cell (89). In bladder uroepithelial cells,

pressure-induced exocytosis is dependent on both intra- and extracellular Ca2+. Altering the

intracellular Ca2+ concentration of the uroepithelial cells has profound effects on umbrella cell
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membrane trafficking. The role of Ca2+ in pressure-induced exocytosis will be discussed further

in Chapter 2 and 4.

In addition to Ca2+, the secondary messenger cyclic adenosine monophosphate (cAMP) is

also an important modulator of pressure-induced exocytosis. Mechanical stretch stimulates

production of cAMP in some cell types including the endothelial cells, erythrocytes, lymphoma

cells, fibroblasts, cardiac myocytes, and bladder umbrella cells (see Chapter 2) (228). Agents that

raise cAMP (e.g. forskolin) can have significant effects on cellular functions. For example,

transcytosis and apical secretion in Madin-Darby canine kidney (MDCK) cells are stimulated

through cAMP-dependent signaling pathways. H89, an inhibitor of protein kinase A (PKA) and

the downstream target of cAMP, blocks apical secretion in MDCK cells. Similarly, in lymphoma

cells, osmotic stretch stimulates significant increases in intracellular cAMP and cell surface area.

In bladder umbrella cells, cAMP and PKA are important regulators of pressure-induced

exocytosis (see Chapter 2). These studies indicate that cAMP and PKA have intimate roles in

many cellular events, including volume regulation and membrane trafficking.

One important regulator of vesicle trafficking is Rab GTPases. Rab GTPases have

defined roles in the tethering/docking of vesicles to their target compartment leading to

membrane fusion, and have also been implicated in cargo selection, vesicle budding, and

organelle motility (247). One important Rab GTPase is Rab27a, where it has been implicated in

melanosome traffic and exocytosis of lytic granules in cytotoxic T-cells (194). In preliminary

studies, the Rab27a isoform, Rab27b, is identified in the bladder and expressed in the umbrella

cell layer (7). The regulatory role of Rab27b on fusiform/discoidal vesicle exocytosis may be

analogous to the regulation of melanosome trafficking by Rab27a. The localization and

functional role of Rab27b in bladder umbrella cells are currently unknown.
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IV. Goals of the dissertation

Pressure-induced membrane trafficking in the bladder umbrella cells is a complex event that

involves mechanotransducers and many signaling molecules that are currently poorly

understood. One reason for this lack of understanding is the absence of an experimental model

that mimics the urine-filling process in the bladder. To this end my first goal was to develop a

new system in the Ussing chamber to duplicate the pressure-induced filling responses of the

bladder uroepithelium. Using this Ussing chamber setup, the second goal was to examine the

effect of hydrostatic pressure on vesicle trafficking in bladder umbrella cells and identify the

signaling molecules involved in modulating pressure-induced membrane trafficking. To

understand how mechanical stimuli, such as hydrostatic pressure, are transduced into

biochemical signals my last goal was to identify mechanotransducers in the bladder, such as

pressure-activated ion channels and membrane receptors, and examine the possible roles that

these mechanotransducers play in pressure-induced membrane trafficking in bladder umbrella

cells. The following chapters and sections will demonstrate the methodology and the results of

my research to understand these unknown aspects of the urinary bladder.
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CHAPTER 1

Analysis of hydrostatic pressure-induced changes in umbrella
cell surface area*

ABSTRACT

All cells experience and respond to external mechanical stimuli including shear stress,

compression, and hydrostatic pressure. Cellular responses can include changes in exocytic and

endocytic traffic. An excellent system to study how extracellular forces govern membrane

trafficking events is the bladder umbrella cells, which line the inner surface of the mammalian

urinary bladder. It is hypothesized that umbrella cells modulate their apical plasma membrane

surface area in response to hydrostatic pressure. Understanding the mechanics of this process is

hampered by the lack of a suitable model system. I describe a pressure chamber that allows one

to increase hydrostatic pressure in a physiological manner while using capacitance to monitor

real-time changes in the apical surface area of the umbrella cell. It is demonstrated that

application of hydrostatic pressure results in an increase in umbrella cell apical surface area and

a change in the morphology of umbrella cells from roughly cuboidal to squamous. This system

will be useful in further dissecting the mechanotransduction pathways involved in cell shape

change and regulation of exocytic and endocytic traffic in umbrella cells.

*Reprinted from Methods, (2003, volume 30, pg. 207-217), with permission by Elsevier Science
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INTRODUCTION

All cells are subjected to external mechanical stimuli such as shear stress, twisting, compression,

vibrations, and hydrostatic pressure (89). Cellular responses to these forces include changes in

their rate of division, death, differentiation, movement, signal transduction, gene expression,

secretion, and endocytosis (14, 15, 43, 45, 54, 89, 158, 184). Understanding how cells respond to

mechanical stimuli and the cellular signals that mediate these responses are universal questions

in cell biology. One organ that provides an excellent model system to study these biological

phenomena is the urinary bladder, which is subjected to variations in hydrostatic force as a result

of cyclical changes in luminal volume.

The inner surface of the bladder is lined by an epithelium, the uroepithelium that forms

the interface between the urine and the underlying submucosa and muscularis of the bladder wall

(96). The uroepithelium also acts as a barrier that maintains the ionic and solute composition of

the urine and prevents pathogens and toxic metabolites of urine from entering the underlying

tissue (164). The uroepithelium is stratified and is composed of three cell types including basal

cells, intermediate cells, and umbrella cells. Basal cells form a single layer that contacts the

underlying capillary bed and connective tissue and these cells serve as precursors for the other

cell types. Intermediate cells form a layer on top of the basal cell layer that is one to six cell

layers thick. These cells rapidly differentiate into umbrella cells when the lumenal umbrella cell

layer is damaged (123, 161). The outer umbrella cell layer interfaces with urine and forms the

primary barrier, which includes a layer of mucin glycoproteins and glycosaminoglycans that may

prevent bacterial attachment (172, 173), tight junctions that form a tight seal between adjacent

cells (137, 139), and an apical plasma membrane with low permeability to urea and water (164).
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The uroepithelium undergoes a dramatic transition during bladder filling. In filled

bladders the uroepithelium appears thinner (96), apparently the result of intermediate and basal

cells being pushed laterally to accommodate the increased urine volume. Furthermore, the

umbrella cells change shape from roughly cuboidal to squamous, and there is a significant

increase in their apical surface area (96, 134, 135, 214). The latter is thought to be the result of

hydrostatic pressure-induced fusion of discoidal/fusiform vesicles with the apical surface of the

umbrella cells (134, 135, 214), which allows the cells to maintain their barrier function while

accommodating increased urine volume. The increase in apical surface area is modulated by

hydrostatic pressure-induced endocytosis that in combination with vesicle exocytosis balances

the change in apical surface area (214). Basolateral surface area is unchanged during filling

(214). The mechanotransduction pathways involved in the regulation of exocytosis and

endocytosis in these cells are largely unexplored, although the cytoskeleton and cAMP are likely

to play a role (134, 135, 214).

To increase our understanding of how mechanical forces alter umbrella cell surface area,

it was necessary to develop a system that allows one to mechanically stimulate the uroepithelium

in a physiologically relevant manner. Previously developed techniques used to mimic bladder

filling included the instillation of buffer into the catheterized bladders of anesthetized rats (4).

While this method allows for examination of the tissue in situ, it is difficult to assess real-time

changes in surface area or to perform biochemical experiments. Alternatively, uroepithelial

tissue, mounted in Ussing chambers, was exposed to increased hydrostatic pressure by raising

the buffer level in the mucosal hemichamber (facing the apical surface of the umbrella cells) and

lowering the buffer level in the serosal hemichamber (facing the basolateral surface of the

umbrella cells and underlying intermediate and basal cells) (135). This technique is relatively
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physiological, but the increase in hydrostatic pressure was small (135). Other techniques used

were mechanical stimulation of the uroepithelium by placing isolated tissue in hypotonic

medium (which induces cell swelling) and membrane “punching” (134, 135). The latter

technique involves rapidly raising then lowering the fluid level in the mucosal hemichamber

several times. Cell swelling does result in large changes in membrane surface area, while

punching does not (134, 135).

An ideal feature of any system is that it should be amenable to continuous monitoring of

surface area changes. One attractive characteristic of the Ussing chamber system is that area

changes can be monitored in real-time by measuring changes in capacitance (132, 139). As

described below, membrane capacitance is an electrical parameter directly proportional to

surface area (where 1 µF ª 1 cm2 of tissue area) (132, 139). In fact, in the Ussing chamber

experiments described above, increased hydrostatic pressure was accompanied by a modest 15%

increase in capacitance (134, 135). An alternative technique to measure changes in umbrella cell

surface area is stereology, a statistical analysis that allows one to calculate three-dimensional

parameters (volume and surface area) from two-dimensional tissue sections (102). Although this

technique allows for an unbiased estimate of umbrella cell apical and basolateral surface area

(214), it is performed on fixed tissue (which precludes real-time monitoring) and is laborious and

time consuming. I have developed a new Ussing chamber system that allows for the application

of physiologically relevant pressures across the mucosal surface of isolated uroepithelium, while

allowing for the simultaneous monitoring of tissue capacitance (214). Real-time analysis of

hydrostatic pressure-induced changes in the surface area of umbrella cells is now possible and is

providing insight into the mechanotransduction pathways involved in surface area modulation in

these cells
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RESULTS

Hydrostatic pressure induces an increase in the surface area of umbrella cells

A newly designed pressure chamber (Figure 1-1, see Materials and Methods) was used to

increase hydrostatic pressure across the mucosal surface of isolated rabbit bladder epithelium. In

the mammalian bladder, pressure rises in a biphasic manner as the organ fills with urine. The

first rise occurs rapidly and then pressure

remains relatively constant for an extended

period. This extended phase is called the storage

phase, and in rabbit bladders it can last for

upward of 5 hours, with an average pressure of

~8 cmH2O. The storage phase is followed by the

micturation phase, which is characterized by a

rapid rise in bladder pressure punctuated by

spikes in pressure as the smooth muscle

undergoes contractions.

In this system the extended storage phase of the bladder filling process was reproduced

by increasing the back pressure to 8 cmH2O either rapidly (within 30 seconds) or slowly (by

filling the chamber at a rate of 0.1 ml/min), and then closing off the pressure chamber. The

increased pressure was accompanied by a large increase in capacitance (Figure 1-2A). In samples

where the pressure was increased rapidly the capacitance quickly increased by ~20 % in the first

10 minutes and then gradually peaked at ~50% above starting levels after 300 minutes (Figure 1-

2A). When the chamber was filled more gradually, the increase was slower (especially at early

time points), but achieved the same overall increase in capacitance of ~50% (Figure 1-2B) (In

Figure 1-1. Pressure chamber. A, serosal
hemichamber; B, mucosal hemichamber; C,
chamber base; D, electrode ports; E, Luer ports;
F, water jacket ports; G, tissue; H, outside-edge
thumb screws; I, parallel aligment thumb screws.
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Figure 1-2. Effect of pressure on changes in capacitance. (A) Changes in capacitance following rapid
filling. (B) Changes in capacitance following slow filling. (C) Changes in capacitance in the absence
of filling. (D) Changes in capacitance in tissue incubated at 18˚C. Data are means ± SEM. In most
cases the error is smaller than the symbol.
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 subsequent experiments, the rapid filling method was used as it was quick and reliable, and the

overall change was similar to that achieved with the slower filling method). Using stereological

methods, I confirmed that the apical surface area of umbrella cells has indeed increased by 50%

after a 5 hour exposure to increased hydrostatic pressure in the chamber, while basolateral

surface area was not significantly changed under these same conditions (214). To confirm that

changes in capacitance were due to changes in pressure and did not simply reflect time of

incubation in the chamber, I measured capacitance on tissue that was mounted in the pressure

chamber but was not exposed to increased hydrostatic pressure. Under these conditions there was

no change in capacitance (Figure 1-2C). Furthermore, I observed that hydrostatic pressure-

induced increases in capacitance were significantly inhibited by incubation at 18˚C (Figure 1-

2D), a temperature that slows many membrane trafficking events including steps in the

biosynthetic and endocytic pathways (13, 83, 105).

Increased pressure is accompanied by changes in the morphology of the epithelium

As described above, a well-known feature of the bladder epithelium is that it undergoes a

significant morphological change during bladder filling. During filling, the thickness of the

epithelium decreases and the umbrella cells change shape from roughly cuboidal to squamous

(96). A similar transition occurred in bladder epithelium exposed to hydrostatic pressure in the

pressure chambers. Control tissue not exposed to hydrostatic pressure is shown in Figure 1-3A.

The umbrella cells were roughly cuboidal in shape and often exhibited portions of cytoplasm that

extended downward into the underlying intermediate cell layer (Figure 1-3A). The surface of

these cells was somewhat folded and numerous discoidal vesicles were present throughout the
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Figure 1-3. Ultrastructural analysis of control tissue or tissue exposed to hydrostatic pressure. (A, B)
Tissue was placed in chamber and incubated for 5 h in the absence of pressure. A low-magnification view of
the uroepithelium (A) and higher-magnification view of umbrella cell cytoplasm (B) are shown. (C, D)
Tissue was mounted in the chamber and incubated in the presence of hydrostatic pressure for 5 h. A low-
magnification view of the uroepithelium (C) and higher-magnification view of umbrella cell cytoplasm (D)
are shown. BC, basal cell; DV, examples of discoidal vesicles; IC, intermediate cell; UC, umbrella cell.
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apical cytoplasm of the cells, but were concentrated underneath the apical surface (Figure 1-3B).

This morphology is typical of umbrella cells observed in contracted bladders (96).

In contrast to control cells, umbrella cells subjected to 5 hours of increased hydrostatic

pressure underwent a significant change in morphology (Figure 1-3C). The depth of the cell was

reduced with a concomitant increase in cell length; it was no longer possible to fit the umbrella

cells within the frame of the electron microscope. In addition to these changes, the apical and

basal surfaces were flattened and retained only a small degree of membrane folding. Another

striking feature of the 5 h pressure-stimulated samples was a large decrease in the number of

discoidal vesicles below the apical surface of the cell (Figure 1-3D).
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DISCUSSION

Mechanical stimuli alter exocytic and endocytic traffic in many cell types including endothelial

cells, myocytes, kidney epithelia, type II alveolar cells, osteocytes, and the hair cells in the inner

ear (6). How mechanical stimuli are sensed and how they are transduced into downstream

changes in vesicular traffic are not well understood. The cytoskeleton, stretch-activated channels,

increased cytoplasmic Ca2+, integrins, phospholipases, tyrosine kinases, ATP, and cAMP have

been implicated in these events (6). Until recently, little was known about the

mechanotransduction pathways involved in discoidal vesicle exocytosis, although a function for

the actin and microtubule cytoskeleton was proposed some years ago (134, 135).

Our understanding of umbrella cell biology was hampered by the lack of a suitable

system to mimic bladder filling. In this chapter I described a pressure chamber that allows for

application of physiological pressures across the mucosal surface of isolated rabbit

uroepithelium. Importantly, the chamber design allows one to monitor real-time changes in cell

surface area. As previously described, raising hydrostatic pressure, either rapidly or slowly, was

sufficient to induce increases in the apical surface area of the umbrella cells, as monitored by

capacitance (see Materials and Methods). This increase in apical surface area was confirmed by a

stereological analysis of surface area changes in umbrella cells exposed to hydrostatic pressure

(see Chapter 2). Changes in capacitance were not observed if pressure was not increased. When

tissue was incubated at 18˚C with increased pressure there was an initial rapid rise in

capacitance, but then the capacitance plateaued and failed to increase. Apparently, the early

events occur even at reduced temperatures. After 5 hours of increased pressure, the cells adopted

a squamous morphology and exhibited a substantial decrease in the number of discoidal vesicles

in the cytoplasm. This morphological change in the uroepithelium after 5-hour of pressure was
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consistent with an earlier study that examined umbrella cells in expanded bladders (153). These

data demonstrated that the pressure-induced morphological transition in umbrella cells occurs

within the pressure chamber system, confirming the physiological relevance of our system.

The signaling pathways that regulate pressure-induced membrane trafficking in umbrella

cell are unknown. An important used of this pressure chamber system will be to study the

regulatory molecules and signaling pathways that are involved in the umbrella cell response to

pressure. In the next chapter, pressure-induced membrane trafficking (exocytosis and

endocytosis) will be further examined and the roles of various signaling molecules during

increased hydrostatic pressure will be evaluated.
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CHAPTER 2

Hydrostatic pressure-regulated exocytosis / endocytosis in bladder
umbrella cells*

ABSTRACT

The epithelium of the urinary bladder must maintain a highly impermeable barrier despite large

variations in urine volume during bladder filling and voiding. To study how the epithelium

accommodates these volume changes, bladder tissue was mounted in modified Ussing chambers

and exposed to hydrostatic pressure. Stimulating the tissue with hydrostatic pressure for 5 h

resulted in a 50% increase in lumenal surface area (~2900 µm2 to ~4300 µm2), exocytosis of a

population of discoidal vesicles located in the apical cytoplasm of the superficial umbrella cells,

and release of secretory proteins. Surprisingly, exposure to increased pressure also induced

endocytosis of apical membrane and 100% of biotin-labeled membrane was internalized within 5

min after pressure induction. The endocytosed membrane was delivered to lysosomes and

degraded by a leupeptin-sensitive pathway. Lastly, the exocytic events were mediated, in part, by

a cyclic adenosine monophosphate, protein kinase A, and calcium-dependent process. These

were shown by increased membrane capacitance in the presence of adenylate cyclase agonsists,

inhibition in pressure-induced capacitance increases in the presence of protein kinase inhibitor

H89, and alterations in membrane capacitance in the presence of intracellular calcium

modulators. The results indicate that pressure modulates mucosal surface area by coordinating
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both exocytosis and endocytosis at the apical membrane of umbrella cells and provide insight

into the mechanism of how mechanical forces regulate membrane traffic in non-excitable cells.

*Reprinted from Molecular Biology of the cell, (2002, volume 13, pg. 830-846), with permission

by the American Society for Cell Biology
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INTRODUCTION

The plasma membrane forms the interface between the cell and its extracellular environment and

in response to external stimuli coordinates changes in cellular function. The size and function of

this organelle is regulated by the processes of endocytosis and exocytosis. Exocytosis is involved

in the cell surface delivery and secretion of newly synthesized and recycled molecules while

endocytosis is required for the internalization and recovery of exocytosed membrane. In spite of

the growing body of literature describing the effects of mechanical force on exocytosis (38, 51,

122, 185, 186, 202, 232, 238), much less is known about how mechanical stimuli affect

endocytosis, although membrane tension may play an important role in this process (6, 44, 64,

101, 158, 176).

One cell type that may provide additional insight into these phenomena is the specialized

umbrella cell that lines the mucosal surface of the bladder and forms the barrier between the

urine and the underlying tissue. This barrier must be maintained in spite of dramatic changes in

lumenal urine volume during filling and voiding. The bladder accommodates these changes in

large part by macroscopic and microscopic folding and unfolding of the mucosal surface.

Furthermore, it is hypothesized that during filling the umbrella cells recruit a sub-apical pool of

cytoplasmic vesicles (which are either fusiform or discoidal shaped) to fuse with the apical

membrane thereby increasing the mucosal surface area (95, 175). The evidence for vesicle

insertion is largely based on two observations. First, a morphometric analysis showed that

umbrella cells from full bladders contained significantly fewer vesicles than those from

contracted bladders (153), and second, osmotic or mechanical stimulus resulted in increased

tissue capacitance, a measure of membrane surface area (135). However, a study that correlates

pressure-activated changes in apical and/or basolateral surface area with changes in vesicle
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dynamics has yet to be performed. In addition, the underlying mechanism that regulates

exocytosis in these cells is largely unexplored, although the cytoskeleton is likely to play a role

in this process (135).

Upon voiding, the extra surface membrane is believed to be endocytosed which

replenishes the population of cytoplasmic vesicles, followed by a re-folding of the umbrella cell

membrane and mucosal surface in preparation for the next filling cycle (153, 175). The exact

role of endocytosis in these cells is unclear. The increases in capacitance observed after osmotic

or hydrostatic stimulus were partially reversed by removal of hydrostatic pressure (134). In

addition, some studies showed that when fluid phase markers were added to the bladder lumen,

the markers were detected in vesicles after voiding (33, 95, 175), consistent with re-

internalization of membrane. However, the uptake of marker was modest, indicating that the

vesicle membrane may not be derived from the apical surface. Other investigators failed to

demonstrate uptake of horseradish peroxidase (HRP) or HRP-labeled lectin into vesicles during

bladder contraction but instead observed marker in multivesicular bodies and lysosomes (4).

Thus, the role that endocytosis plays in apical surface modulation of umbrella cells is currently

not understood. Moreover, the effects of mechanical stimuli on endocytosis remain poorly

characterized in this or other cell types (6).

Based on results presented in this chapter, I propose an alternative model of vesicle

trafficking and surface area modulation in umbrella cells. Initially upon filling, there was little

change in the apical or basolateral surface area. However, continued exposure to pressure

induced large increases in apical surface area in combination with a decrease in vesicle surface

area. The increase in apical surface area coincided with a significant increase in surface

expression of uroplakin III, a membrane/vesicle protein, and secretion of 35S-labeled proteins. In
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contrast to the current model, pressure-induced vesicle fusion was accompanied by a

simultaneous apical membrane endocytosis, and the internalized membrane was delivered to

lysosomes. Lastly, the exocytic, but not the endocytic events were modulated, in part, by a cyclic

adenosine monophosphate (cAMP), protein kinase A (PKA)-dependant mechanism. Both

intracellular and extracellular calcium were also required for pressure-induced membrane

trafficking in umbrella cells. These data indicate that in addition to activating exocytosis, filling

also induces endocytosis and the balance of these events governs the size of the umbrella cell

apical plasma membrane.
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RESULTS

Hydrostatic pressure-regulated changes in umbrella cell apical surface area

It has been argued that unfolding of the membrane is sufficient to accommodate the increases in

urine volume during filling (120, 201). Therefore, my first goal was to determine whether filling

resulted in changes in the apical surface area of umbrella cells or simply caused unfolding of the

membrane. To mimic the extended storage phase of the bladder I chose a method of stimulation

that exposed the uroepithelium to a constant physiological pressure over relatively long periods

of time. In rabbits this phase naturally lasts ~5 h (126) and the lumenal pressure (~8 cmH2O)

remains relatively constant (127).

Rabbit uroepithelium, which is comprised of umbrella, intermediate, and basal cell layers

was stripped of underlying muscle tissue and mounted in modified Ussing chambers. The muscle

tissue was removed to prevent unwanted contraction and ease of tissue manipulation (see

Materials and Methods section). Following a period of equilibration, hydrostatic pressure was

applied to the mucosal chamber until

a pressure of 8 cmH2O was generated

and then maintained throughout the

duration of the experiment (see

Materials and Methods). To confirm

that the tissue remained intact and

retained its barrier function,

Transepithelial resistance (TER) was

monitored throughout the experiment.

The initial TER (11,396 ± 760 W*cm2)

Figure 2-1. Capacitance changes in response to hydrostatic
pressure. The change in capacitance of control tissues (no
pressure stimulation) and tissues subjected to pressure is
shown. Data is mean ± SEM (n=5). The error bars are smaller
than the symbols.
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dipped following increased pressure, but rapidly recovered and at the end of the 5 h period TER

was 14,222 ± 1,062 W*cm2. The initial fall in TER likely reflects increased ion conductance as

the short-circuit current (Isc) significantly increased upon application of pressure (see Chapter

3).

Changes in surface area were measured in real time by monitoring tissue capacitance.

This electrophysiological parameter is directly proportional to surface area (1 µF ª 1 cm2) and in

bladder tissue is thought to primarily measure changes in the surface area of the apical plasma

membrane of the umbrella cells (137). If surface unfolding was sufficient to accommodate the

filling response, no changes in capacitance were expected. However, when tissue was stimulated

the capacitance rapidly rose approximately 15% within the first 20 min followed by a slower

increase to 50% after 5 h of stimulation (Figure 2-1 and Figure 1-2). This bi-phasic response in

capacitance was similar to earlier studies that employed osmotic stretch (134, 135). Subjecting

the tissue to increased pressure for longer than 5 h did not significantly increase the capacitance

above 50% (data not shown).

As a control, the tissue was incubated in the chamber without the addition of hydrostatic

pressure. Throughout the 5 h period of incubation the capacitance of the control tissue was

unchanged, confirming that incubation in the chamber was not sufficient to elicit changes in

surface area (Figure 2-1). Tissue pretreated with cycloheximide followed by pressure stimulation

exhibited an initial rise in capacitance of ~25% that remained unchanged for the 5 h period of

increased pressure (data not shown) indicating that protein synthesis was important during the

later stages of filling. In summary, the data indicated that my method of stimulus was effective

for increasing apical surface area and were inconsistent with the hypothesis that surface
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Figure 2-2. Morphological analysis of control and pressure-stimulated umbrella cells. Cells
were mounted in modified Ussing chambers and incubated for 5 h without pressure (A and B),
or stimulated with pressure for 20 min (C and D) or 5 h (E and F), fixed, and processed for
TEM. (A, C, and E) Low-magnification views of representative umbrella cells from each
experimental condition. The arrows delineate the borders of the cells. (B, D, and F) Higher
magnification views of the apical portion of each umbrella cell. Representative discoidal
vesicles are marked by arrowheads.
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unfolding is the only mechanism responsible for accommodating increased urine volume (120,

201).

Morphological changes in pressure-stimulated uroepithelium

The morphological changes that accompanied pressure treatment were also examined. Tissue

was mounted in the chambers and subjected to pressure for either 20 min or 5 h, or was

incubated without stimulus as a control. The tissue was subsequently fixed and examined by

transmission electron microscopy (TEM). In control tissue (no pressure), the umbrella cells were

roughly cuboidal in shape and often exhibited portions of cytoplasm that extended downward

into the underlying intermediate cell layer (Figure 2-2A). This morphology is typical of umbrella

cells observed in contracted bladders (96). Both the apical and the basolateral surfaces exhibited

some degree of folding, although there was considerable variation among the cells. When viewed

at higher magnification, numerous discoidal vesicles were commonly observed throughout the

cytoplasm but appeared to be concentrated in the apical region of the cell just beneath the plasma

membrane (Figure 2-2B). There were no observable differences between cells incubated without

pressure for 20 min or 5 hours.

When the cells were exposed to increased pressure for 20 min, very few morphological

changes were observed relative to controls. The majority of the cells retained a cuboidal-like

shape and exhibited a similar degree of apical and basolateral surface folding (Figure 2-2C).

Similar to controls, higher magnification images of these cells revealed an abundance of

discoidal vesicles present in the cytoplasm just below the apical membrane (Figure 2-2D),

although the relative abundance of vesicles localized in the center of the cell appeared to be
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diminished. This change in distribution may represent a shuttling of vesicles to the apical

membrane during the initial period of filling in order to prime the vesicles for fusion.

In contrast to control cells, or to those subjected to increased pressure for 20 min,

umbrella cells exposed to 5 h of pressure underwent dramatic changes in morphology (Figure 2-

2E). The depth of the cell was drastically reduced with a concomitant increase in cell length. In

addition to these changes, the apical and basal surfaces were flattened and retained only a small

degree of membrane folding. Some cells exhibited an exaggerated folding of the lateral

membrane (Figure 2-2F), which is also observed in expanded bladders (153). Another striking

feature of the 5 h stimulated samples was the paucity of discoidal vesicles in the cytoplasm

(Figure 2-2F). This morphological change in the uroepithelium after 5 h of stimulation was

consistent with an earlier study that examined umbrella cells in expanded bladders (153). These

data not only confirmed the physiological nature of my system, but also demonstrated that the

filling-induced morphological transition in umbrella cells required a considerable amount of time

to occur.

Quantification of changes in apical, basolateral, and vesicle surface area in response to

pressure

Changes in apical surface area as determined by capacitance are only estimates and do not

provide any information about the source of added membrane. Further, some of these changes in

capacitance may reflect alterations in basolateral surface area. Therefore, an alternative

experimental method to quantify changes in apical, basolateral, and vesicle surface area was

sought. To do this, I analyzed the tissue by stereology, a statistical analysis that calculates 3-
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Figure 2-3. Stereological analysis of umbrella cells and determination of vesicle/membrane continuity.
(A) Mounted bladder tissue was fixed in the presence of 0.01% (wt/vol) ruthenium red and processed
for TEM. Arrows point to discoidal vesicles that are in proximity, but not continuous with the apical
membrane. (B-F) Serial sections of an umbrella cell reveal the discontinuity of vesicles with each other
and the plasma membrane. Arrowheads depict individual discoidal vesicles as they appear and
disappear within the sections. The dashed box surrounds an area of clustered discoidal vesicle that
remain distinct from one another in all sections. A large plasma membrane-associated vesicle is marked
with an asterisk. Uroepithelium was incubated in chambers for 20 min with pressure or without (G) or
for 5 h with pressure or without pressure (H). The apical, basolateral, and vesicle surface area were
determined. Shown is mean ± SEM (n=50). Values that are significantly different (p<0.05) from
matched control values are marked with an asterisk.
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dimensional geometric parameters (volume and surface area) based on multiple 2-dimensional

images (tissue sections) (81).

First, it was necessary to demonstrate that a stereological analysis could accurately

distinguish between the apical membrane and the vesicular membrane pools. Indeed it has been

argued that many of the vesicular structures observed by TEM are actually continuations of the

plasma membrane that only appear to be separate structures based on the plane of the cross

section (120). Obviously, this visual artifact would render my stereological analysis ineffective

for measuring changes in surface area of either membrane pool. Therefore, to confirm that the

vesicular structures observed by TEM are distinct from the plasma membrane, bladder tissue was

incubated for 20 min without stimulus and then fixed in the presence of ruthenium red, a

membrane impermeant stain used to distinguish between the plasma membrane (including its

invaginations) and structures that are distinct from the plasma membrane (92). In tissue that was

incubated with ruthenium red, none of the vesicles acquired the stain (Figure 2-3A), including

those vesicles that closely abutted the plasma membrane (arrows). These data clearly

demonstrated that the vesicular structures represent a distinct pool of membrane that is not in

continuity with the apical surface.

It has also been proposed that the vesicles are not distinct from one another but instead

form a large interconnected network of tubular canals (120). To confirm that the vesicles are

individual and distinct intracellular structures, bladder tissue was mounted in the chambers for 20

min without stimulation, fixed, and processed for TEM. The tissue was serial sectioned and the

sections were ordered successively to allow tracking of individual vesicles as they appeared and

disappeared within the cytoplasm of a single cell. Figures 2-3B to 2-3F displays an example of 5

TEM micrographs taken from the apical portion of an umbrella cell. Each arrowhead tracks an
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individual vesicle as it appears and then fades from view. Analysis of many areas where vesicles

were clustered together (dashed box), showed no fusion of individual vesicles. In addition, all

vesicular structures remained separate from the plasma membrane in all sections examined with

the exception of occasional infoldings of the plasma membrane that appeared as much larger

vacuolar structures. An example of the latter is marked by the asterisks in Figures 2-3B and 2-

3C. Taken together, these results confirm that the vesicles are individual, intracellular structures

that are distinct from the apical surface.

Next, I quantified the apical, basolateral, and vesicle surface areas of the umbrella cells in

20 min and 5 h control samples, or tissue that had been exposed to increased hydrostatic pressure

for 20 min or 5 h. In 20 min control samples, the average apical cell surface area was ~2700 µm2,

the basolateral surface area was measured at ~4600 µm2 and the vesicles occupied ~8500 µm2 of

surface area (Figure 2-3G). Thus the surface area of the vesicles in control conditions was more

than 3 times the surface area of the apical membrane. These results clearly indicated that the

cells possess a tremendous reserve capacity to increase apical surface area via the fusion of

vesicles with the apical membrane. Relative to controls, the samples exposed to mechanical

stimulus for 20 min exhibited no significant changes in any of the 3 parameters. These data were

consistent with the morphological observations described above but were inconsistent with the

capacitance data (see Chapter 2 Discussion).

After 5 h of pressure treatment, the apical surface area was increased approximately 50%

over the matched control (~2900 µm2 to ~4300 µm2) with no significant change in basolateral

surface area (Figure 2-3H). These results were consistent with the capacitance data and indicated

that a considerable amount of membrane was added to the apical surface in response to increased

pressure. However, when the changes in vesicle surface area were quantified after 5 h of pressure
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Figure 2-4. Uroplakin III localization and pressure-induced increases in cell surface uroplakin III
expression and metabolically labeled protein secretion. (A) Ultrathin cryosections of 5 h control tissue
labeled with anti-uroplakin III antibody and secondary antibody conjugated to 5 nm gold. Asterisks
denote examples of uroplakin III-positive vesicles. (B) Representative Western blots of total and cell
surface uroplakin III expression in control or pressure-stimulated samples. (C) Quantification of relative
expression of cell-associated uroplakin III at the apical surface for each condition. Shown is mean ±
SEM (n=5). (D) Samples were pressure-stimulated for 5 h and labeled with anti-uroplakin III antibody
and secondary antibody conjugated to 5 nm gold. (E) Cells were pulsed with [35S] cysteine/methionine,
chased for 1 h, and stimulated with pressure or incubated without pressure for 5, 15, 120, or 300 min.
Shown is average cpm present in apical medium at each time point ± SEM (n=3). (F) Percentage of
basally added [14C]-urea that appeared in the apical medium after 0, 15, 120, or 300 min of pressure
stimulation or absence of pressure. Shown is mean ± SEM (n=3).
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treatment, it was found that the surface area of the vesicles decreased from ~7200 µm2 to less

than 1000 µm2 (Figure 2-3H). This revealed that the increase in apical surface area (~1400 µm2)

accounted for only a small fraction of the decrease in vesicle surface area (~6200 µm2),

indicating that an additional cellular event was occurring during the pressure response.

Hydrostatic pressure increases cell surface expression of uroplakin III and induces apical

secretion of metabolically-labeled proteins

One prediction of the vesicle fusion model is that exposure to increased hydrostatic pressure will

result in the delivery and incorporation of vesicle cargo into the apical membrane. A cargo

molecule that can be utilized for this purpose is uroplakin III (UPIII), a 47 kD transmembrane

component of both the apical membrane plaques and discoidal vesicles (Figure 2-4A) (143, 236).

I demonstrated that UPIII was associated with the plasma membrane and discoidal vesicles of

rabbit tissue by immunogold labeling with a UPIII antibody (Figure 2-4A).

To test the hypothesis that the discoidal vesicles were contributing to the increase in

apical surface area, bladder tissue was left undisturbed or was subjected to increased pressure for

either 20 min or 5 h. The cell surface was biotinylated, the cells were lysed and the biotinylated

fraction was recovered with streptavidin beads. The amount of UPIII at the cell surface relative

to the total cellular UPIII was determined by Western blot (Figure 2-4B). In control conditions,

less than 5% of the total UPIII pool was present on the apical surface (Figure 2-4C). This is

consistent with the large amount of surface area present in the vesicles relative to the apical

membrane. This value remained unchanged after 20 min of stimulation. In contrast, after 5 h of

stimulation, the fraction of UPIII at the cell surface increased to ~32%, and the absolute amount

at the surface increased ~67 ± 18% above that observed in controls. This latter value is consistent
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with vesicle fusion and delivery of UPIII to the apical surface. In support of this, immunogold

labeling demonstrated that UPIII was found at the plasma membrane in pressure-stimulated

tissue (Figure 2-4D). As noted in Figure 2-2F, there was a significant decrease in the number of

discoidal vesicles.

Also evident from the Western blot analysis was that the total cell expression of UPIII

was considerably lower after 5 h of stimulation than in control. This effect was not simply due to

a conformational change in the protein, as blotting for total cell surface proteins with

streptavidin-HRP yielded a similar decrease in signal (see Figure 2-5E). This result indicated that

a significant portion of the apical membrane including UPIII was being degraded during

stimulation and is consistent with the decrease in vesicles observed both in this study and that of

Minsky and Chlapowski (153).

To confirm that exocytosis was occurring throughout the 5-hour pressure period,

secretion of metabolically-labeled proteins was measured over time. Unlike proteins anchored to

the membrane, secreted proteins are not efficiently re-internalized after reaching the apical

surface and thus provide an alternative way to detect exocytosis. Growth hormone, a secretory

protein, has previously been localized to discoidal/fusiform vesicles (113). Tissue was

radiolabeled with 35S-cysteine/methionine for 30 min and chased for 1 hour to label secretory

proteins. The tissue was then stimulated for 5, 15, 120 or 300 min or incubated without pressure

as a control and the amount of radioactivity in the apical medium was determined. In control

tissue, the radioactivity detected in the apical medium was <100 counts per min (cpm) regardless

of the duration of incubation indicating that little secretion occurred under these conditions

(Figure 2-4E). In contrast, within 5 min of stimulation the apical cpm measured 7,980 ± 2100

and this amount increased to 214,687 ± 40,252 cpm after 5 h. This secretion was completely
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blocked by adding 10 µg/ml brefeldin A (data not shown), demonstrating a bona fide membrane

trafficking event rather than non-specific release.

Hydrostatic pressure also stimulated significant release of secretory proteins into the

basolateral chamber (data not shown). To further ensure that the apical secretion I observed was

not the result of paracellular diffusion of secretory proteins from the basolateral to apical

chamber, 14C-urea was added to the basolateral chamber and the appearance of radioactivity in

the apical chamber was determined in control or stimulated tissue. In either case the amount of

14C-urea that crossed the cells was <0.4% after 5 h of stimulation, demonstrating that the

integrity of the umbrella cell layer was not compromised (Figure 2-4F). Apical to basolateral

diffusion of 14C-urea was also determined and was not significantly different from basolateral to

apical diffusion (data not shown). If the umbrella cell layer was disrupted by pressure stimuli,

increased 14C-urea flux would occur via paracellular pathways. Taken together, these results

confirmed that hydrostatic pressure induces a rapid and continual secretion of protein and that

this secretion represents a genuine exocytic event.

Hydrostatic pressure induces endocytosis at the apical surface of umbrella cells

The stereological analysis revealed that after 5 h of exposure to hydrostatic pressure the increase

in apical surface area accounted for only a small fraction of the loss in vesicle surface area.

Furthermore, the biochemical data indicated that UPIII was degraded during the 5 h of stretch.

Therefore, I hypothesized that membrane added to the apical surface during pressure stimulation

was being endocytosed and degraded.

To test whether increased pressure induced endocytosis, the tissue was mounted in the

modified Ussing chambers and the apical cell surface was biotinylated at 4˚C with sulfo-N-
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Figure 2-5. Effect of pressure on endocytosis. Surface of umbrella cells were biotinylated and incubated for 0, 5, 15,
30, 60, or 120 min without pressure (A) or with pressure (B). MESNA-protected biotinylated proteins were isolated
and Western blots were probed with streptavidin-HRP. Representative blot of control tissue (A) shows no visible
endocytosis by the lack of signal in MESNA-treated lanes. Pressure-stimulated tissue (B) exhibits large MESNA-
protected signal, indicating endocytosis. (C) Quantification of endocytosis in control and stimulated tissue. Shown is
mean ± SEM (n=5). Values that are significantly different (p<0.05) from matched control values are marked with an
asterisk. (D) WGA-FITC was internalized for 15 min in control (no pressure) tissue (a) or pressure-stimulated (b)
tissue. Surface-bound WGA-FITC was removed by incubation at 4˚C with N-acetyl glucosamine, and the samples
were fixed, stained with 4,6-diamidino-2-phenylindole, and then examined by epifluorescence microscopy. A
projection of digitally deconvoluted sections is shown. (Dc) Bladder cells were stimulated for 2 h with pressure,
WGA-FITC was added to the chamber and the samples stimulated for an additional 15 min. Surface WGA-FITC was
removed, the samples were fixed, and then examined in a confocal microscope. A projection of XY sections is
shown. (Dd) WGA-FITC was added to an excised but otherwise intact bladder for 15 min. Surface WGA-FITC was
removed, the samples were fixed, and then examined in a confocal microscope. A projection of multiple XY section
is shown. (E) Apical surface proteins were biotinylated and the tissue was stimulated for 0-300 min. The cells were
lysed and biotinylated proteins detected by probing Western blots with streptavidin-HRP. Treatment with 40 µM
leupeptin (Leup) prevented the degradation, whereas lactacystin (Lact) had no effect. (F) Quantification of apical
membrane protein degradation upon pressure treatment. Values are relative to pressure-stimulated tissue biotinylated
at t=0. Shown is mean ± SEM (n=4). Values that are significantly different (p<0.5) from control (no pressure) tissue
at t=0 are marked with an asterisk.
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hydroxysuccinimide (NHS)-S-S-biotin to label surface proteins. Several protein species were

biotinylated (Figure 2-5A). The major protein species was rabbit albumin, which migrated with a

molecular weight in the 67-70 kDa range. Several smaller molecular weight species were also

detected, one of which was confirmed to be UPIII by probing blots of biotinylated proteins with

anti-UPIII antibodies (data not shown). Exposing the blot for longer periods of time also

revealed that other protein species were biotinylated including proteins that migrated around 15,

27 and 28 kDa (data not shown), which are the molecular weights of uroplakins II, Ia and Ib,

respectively (235). After biotinylation, the tissue was warmed and stimulated for 0-120 min or

incubated for the same amount of time undisturbed as a control. The internalized biotin-labeled

proteins were detected by treating cells with the membrane impermeant reducing agent MESNA

(see Materials and Methods).

In control cells, the MESNA treatment removed essentially all of the biotin regardless of

the duration of incubation (Figure 2-5A). This showed that little or no endocytosis occurred. In

contrast, stimulated cells exhibited a large MESNA-protected signal after 5 min, demonstrating

that a significant amount of the surface membrane was rapidly internalized (Figure 2-5B). The

quantification of this and other blots indicated that nearly 100% of the labeled membrane was

endocytosed within 5 min of stimulation (Figure 2-5C) and this value remained constant over a 2

h period of incubation. The latter data indicated that in the time frame examined, little recycling

of biotinylated apical proteins occurred following endocytosis.

WGA-FITC, which binds to sialic acid and N-acetyl glucosamine-modified proteins and

lipids on the apical surface of the umbrella cells (70), was used as an alternative marker of

endocytosis. The lectin was included in the apical half of the Ussing chamber and the tissue was

then stimulated for 15 min or incubated without stimulation for the same amount of time. After
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the incubation, surface-bound WGA-FITC was removed with N-acetyl glucosamine treatment at

4˚C and the internalization of WGA-FITC was determined by fluorescence microscopy. No

uptake was observed in control (unstimulated) samples either after 15 min (Figure 2-5Da) or

after 5 h (data not shown). Cells stimulated for 15 min exhibited a significant amount of

fluorescence in punctate structures, consistent with uptake into vesicular structures (Figure 2-

5Db). Confocal microscopy verified that the endocytic structures were localized to the apical

cytoplasm of the umbrella cells and that no staining was observed in the intermediate cell layer.

To assess whether endocytosis continued throughout the stimulation period, WGA-FITC was

added to the apical chamber of the preparations 2 h or 5 h after the application of pressure.

Uptake of WGA-FITC was observed under both conditions (the data for uptake after 2 h is

shown in Figure 2-5Dc).

As final confirmation that hydrostatic pressure stimulates endocytosis in bladder umbrella

cells I filled excised but otherwise intact bladders with buffer containing WGA-FITC for 15 min

at 37˚C. The mucosal surface was treated to remove cell surface lectin, fixed, and then imaged

by immunofluorescence microscopy. Again, significant uptake of lectin was observed in the

umbrella cell population (Figure 2-5Dd). The latter observation is consistent with earlier

experiments that showed uptake of fluid-phase markers in bladders that were emptied and then

filled with fluid-phase marker (95, 175). Although these original observations were taken as

evidence of uptake following voiding, filling the bladder mechanically stimulates the tissue, and

the internalization previously observed is likely to be the pressure-regulated endocytosis

described in this study.
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The endocytosed membrane is delivered to lysosomes

Having established that hydrostatic pressure induced apical membrane endocytosis, I next

examined the hypothesis that internalized membrane was being degraded. Accordingly, the

kinetics of degradation was determined by biotinylating the cell surface at 4˚C and subsequently

exposing the tissue to increased pressure for 5 to 300 min. After each time point, the tissue was

lysed, the cohort of biotinylated proteins was isolated and the proteins were separated by SDS-

PAGE, transferred to membranes and probed with streptavidin-HRP (Figure 2-5E). The fraction

of protein remaining after each time point relative to the starting amount was quantified (Figure

2-5F). The total amount of biotinylated proteins remained constant for up to 120 min of

stimulation. However, by 210 min there was a significant decrease in protein to ~20% of the

starting value and by 300 min the protein levels were reduced to ~9% (Figure 2-5F). This result

was consistent with my earlier experiment with UPIII and indicated that the apical membrane

proteins were being degraded.

Two mechanisms can account for degradation within cells; delivery to lysosomes or

proteasomes. To discriminate between the two pathways, the apical cell surface was biotinylated

at 4˚C, and the tissue was mechanically stimulated for 5 h in the presence of 40 µM leupeptin to

block lysosomal degradation (106). Consistent with lysosomal delivery, incubation with

leupeptin inhibited the degradation that was observed in cells stimulated without the drug

treatment (Figure 2-5E and 2-5F). In order to rule out the possibility of proteasomal-mediated

degradation, uroepithelial cells were treated with 10 µM lactacystin to inhibit proteasome

function (60). Lactacystin treatment had no effect on the degradation of apical membrane

proteins (Figure 2-5F), confirming that degradation was via a lysosomal-mediated pathway.
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These data supported our hypothesis that the internalized membrane was delivered to lysosomes

where it was degraded.

The filling response is a cAMP-mediated event

In other mechanically sensitive tissues, mechanical stimulation is associated with elevated levels

of the second messenger cAMP (182, 188, 227). To ascertain the role of cAMP in the

uroepithelium, I measured intracellular levels of cAMP in control and pressure-stimulated tissue

over time. Mechanically stimulating the tissue caused the intracellular levels of cAMP to rise

more than 2-fold within 15 min (Figure 2-6A). These levels remained elevated throughout the 5-

h period of stimulation, implicating cAMP in the pressure response. To test the effects of

elevating cAMP in the umbrella cells, I incubated the tissue with 10 µM forskolin and 500 µM 3-

isobutyl-1-methylxanthine (IBMX) to raise intracellular cAMP levels. Unexpectedly, an

unusually large increase of 120% in capacitance was observed over a 5 h period, versus the 50%

change observed with pressure stimulation alone (Figure 2-6B). Incubating the tissue with 8-Br-

cAMP, a membrane permeant analog of cAMP, induced a similar effect as forskolin/IBMX (data

not shown) and treatment with di-deoxy forskolin, a nonfunctional forskolin analog, had no

effect on capacitance (data not shown). I also explored the effect on capacitance when forskolin

was added to pressure-stimulated tissue. The response was similar to control tissue treated with

forskolin but the net rise in capacitance was slightly greater (~140% versus ~120%). The above

data demonstrated that cAMP dramatically altered membrane trafficking at the apical surface of

umbrella cells.

A likely effector of cAMP is protein kinase A (PKA), the target of the H89 kinase

inhibitor (68). In pressure stimulated tissue treated with H89, the capacitance initially rose ~20%
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Figure 2-6. Role of cAMP and PKA in the filling response. (A) Intracellular levels of cAMP were measured in
control cells (no pressure) and cells stimulated with pressure after 15, 30, 120, or 300 min. Shown is mean ±
SEM (n=4). Values that are significantly different (p<0.05) from matched control values are marked with an
asterisk. (B) Effects of forsokolin and H89 on capacitance. Cells were treated with 10 µM forskolin/500 µM
IBMX without pressure, treated with forskolin/IBMX and 10 µM H89, or stimulated in the presence of 10 µM
H89 alone. For comparison, the capacitance readings from Figure 1 of pressure-stimulated and non-stimulated,
control cells are shown. Shown is mean ± SEM (n=6). (C) Effects of forskolin/IBMX on umbrella cell
morphology. Tissue was treated with forskolin/IBMX without pressure for 5 h and processed for TEM. (D)
Changes in surface area resulting from forskolin/IBMX treatment. Tissue was treated with forskolin/IBMX
and stereological analysis was performed as described. Control surface areas are shown for comparison, n=50.
Values that are significantly different (p<0.05) from matched control values are marked with an asterisk. (E)
Endocytosis was determined in forskolin/IBMX-treated cells. Shown is representative Western blot of
internalized proteins after 0, 5, 15, 30, 60, or 120 min with or without MESNA treatment.
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but failed to increase any further, implicating PKA as a possible effector of the filling response

(Figure 2-6B). Moreover, the rise in capacitance observed after incubating the tissue in

forskolin/IBMX was also significantly inhibited when the tissue was pretreated with H89. These

findings underscored the importance of cAMP and PKA in the regulation of mucosal surface

area and indicated that cAMP modulated, in part, the response of the umbrella cell to hydrostatic

pressure.

The significant changes observed in capacitance when the tissue was incubated with

forskolin/IBMX prompted me to examine the morphology of the umbrella cells after forskolin

treatment and to assess the effect of these drugs on endocytosis. Accordingly, I treated

undisturbed umbrella cells with forskolin/IBMX for 5 h and processed the tissue for TEM.

Treatment with forskolin/IBMX (Figure 2-6C) elicited exaggerated convolutions in the apical

cell membranes, supporting the large increases observed in capacitance. Stereological

measurements confirmed the capacitance results (Figure 2-6D). The apical surface area of

forskolin-treated cells increased to ~6,500 µm2, more than double the apical surface area of an

unstimulated umbrella cell. No significant changes in basolateral surface area were detected.

There was a significant decrease in vesicle area that accompanied the forskolin/IBMX-induced

fusion. However, unlike stimulated tissue a significant amount of vesicle area remained.  Lastly,

I measured the effects of forskolin/IBMX on endocytosis. The amount of MESNA-protected

biotin remained constant over a 2 h time period, demonstrating that no endocytosis occurred

(Figure 2-6E). This result indicated that forskolin may be modulating apical surface area by

means of discoidal vesicle exocytosis without affecting apical membrane endocytosis.



62

Figure 2-7. Effects of altering cytoplasmic Ca2+ on changes in membrane capacitance. (A) Bladder was
mounted in the chamber and allowed to equilibrate, and at the zero time point 1 µM A23187 was added to both
hemichambers and the tissue was incubated in the absence of increased pressure. Control tissue was left
untreated. Changes in capacitance were monitored over time. (B) Mounted bladder tissue was left untreated
(control) or treated at the zero time point with 10 µM thapsigargin (added to both hemichambers) in the absence
of increased pressure. Changes in capacitance were monitored over time. (C) Following equilibration, the normal
Krebs solution was isovolumetrically replaced with Krebs solution (control) or Krebs solution lacking Ca2+. At
t=0, hydrostatic pressure was increased and changes in capacitance were monitored over time. (D) Following
equilibration, tissue was either left untreated (control) or pretreated for 15 min with 75 µM APB (APB). At t=0,
hydrostatic pressure was increased and changes in capacitance were monitored over time. Data are means ± SEM
(n=6).
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Hydrostatic pressure-induced changes in surface area is Ca2+-dependent

Most regulated secretory events are governed by changes in cytoplasmic Ca2+ (17). Increases in

cytoplasmic Ca2+ can result from opening of conductive pathways across the plasma membrane

(e.g., opening of stretch-activated ion channels) or release of Ca2+ from intracellular stores. To

determine whether Ca2+ was important in signaling hydrostatic pressure-induced changes in

bladder umbrella cells the following experiments were performed.

Addition of 1 µM A23187, a Ca2+ ionophore, to isolated rabbit uroepithelium caused a

significant increase in membrane capacitance even in the absence of hydrostatic pressure (Figure

2-7A), indicating the presence of a Ca2+- sensitive pathway for stimulation of exocytosis in

umbrella cells. Similarly, treatment with 10 µM thapsigargin, which raises cytoplasmic Ca2+ by

inhibiting Ca2+ uptake via the ER-localized Ca2+-ATPase, also resulted in an increase in

capacitance in these cells (Figure 2-7B). The hydrostatic pressure-induced changes in exocytosis

were inhibited in cells treated with 75 µM 2-aminoethoxydiphenylborate (APB), which blocks

IP3-induced Ca2+ release from the ER, or cells in which Ca2+ was removed from the extracellular

Krebs solution (Figure 2-7C and 2-7D). In the latter case, the cells retained high TER. However,

it was not possible to include the Ca2+ chelator EGTA in the extracellular fluid, as it resulted in a

rapid loss of TER.
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DISCUSSION

Hydrostatic pressure-induced changes in the apical surface area of umbrella cells

The ability of the bladder to retain urine requires a barrier epithelium that can accommodate

large variations in urine volume. At the cellular level this is likely accomplished by changes in

umbrella cell architecture and surface area. The latter is thought to be modulated by discoidal

vesicle exocytosis (134, 135, 153). The underlying intermediate and basal cell layers also

undergo morphological transitions, but much less are known about their cellular biology (96).

The data presented in this chapter confirms that exposure to hydrostatic pressure increases

the apical surface area of umbrella cells, and these changes are likely mediated by discoidal

vesicles. Mechanical distention of the uroepithelium resulted in an ~50% increase in capacitance

after a 5 h period of stimulation. This large change in capacitance is consistent with, but

significantly greater than the previous observation that short-term mechanical bowing of the

uroepithelium increased capacitance by ~18% (135). Furthermore, a stereological analysis

confirmed that the apical surface area of the umbrella cells increased by 50%, while there was no

statistically significant change in basolateral surface area. The stereological analysis also

revealed that pressure stimulation was accompanied by a 4-fold decrease in vesicle surface area.

These data concur with previous observations that the numerical density of discoidal vesicles

was decreased in expanded versus contracted bladders (153). Biotinylation experiments

demonstrated that both the relative and absolute amount of uroplakin III (UPIII) (a “cargo”

molecule found in discoidal vesicles) at the cell surface significantly increased after 5 h of

stimulation, consistent with discoidal vesicle fusion. Lastly, secretion of metabolically labeled

proteins confirmed a rapid and significant apical secretion in pressure-stimulated tissue that

increased over time. While exocytosis was observed shortly after stimulation, the majority of
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exocytosis occurred between the 2 h and 5 h period. Although the above results are consistent

with the fusion of discoidal vesicles during exposure to increased pressure, I cannot rule out that

some of the observed changes in surface area were the result of other membranous organelles

fusing with the apical surface of the umbrella cells.

Release of metabolically labeled secretory proteins was observed within 5 min of

mechanical stimulation, indicating that hydrostatic pressure rapidly stimulated exocytosis in

umbrella cells. Whether these early exocytic events result in a change in the apical surface area

of these cells is unclear. I observed a small increase (~15%) in capacitance within the first 20

min of hydrostatic pressure stimulation. However, a stereological analysis showed no significant

change in apical, basolateral, or vesicle surface area. Furthermore, the amount of UPIII at the cell

surface was unchanged after 20 min of stimulation. Because hydrostatic pressure stimulates ion

transport (see Chapter 3), the small capacitance change I observe may be insignificant (76).

Alternatively, the area change may be too small to be detected by either stereology or

biotinylation.

Hydrostatic pressure stimulates apical endocytosis in umbrella cells

In the classical model, vesicle endocytosis is proposed to occur only upon voiding (i.e. after

release of pressure) (95, 175). The data in this chapter is inconsistent with this aspect of the

model. Most notably, I observed that essentially all biotinylated apical membrane proteins,

general markers of the apical plasma membrane, were endocytosed within 5 min of increased

hydrostatic pressure. However, I cannot rule out that only a sub-population of apical membrane

is biotinylated and that I am overestimating the amount of endocytosis. Moreover, I observed
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uptake of WGA-FITC in stimulated preparations of isolated uroepithelium or upon filling

excised but otherwise intact bladders.

Despite significant amounts of endocytosis, there was little apparent change in apical

surface area during the first 20 min of stimulation thus indicating that the amount of endocytosis

must have been balanced by roughly equivalent amounts of exocytosis. This rapid exocytosis

could be a result of either recycled membrane or delivery of newly synthesized vesicle

membrane. Because apical surface area increased over the longer time scale, the rate of

exocytosis must ultimately outpace the rate of endocytosis. This is supported by the large

increase in secretion between 2 h and 5 h of stimulation. Nonetheless, endocytosis continues

throughout the entire period of stimulation as evidenced by uptake of WGA-FITC at 2 h and 5 h

after applying hydrostatic pressure.

Although it may seem counterintuitive that exocytosis and endocytosis are occurring

simultaneously during filling, these two processes occur constitutively and simultaneously in all

cells, even under resting conditions (91, 160). Coupled exocytosis/endocytosis likely plays a key

role in fine-tuning the changes in umbrella cell surface area as a result of exposure to hydrostatic

pressure and/or other external stimuli (see Chapter 2 Discussion below). Furthermore, rapid

endocytosis/exocytosis would provide the umbrella cells with a means of quickly replacing old

or damaged surface plaques with new ones in preparation for imminent lumen expansion. In this

regard, it has recently been shown that expression of UPIII, a major plaque constituent, is

required for the maintenance of bladder barrier function (104). Finally, exocytosis decreases

membrane tension (158), which is compensated for by endocytosis. Regardless of its function,

endocytosis clearly represents a major pathway of membrane trafficking during filling and its

specific functions and regulations will be addressed in future studies.
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In the present analysis I have not directly examined the events that occur when

hydrostatic pressure is released. Because filling increases apical surface area, this added

membrane must be endocytosed at some point after voiding. Minsky and Chlapowski observed

that within 10 min after voiding, the number of discoidal vesicles in the umbrella cells increased

by ~2-fold compared with the number of vesicles in distended bladders (153). This implies that

some vesicles are replenished within a short period of time following filling. The increased

number of discoidal vesicles could reflect apical membrane internalization and/or rapid delivery

of newly synthesized vesicles from the Golgi (95). This assembly of vesicles in the Golgi is

likely to be significant. Only a small fraction of discoidal/fusiform vesicles are labeled by

apically endocytosed fluid or membrane markers indicating that they are primarily involved in

exocytic traffic (4, 95, 175). Moreover, from these data it is evident that the amount of

internalized membrane would be insufficient to replenish the surface area of the discoidal

vesicles lost during filling.

Endocytosed membrane is delivered to lysosomes

Discoidal vesicles or discoidal vesicle-derived membrane was previously observed in

multivesicular bodies as well as lysosomes (4, 175). However, the extent of apical membrane

entry into this pathway and the role that filling played in this process was previously unknown. I

observed that upon internalization biotin-labeled apical surface proteins were eventually

degraded. This proteolytic event was prevented by the lysosomal enzyme inhibitor leupeptin, but

not by the proteasome inhibitor lactacystin. This finding is consistent with the decrease in

vesicles observed in this study and that described previously (153). However, degradation was

not apparent until some time after 2 h of pressure stimulation. In other cell types degradation can
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proceed as quickly as 15-20 min after internalization and delivery to lysosomes usually occurs

within 30-45 min of endocytosis (82).  It is possible that either the delivery of endocytosed

membrane to late endosomes/lysosomes is slow in umbrella cells or that exposure to hydrostatic

pressure up regulates a pathway that results in enhanced degradation of discoidal vesicles. The

latter possibility would explain the sudden change in protein signal after 120 min of stimulation.

Alternatively, there may be some recycling of vesicle membrane that escaped detection.

Role of cAMP in pressure-regulated exocytosis

In addition to elucidating the dynamics of membrane trafficking in response to hydrostatic

pressure, I have also gained insight into one of the signal transduction pathways that may

regulate these trafficking events. The data in this chapter indicate that a cAMP-PKA pathway

plays a role in the filling response. Increased amounts of cAMP were observed in pressure

stimulated tissue and elevating the intracellular concentration of cAMP in undisturbed umbrella

cells with forskolin/IBMX resulted in a >100% increase in apical cell surface area. These events

were blocked by treatment with the PKA antagonist H89. Importantly, pressure-regulated

changes in membrane capacitance were significantly decreased by H89, further confirming that

the cAMP-PKA pathway is required for vesicle exocytosis. These results are consistent with the

recent observation that cultured uroepithelial cells or bladder explants secrete tissue-type

plasminogen activator and urokinase in a cAMP-dependent fashion (48), although the study did

not examine the effects of hydrostatic pressure on secretion. The results of my experimentation

have additional significance because they indicate that the surface area of umbrella cells can be

regulated by external stimuli independent of pressure. These stimuli could come in the form of

growth factors, hormones, or neurotransmitters present in the blood or released by the bladder-
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associated musculature and nerves. Interestingly, some afferent neuronal processes terminate

within the uroepithelium and umbrella cells apparently express surface receptors for various

neurotransmitters (19). As such, the apical surface area of umbrella cells may be regulated by

mechanical as well as exocrine/paracrine stimuli.

The dramatic increases in umbrella cell surface area mediated by cAMP occurred in the

apparent absence of endocytosis. This observation underscores the importance of endocytosis in

regulating umbrella cell apical surface area. While pressure stimulated endocytosis of the apical

membrane, treatment with forskolin/IBMX without mechanical stimulus had no effect on

endocytosis but resulted in a greater increase in surface area. These observations indicate that the

response to pressure may involve at least two levels of regulation, one of which that operates by

modulating intracellular levels of cAMP and the other that utilizes another uncharacterized

mechanism. Other cellular events rapidly triggered by mechanical stimuli include stimulation of

stretch-activated channels, activation of the integrin-associated focal adhesion kinase,

phosphoinositide turnover, and autocrine release of growth factors (218). Some or all of these

mechanosensory mechanisms could play an important role in signaling exocytosis/endocytosis in

umbrella cells.

Role of Ca2+ in pressure-regulated exocytosis

In this study I found evidence that Ca2+ may also play an important role in regulating hydrostatic

pressure-regulated exocytic traffic. Artificially raising cytoplasmic Ca2+ by addition of

thapsigargin or A23187 was sufficient to stimulate increases in capacitance, even in the absence

of hydrostatic pressure. This is consistent with recent observations that secretion in isolated

umbrella cells can be stimulated by A23187 (48). Importantly, I show in this study that
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hydrostatic pressure-induced changes were inhibited when extracellular Ca2+ was lowered or if

cells were treated with APB. These results indicate that hydrostatic pressure-induced exocytosis

is dependent on Ca2+ entering the cell from the extracellular milieu, as well as intracellular

release of Ca2+ from IP3-sensitive stores in the ER. Additional work is necessary to confirm these

results and to identify the downstream effectors of Ca2+ that modulate exocytic traffic in these

cells.

In summary, findings presented in this chapter further elucidate the poorly understood

process of mucosal surface area regulation in the uroepithelium during the filling process. The

data not only shed light on the membrane trafficking that occurs in these cells, but also provide

insight into the intracellular signal cascade that is responsible for this trafficking. Moreover, I

have uncovered an additional pathway for apical endocytosis that is modulated by mechanical

force. This discovery broadens our understanding of the effects of mechanical stimuli on

membrane traffic especially in regard to the pivotal function of endocytosis in balancing the

exocytic response of the cell. The coordinated balance between these two plasma membrane

events in umbrella cells is likely to play a similarly important role in other cell types that are

responsive to mechanical forces. In the following chapters, I will examine and discuss other

cellular events that are rapidly triggered by hydrostatic pressure, including stimulation of

pressure-activated ion channels (Chapter 3) and activation of membrane receptors that play

important roles in mechanotransduction (Chapter 4).
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CHAPTER 3

Hydrostatic pressure-regulated ion transport in bladder uroepithelium*

ABSTRACT

The effect of hydrostatic pressure on ion transport in the bladder uroepithelium was investigated.

Isolated rabbit uroepithelium was mounted in modified Ussing chambers and mechanically

stimulated by applying hydrostatic pressure across the mucosa. Increased hydrostatic pressure

led to increased mucosal-to-serosal Na+ absorption across the uroepithelium via the amiloride-

sensitive epithelial sodium channel. In addition to this previously characterized pathway for Na+

absorption, hydrostatic pressure also induced Cl- and K+ secretion into the mucosal bathing

solution under short-circuit conditions, which was confirmed by a net serosal-to-mucosal flux of

36Cl- and 86Rb+. K+ secretion was likely via a stretch-activated non-selective cation channel

sensitive to 100 µM amiloride, 10 mM tetraethylammonium, 3 mM Ba2+, and 1 mM Gd3+.

Hydrostatic pressure-induced ion transport in the uroepithelium may play important roles in

electrolyte homeostasis, volume regulation, and mechanosensory transduction.

*Reprinted from American Journal of Physiology – Renal Physiology, (2003, volume 285, pg.

F651-F663), with permission by the American Physiological Society
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INTRODUCTION

Cells are exposed to an array of physical forces, including compression, shear stress, and

hydrostatic pressure, which occurs when bodily fluids push against the epithelium that lines the

tubes and sacs that form many of the body’s organs (10). Changes in these forces can result in

alterations in cellular structure, function, gene expression, and membrane traffic (6, 45, 89, 228).

A common response of cells exposed to mechanical stimuli is activation of stretch-activated ion

channels. The first such channel described in detail is the stretch-activated non-selective cation

channel of chick embryonic skeletal muscle (183), which is cation selective but discriminates

poorly between Na+ and K+. Since these initial studies, stretch-activated K+, Cl-, and non-

selective cation channels have been identified in many cell types, including erythrocytes,

oocytes, fibroblasts, aortic endothelium, heart cells, kidney cells, muscle cells, and epithelial

cells (89).

In the urinary tract, where cells experience shear stress and hydrostatic pressure,

mechanosensitive ion channels may play an important role in volume regulation and ion

homeostasis. For example, a stretch-activated cation-selective channel is found in the apical

membrane of proximal tubule cells. This channel is permeable to Ca2+, K+, and Na+ and is not

gated by membrane potential or cytosolic Ca2+ (63), but its activity is dependent on changes in

extracellular osmolarity. Mechanical stimulation of this channel (e.g., by cell swelling) could

lead to cell volume regulation. In renal cortical collecting ducts, changes in hydrostatic pressure

may increase the open probability, or number, of stretch-sensitive epithelial Na+ channels

(ENaC), enhancing the rate of Na+ reabsorption (189). Moreover, the rate of K+ secretion by

large conductance maxi-K channels in cortical collecting ducts is also affected by variations in

intraluminal flow rates (233).
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The lower urinary tract is also subject to mechanical stimuli; hydrostatic pressure

increases as the bladder fills and decreases during bladder emptying. The cell type most directly

affected by these changes is the umbrella cell. These large polygonal cells constitute the

innermost layer of the uroepithelium and the combination of an impermeable apical membrane

and high resistance tight junctions form an effective barrier to solute and ion permeability.

Umbrella cells respond to mechanical stimuli in a number of ways including increasing surface

area as well as ion transport (61, 135, 141, 214). Membrane “punching”, performed by rapidly

increasing then decreasing hydrostatic pressure across the mucosal surface of the bladder

uroepithelium, leads to increased ion conductance after 10-30 min (135, 141). The observed rise

in ion conductance is contributed by the amiloride-sensitive ENaC as well as by an amiloride-

insensitive non-selective cation channel (133, 140). Alternatively, ENaC activity can be acutely

stimulated by removing fluid from the serosal side of bladder tissue mounted in an Ussing

chamber, thereby increasing hydrostatic pressure across the mucosal surface of the bladder. In

addition to Na+ absorption, a K+ secretory pathway, sensitive to the K+ channel blocker tetraethyl

ammonium (TEA), has been identified in resting bladder tissue (62), but the nature of this

secretory pathway and whether it is stimulated by hydrostatic pressure has not been defined.

The goal of this chapter was to examine the possibility that like the upper urinary tract

hydrostatic pressure stimulates multiple ion transport pathways in bladder uroepithelium. Rabbit

uroepithelium was mounted in modified Ussing chambers and was then subjected to cycles of

increased hydrostatic pressure while monitoring changes in short circuit current (Isc) and ion

conductance. I found that in addition to hydrostatic pressure-induced Na+ absorption across the

uroepithelium there was also, under short-circuit conditions, hydrostatic pressure-induced

parallel electrogenic Cl- and K+ secretion into the mucosal chamber. Na+ absorption was via the
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previously described amiloride-sensitive ENaC while K+ secretion was probably via a

nonselective cation channel sensitive to 100 µM amiloride, TEA, Ba2+, and Gd3+. These results

provide additional evidence that besides retaining urine, the mammalian bladder epithelium

might play an important role in electrolyte homeostasis.
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RESULTS

Increasing hydrostatic pressure across the mucosal surface of the uroepithelium is

accompanied by increases in ion transport

Because of its rapid effect, reversibility, and physiological relevance we used an adaptation of

the hydrostatic pressure method to mimic bladder filling and emptying (61, 135). Rabbit

uroepithelium was mounted in a modified Ussing chamber that allowed hydrostatic pressure to

be increased then decreased across the mucosal surface of the tissue. Under control conditions,

the uroepithelium exhibited a small basal Isc of 0.94 ± 0.03 µA*cm-2 and a conductance of ~0.1

mS*cm-2 (~10,000 W*cm2)(Figure 3-1A). These are well within the range of previously reported

values for Isc and conductance in the bladder uroepithelium (128, 136-138). Increasing

hydrostatic pressure across the mucosal surface of the tissue resulted in an almost instantaneous

~5-fold increase in Isc from 0.94 ± 0.03 µA*cm-2 to 4.20 ± 0.21 µA*cm-2, indicating active ion

transport accompanied the mechanical stimulus. Hydrostatic pressure was also accompanied by a

significant increase in conductance to ~0.2 - 0.3 mS*cm-2 (arrows in Figure 3-1A). The increased

values for Isc and conductance remained relatively constant during the 5-min period of increased

hydrostatic pressure, and this was true when the pressure remained elevated for up to 60 min

(data not shown). The change in Isc and conductance were rapidly reversible and returned to near

control levels when the pressure was decreased (arrowheads in Figure 3-1A).

The changes in Isc and conductance were highly reproducible and were seen when tissue

was subjected to multiple cycles of raising then lowering the hydrostatic pressure head (Figure 3-

1A). The change in Isc at each pressure cycle was relatively constant, as was the basal Isc value

when the hydrostatic pressure was released. In contrast, the conductance values decreased during

periods of increased hydrostatic pressure and during the intervening periods following the release
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Figure 3-1. Hydrostatic pressure-induced changes in Isc, conductance, and membrane capacitance. (A)
Uroepithelium was mounted in modified Ussing chambers and equilibrated for 30 to 60 min. After the
equilibration period, the tissue was subjected to increased hydrostatic pressure for 5 min (arrows) followed
by release for 10 min (arrowheads). This experimental treatment was repeated nine times. A representative
tracing is shown with Isc in upper trace (grey) and conductance in lower trace (black). The average Isc value
before and after increased hydrostatic pressure is shown as mean ± SEM (values are from six separate
experiments). The grey bar above the graph indicates the bathing solution used during the experimental
protocol. In this case it was Krebs solution. (B) Membrane capacitance was measured in Krebs solution. The
start of the period of a 5-min increase in hydrostatic pressure are marked by arrows, while the start of the
10-min period of recovery are marked by arrowheads. Shown is a representative tracing from three separate
experiments.
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of hydrostatic pressure, leading to a 50% reduction in conductance by the end of the experiment.

The cyclical increase in hydrostatic pressure caused no apparent damage to the tissue as the

conductance values returned to baseline levels immediately upon release of hydrostatic pressure

and as noted, decreased as the experiment progressed. Furthermore, I have previously shown by

transmission electron microscopy that epithelium exposed to hydrostatic pressure remains intact

(see Chapter 1 and 2) and urea permeability remains low and unchanged (see Chapter 2).

Hydrostatic pressure induces increases in the apical, but not basolateral, surface area of

umbrella cells (214). Because increases in surface area would result in an overestimation of

changes in Isc and conductance I measured hydrostatic pressure-induced changes in membrane

capacitance, which are proportional to changes in surface area (where 1 µF ≈ 1 cm2 of surface

area) (139). However, the cyclical increases in hydrostatic pressure were accompanied by only a

small (~10%) increase in capacitance (Figure 3-1B), indicating that the Isc values (µA*cm-2) and

conductance values (mS*cm-2) obtained for tissue exposed to hydrostatic pressure tissue shown

in Figure 3-1A, and in the subsequent figures described below, are overestimated by ~10%.

Unfortunately, the system I routinely use for monitoring Isc does not allow for the simultaneous

measurement of Isc, conductance, and capacitance. Similar changes in capacitance were obtained

using impedance analysis that employed sinusoidal current waveforms (data not shown).

Hydrostatic pressure increases Na+ transport across the uroepithelium

The mammalian bladders express ENaC, which transports sodium across the mucosal surface of

the bladder (128, 137), and changes in hydrostatic pressure alter the Na+-transporting properties

of the uroepithelium in a highly specific and reproducible manner (61). To determine whether

the hydrostatic pressure-induced changes in Isc were the result of increased Na+ conductance by
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Figure 3-2. Characterization of uroepithelial Na+ transport in the presence of amiloride and in
Na+-free Krebs solution. (A) Isolated uroepithelium was mounted in Ussing chambers. Tissue
was subjected to three cycles of raising (arrows) then lowering (arrowheads) hydrostatic pressure
in control Krebs solution (indicated by a grey bar above the graph), followed by three cycles in
the presence of 10 µM amiloride added to mucosal Krebs solution (indicated by the horizontal
double arrow). Amiloride was removed by isovolumetric replacement with Krebs solution and
the tissue was subjected to an additional three cycles of increased and then decreased hydrostatic
pressure. (B) Isolated uroepithelium was subjected to three cycles of increased then decreased
hydrostatic pressure and the Krebs solution was then isovolumetrically replaced in the serosal
and mucosal chambers with Na+-free Krebs solution (indicated by the light grey bar above the
graph).  Following three more cycles of increased then decreased hydrostatic pressure, the Na+-
free Krebs solution was replaced with Krebs solution and then subjected to three additional
cycles of increased then decreased hydrostatic pressure. In each panel a representative tracing is
shown. Average values for Isc and conductance during the 5-min periods of increased hydrostatic
pressure are shown above the graph and are the mean ± SEM from 6 separate experiments.
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ENaC I performed the following experiment. Ussing chamber-mounted tissue was first subjected

to three cycles of increased then decreased hydrostatic pressure, which resulted in the expected

changes in Isc and conductance (Figure 3-2A). Next, tissue was exposed to three cycles in the

presence of the diuretic amiloride, which when used at 1-10 µM acts as a specific blocker of

ENaC (116, 117). When 10 µM amiloride was added to the mucosal hemichamber hydrostatic

pressure-induced Isc was reduced from 4.75 ± 0.50 µA*cm-2 to 1.66 ± 0.08 µA*cm-2, an

inhibition of ~65% (Figure 3-2A). Similar levels of inhibition were observed when amiloride

was used at 1 µM (data not shown). When amiloride was isovolumetrically washed from the

mucosal chamber with Krebs solution, followed by three cycles of increased then decreased

hydrostatic pressure, the inhibitory effect of amiloride was reversed (Figure 3-2A).

To further confirm that increased Na+ transport accompanied increases in hydrostatic

pressure, Krebs solution in both the mucosal and serosal chambers were isovolumetrically

replaced with Krebs solution in which Na+ ions are substituted with the non-transportable cation

TMA, generating nominally Na+-free Krebs solution. The actual concentration of Na+ under

these conditions was <10 mM as measured by a Na+-sensitive ion probe. Under these conditions

the Isc was inhibited by ~58% (Figure 3-2B), which was reversed when the modified Krebs

solution was replaced with the regular Krebs solution (Figure 3-2B). Similar results were

obtained when Na+ ions were replaced with NMDG, however, the level of Isc inhibition was

~87% (3.61 ± 0.01 µA*cm-2 in Krebs solution and 0.48 ± 0.01 µA*cm-2 in NMDG-Cl-containing

Krebs solution).

The Isc observed in the presence of hydrostatic pressure was consistent with Na+

absorption. To confirm this observation, unidirectional 22Na+ flux studies were performed in the

mucosal-to-serosal and serosal-to-mucosal directions both before and during application of
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Figure. 3-3. Characterization of 22Na+ flux and Na+ transport in the presence of ouabain. (A) Net 22Na+

flux (grey bars) and Isc (black bars) were measured before and after increased hydrostatic pressure.
Values for Isc were converted to µEq*cm-2*h-1. There was no significant difference between net 22Na+

flux and converted Isc ± pressure (p > 0.05). (B) Uroepithelium was exposed to 3 cycles of increased
then decreased hydrostatic pressure in Krebs solution, ouabain was added to the serosal chamber
(indicated by the double arrow) and after 30 min the tissue was subjected to three additional cycles of
increased then decreased hydrostatic pressure. A representative tracing is shown. Average values for Isc
and conductance during the 5-min periods of increased hydrostatic pressure are shown above the graph
and are the mean ± SEM from 6 separate experiments.
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hydrostatic pressure. The mucosal-to-serosal unidirectional flux (JMS) was 0.01 ± 0.01 µEq*cm-

2*hr-1 prior to increasing pressure and 0.33 ± 0.02 µEq*cm-2*hr-1 after increasing pressure. In

contrast, the serosal-to-mucosal unidirectional flux (JSM) was 0.0 ± 0.01 µEq*cm-2*hr-1 before

pressure and 0.15 ± 0.01 µEq*cm-2*hr-1 after increasing pressure. In all experiments there was a

net mucosal-to-serosal flux of Na+ in the presence of hydrostatic pressure equal to 0.15 ± 0.01

µEq*cm-2*hr-1 (Figure 3-3A). This value was not significantly different (p > 0.05) from the

measured Isc in the presence of hydrostatic pressure, which when converted to chemical

equivalent units was equal to 0.17 ± 0.02 µEq*cm-2*hr-1.

The driving force for Na+ conductance across the bladder uroepithelium is the

electrochemical gradient generated by the Na+-K+ ATPase (53, 98), which favors the net

absorption of Na+ across uroepithelium. The importance of this driving force in hydrostatic

pressure-induced ion transport was assessed using ouabain, a selective inhibitor of the Na+-K+

ATPase. When hydrostatic pressure was increased in the presence of 1 mM ouabain (added to

the serosal hemichamber), the values for Isc were reduced from 4.48 ± 0.22 µA*cm-2 to 0.77 ±

0.37 µA*cm-2 (Figure 3-3B), and conductance concomitantly decreased from 0.25 ± 0.19

mS*cm-2 to 0.06 ± 0.01 mS*cm-2.

K+ is secreted into the mucosal hemichamber in response to hydrostatic pressure

Previously, Ferguson and colleagues presented preliminary data that a K+ secretory pathway may

exist in the umbrella cell (62). To determine whether K+ transport was elevated by hydrostatic

pressure, the uroepithelium was exposed to hydrostatic pressure in Krebs solution in which Na+

and Cl- were substituted with non-transportable ions to form nominally Na+, Cl--free Krebs
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Figure 3-4. The effects of Na+,
Cl--free Krebs solution, Ba2+,
and ouabain on hydrostatic
p r e s s u r e - a c t i v a t e d  i o n
s e c r e t i o n .  (A) Isolated
uroepithelium was subjected to
three cycles of increased
(arrow) then decreased
(ar rowhead)  hydros ta t ic
pressure in Krebs solution,
three cycles in Na+, Cl--free
Krebs solution, and three cycles
in Krebs solution. (B) Isolated
uroepithelium was subjected to
three cycles of increased then
decreased hydrostatic pressure
in Krebs solution, three cycles
in Na+, Cl--free Krebs solution,
three cycles after addition of
3mM Ba2+ to the mucosal
chamber, three cycles in Na+,
Cl--free solution, three cycles
after addition of Ba2+ to the
serosal chamber, and three
cycles in Krebs solution. (C)
Isolated uroepithelium was
subjected to three cycles of
increased then decreased
hydrostatic pressure in Krebs
solution, three cycles in Na+, Cl-

-free Krebs solution, and three
cycles after addition of ouabain
to the serosal chamber. A
representative tracing is shown
for each panel. Average values
for Isc and conductance during
the 5-min periods of increased
hydrostatic pressure are shown
above the graph and are the
mean ± SEM from 6 separate
experiments.
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Values are means ± SEM; n ≥ 6 during increased hydrostatic pressure. Uroepithelium was mounted in modified
Ussing chambers and subjected to cycles of increased and decreased hydrostatic pressure in Na+, Cl- free Krebs
solution, and the effects of various channel inhibitors on pressure-activated short-circuit current (Isc) were
assessed similar to the protocols used in Figs. 4 and 5. [C]f, final concentration; TEA, tetraethylammonium;
CTX, charybdotoxin. *Significantly different from no treatment (p<0.05).

Values are mean ± SEM; n ≥ 3. 86Rb+ was added into the mucosal or the serosal Krebs solution, and the effects
of pressure on 86Rb+ flux from mucosal-to-serosal (JMS) or serosal-to-mucosal (JSM) compartments were assessed.
Jnet, JSM-JMS.
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solution. In the modified Krebs solution a reversal in Isc was observed when the tissue was

exposed to hydrostatic pressure (Figure 3-4A).

To test whether K+ was secreted in response to hydrostatic pressure, Ba2+ was added to

either the mucosal or serosal Na+, Cl--free Krebs solution during application of hydrostatic

pressure (Figure 3-4B). Ba2+ is a commonly used blocker of K+ channels; however, it can block

some non-selective cation channels as well (56, 75, 87, 248). Following three cycles of increased

then decreased hydrostatic pressure in Krebs solution and three in Na+, Cl--free Krebs solution, 3

mM Ba2+ was added to the mucosal hemichamber. In the presence of mucosal Ba2+ hydrostatic-

pressure induced Isc was reduced from –9.63 ± 0.11 µA*cm-2 to 1.02 ± 0.83 µA*cm-2 during

increased pressure (Figure 3-4B). These inhibitory effects were reversed after isovolumetric

washout of Ba2+ with Na+, Cl--free Krebs solution (Figure 3-4B). When Ba2+ was added to the

serosal medium, hydrostatic pressure led to an increase in Isc from –9.61 ± 0.12 µA*cm-2 to

–16.54 ± 0.88 µA*cm-2 (Figure 3-4B). These effects were reversed when the cells were returned

to normal Krebs solution. The mucosal and serosal effects of another K+ channel blocker, 10 mM

TEA, were also evaluated and I observed essentially identical effects to those observed with Ba2+

(Table 3-1).

As additional evidence that hydrostatic pressure stimulated K+ transport under short-

circuit conditions I measured, in standard Krebs buffer, unidirectional flux of 86Rb+, which is

transported by both K+ channels and non-selective cation channels (22, 35, 146, 205). Consistent

with the results presented in Figure 4, there was a net serosal-to-mucosal flux of 86Rb+ in the

presence of hydrostatic pressure equal to 0.37 ± 0.03 µEq*cm-2*hr-1 (Table 3-2). Essentially

identical results were observed when 86Rb+ fluxes were performed in Na+, Cl--free Krebs
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solution (data not shown), indicating that the magnitude and direction of K+ transport was similar

regardless of bathing solution.

As described above, the ion gradients generated by the Na+/K+ ATPase provide the

driving force for transport of Na+ and K+ across the uroepithelium. Isovolumetric washing with

Na+, Cl--free Krebs solution is likely to leave some Na+ both outside and within the cell and this

may have been sufficient to allow K+ entry via the Na+/K+ ATPase. Alternatively, the K+

chemical gradient, generated by the high intracellular K+ pool coupled with a low extracellular

K+ pool, may have been sufficient to drive hydrostatic-pressure induced K+ exit via mucosal K+

channels. To determine whether stretch-induced K+ secretion was dependent on the activity of

the Na+/K+ ATPase, uroepithelium was hydrostatically stimulated in the presence of 1 mM

ouabain added to the Na+, Cl--free Krebs solution bathing the serosal hemichamber (Figure 3-

4C). Ouabain effectively blocked the putative hydrostatic-pressure induced K+ secretion, the

inhibition being greater during each subsequent pressure cycle (Figure 3-4C). This likely

represents the depletion of intracellular K+ stores, which could not be replenished in the presence

of ouabain. Treatment with ouabain also decreased the magnitude of the hydrostatic pressure-

induced increase in conductance, consistent with a block in ion transport. These data indicated

that K+ secretion was in fact dependent on basolateral K+ import by the Na+/K+ ATPase.

To characterize further the putative K+ conductance pathway I used commercially

available toxins and venoms that are selective for different classes of K+ channels. CTX, a

scorpion venom that is selective for high and intermediate conductance Ca2+-activated and some

voltage-gated K+ channels, had little effect on hydrostatic pressure induced Isc when added to

the mucosal hemichamber (-9.45 ± 0.58 µA*cm-2 in Na+, Cl--free Krebs solution versus –9.42 ±

0.61 µA*cm-2 in Na+, Cl--free Krebs solution containing 100 nM CTX) (Figure 3-5A). When
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Figure. 3-5. The effects of CTX,
Gd3+, and amiloride on hydrostatic
pressure-activated K+ secretion. (A)
Isolated uroepithelium was
subjected to three cycles of
increased (arrows) then decreased
(arrowheads) hydrostatic pressure in
Krebs solution, three cycles in Na+,
Cl--free Krebs solution, three cycles
after addition of 100 nM CTX to the
mucosal chamber, three cycles in
Na+, Cl--free solution, three cycles
after addition of 100 nM CTX to the
serosal chamber, and three cycles in
Krebs solution. (B) Isolated
uroepithelium was subjected to three
cycles of increased then decreased
hydrostatic pressure in Krebs
solution, three cycles in Na+, Cl--
free Krebs solution, three cycles
after addition of 1 mM Gd3+ to the
mucosal chamber, three cycles in
Na+, Cl--free solution, three cycles
after addition of 1 mM Gd3+ to the
serosal chamber, and three cycles in
Krebs solution. (C) Isolated
uroepithelium was subjected to three
cycles of increased then decreased
hydrostatic pressure in Krebs
solution, three cycles in Na+, Cl--
free Krebs solution, three cycles
after addition of 100 µM amiloride
to the mucosal chamber, three
cycles in Na+, Cl--free solution, and
three cycles in Krebs solution. A
representative tracing is shown for
each panel. Average values for Isc
and conductance during the 5-min
periods of increased hydrostatic
pressure are shown above the graph
and are the mean ± SEM from 6
separate experiments.
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CTX was subsequently added to the serosal chamber, the level of K+ transport in the presence of

hydrostatic pressure was augmented (-14.92 ± 0.58 µA*cm-2) in comparison to secretion in Na+,

Cl--free Krebs solution (-9.43 ± 0.57 µA*cm-2) (Figure 3-5A). Other K+ channel blockers were

tried as well. Addition of apamin, an inhibitor of the small conductance Ca2+-activated K+

channels, to the mucosal hemichamber caused Isc to increase from –9.89 ± 0.27 µA*cm-2 to

–12.78 ± 2.24 µA*cm-2 after applying hydrostatic pressure (Table 3-1). The addition of

iberiotoxin, an inhibitor of the high conductance Ca2+-activated K+ channel, and margatoxin, an

inhibitor of some voltage-gated K+ channels, also had no inhibitory effect on hydrostatic

pressure-induced K+ secretion (Table 3-1). Finally, glibenclamide, which blocks plasma

membrane ATP-sensitive K+ channels (3), did not demonstrate any inhibitory effects but did

marginally stimulate Isc (Table 3-1). These results indicated that hydrostatic pressure-induced K+

secretion from the mucosal surface of the tissue was not dependent on CTX-, iberiotoxin-,

apamin-, margatoxin-, or glibenclamide-sensitive transport pathways.

K+ secretion is via a non-selective cation channel

Since I was unable to find a selective K+ channel blocker that could inhibit the pressure-activated

K+ secretion described above, I asked if the trivalent cation gadolinium (Gd3+) had any effect, as

this is a general inhibitor of mechanosensitive ion channels (183). Following three cycles of

hydrostatic pressure/relaxation in control Krebs solution and three in Na+, Cl--free Krebs

solution, 1 mM Gd3+ was added to the mucosal Na+, Cl--free Krebs solution (Figure 3-5B). In the

presence of Gd3+, hydrostatic pressure-activated Isc was almost completely blocked (-9.66 ± 0.05

µA*cm-2 in Na+, Cl--free Krebs solution versus 0.34 ± 0.25 µA*cm-2 in the presence of Gd3+)

(Figure 3-5B). The addition of Gd3+ to the serosal hemichamber caused an increase in Isc from
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–9.65 ± 0.06 µA*cm-2 in Na+, Cl--free Krebs solution to –14.68 ± 0.71 µA*cm-2 in Na+, Cl--free

Krebs solution containing Gd3+ (Figure 3-5B). These effects were reversible when the tissue was

returned to control Krebs solution (Figure 3-5B). When used at high concentrations (≥100 µM),

amiloride inhibits several types of mechanically activated ion channels (78, 100, 181). In the

presence of 100 µM mucosal amiloride, hydrostatic pressure-activated Isc was blocked ~40%

when compared to stretch-activated Isc in Na+, Cl--free Krebs solution (Figure 3-5C). Similar

levels of inhibition were observed with 500 µM amiloride (data not shown). Addition of

amiloride at 100 µM did not potentiate the effects of Gd3+ or Ba2+ (data not shown).

The sensitivity of the K+ secretion pathway to Gd3+ and high concentrations of amiloride

prompted me to explore the possibility that the transport pathway of my interest was a

mechanosensitive non-selective cation channel. One characteristic of nonselective cation

channels is their ability to conduct cesium (Cs+). Classical K+ channels do not conduct this ion

(99). To test whether Cs+ could be transported across the mucosal membrane in a hydrostatic

pressure dependent manner, we designed an experiment where regular Krebs solution was

replaced with NMDG gluconate buffer in the mucosal chamber and Cs+ gluconate buffer in the

serosal chamber, generating a Cs+ chemical gradient from the serosal to mucosal hemichamber.

To move down this chemical gradient, Cs+ needs to cross the basolateral membranes of the

umbrella cells and subsequently exit the apical membranes. Because there is no known pathway

for Cs+ to enter the basolateral membrane of the umbrella cells, nystatin, an ionophore, was

added to the serosal hemichamber to allow transport of Cs+ across the basolateral membrane of

the umbrella cells. Exit of Cs+ from the umbrella cell apical membrane via nonselective cation

channels was then monitored by Isc measurements.
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Figure 3-6. Hydrostatic pressure-induced transport of Cs+ in nystatin-permeabilized
uroepithelium. Isolated uroepithelium was equilibrated in Krebs solutions and the Krebs solution
was replaced by NMDG-gluconate buffer in the mucosal chamber and Cs+ gluconate buffer in
the serosal chamber. Hydrostatic pressure was increased (arrows) and then decreased
(arrowheads) three times. 2 µM nystatin was added to the serosal chamber and the tissue was
again subjected to three cycles of increased then decreased hydrostatic pressure. Finally, 1 mM
Gd3+ was added to the mucosal chamber and three more cycles of increased then decreased
hydrostatic pressure were performed. A representative tracing is shown. Average values for Isc
and conductance during the 5-min periods of increased hydrostatic pressure are shown above the
graph and are the mean ± SEM from 6 separate experiments.
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Following a period of equilibration, control Krebs solution was isovolumetrically

replaced with mucosal NMDG gluconate buffer and serosal Cs+ gluconate buffer. Other than

Cs+, there were no transportable ions in these buffers. In the absence of nystatin, hydrostatic

pressure had no effect on Isc, indicating that Cs+ could not cross the basolateral membrane of the

umbrella cells (Figure 3-6). In addition, there was no change in conductance, further indicating

that changes in conductance were dependent in part on ion transport. However, after addition of

nystatin to the serosal hemichamber a significant change in Isc was observed after application of

hydrostatic pressure (-10.59 ± 0.02 µA*cm-2) that was similar in magnitude to the hydrostatic

pressure-induced Isc observed in Na+, Cl--free Krebs solution (~ -9.5 – -9.11 µA*cm-2)(Figure 3-

4 and 3-5). Additionally, the transport of Cs+ was accompanied by a significant, reversible

increase in conductance, suggesting opening and closing of ion channels. As expected, the

hydrostatic pressure-activated Isc was blocked when Gd3+ was added to the mucosal

hemichamber (Figure 3-6). These results indicated that hydrostatic pressure activated a

nonselective cation channel in the apical membrane of the umbrella cells that was capable of

conducting K+.

Hydrostatic pressure induces Cl- secretion into the mucosal hemichamber

In Krebs solution, the net hydrostatic pressure-induced change in Isc was ~4 µA*cm-2

(equivalent to ~0.15 µEq*cm-2*h-1)(Figure 3-1A), which was not significantly different from the

net 22Na+ flux we measured (~0.15 µEq*cm-2*h-1)(Figure 3-3A). However, the 86Rb+ flux

experiments in Krebs solution (Table 3-2) and the experiments in Na+, Cl- - free Krebs solution

indicated that hydrostatic pressure also induced an ~10 µA*cm-2  (equal to a flux of ~0.4

µEq*cm-2*h-1) secretory K+ current in the opposite direction. This prompted me to explore
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whether pressure stimulated transport of an additional ion species that was of similar magnitude

but opposite charge to the K+ current, thus masking the contribution of the K+ current to the net

Isc. Previous studies indicated that a pathway for Cl- entry exists on the basolateral membrane of

the bladder umbrella cells (140). To determine whether a pressure-sensitive pathway for Cl-

transport exists in these cells, the uroepithelium was exposed to hydrostatic pressure and

unidirectional flux measurements were performed. These experiments confirmed that in standard

Krebs solution and under short-circuit conditions there was a net serosal-to-mucosal flux of 36Cl-

in the presence of hydrostatic pressure equal to 0.41±0.03 µEq*cm-2*hr-1 (Table 3-3). This value

was not significantly different (p > 0.05) from the net 86Rb+ flux in the presence of hydrostatic

pressure, indicating that hydrostatic pressure induced electroneutral K+ and Cl- transport under

short circuit condition.

Values are means ± SEM; n≥3. 36Cl- was added into the mucosal or the serosal Krebs solution, and the effects of
pressure on 36Cl- JMS or JSM were assessed.
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DISCUSSION

Hydrostatic pressure stimulates Na+ transport across the uroepithelium

The bladder plays an active part in regulating the total Na+, Cl-, and K+ content of the organism,

a function mediated by ion transport across the apical surface of the umbrella cell (128). I

observed that raising then lowering hydrostatic pressure, which mimics bladder filling and

voiding, was accompanied by increased then decreased ion transport. Like previous reports,

which employed membrane punching and small changes in hydrostatic pressure (61, 135), I

observed that mechanical stimulation was accompanied by increased Na+ absorption across the

apical membrane of the umbrella cells (61, 62, 128, 129, 135-138). This was confirmed by

demonstrating a net mucosal-to-serosal 22Na+ flux of ~0.15 µEq*cm-2*h-1. Furthermore, I

observed a significant decrease in Isc when tissue was exposed to pressure in Na+-free Krebs

solution, or when pressure was increased in the presence of ouabain, indicating that the ion

gradients generated by the Na+-K+ ATPase provided the driving force for Na+ entry across the

basolateral membrane of the umbrella cell (Figure 3-7). The sensitivity of this transport pathway

to low concentrations of amiloride (1-10 µM), and previous localization of ENaC to the apical

surface of the umbrella cell (197), were consistent with an absorptive Na+ transport pathway

mediated by ENaC (Figure 3-7).

K+ transport is elevated during hydrostatic pressure stimulation

In addition to this Na+ transport pathway, I also characterized a pressure-sensitive K+ secretion

pathway, which was revealed under short-circuit conditions when tissue was exposed to

hydrostatic pressure in Na+, Cl--free Krebs solution. This pathway was confirmed by measuring a

net serosal-to-mucosal flux of 86Rb+ in standard Krebs solution. Mechanically-stimulated K+
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Figure 3-7. Model for hydrostatic pressure-induced ion transport in bladder umbrella cells. Increased
hydrostatic pressure causes increased conductance of Na+, K+, and Cl-. Na+ enters the cell via the amiloride-
sensitive ENaC, driven by the favorable electrochemical gradient (low cell [Na+] and cell negative voltage), and
exits the cell, in exchange for K+, via the ouabain-sensitive Na+ - K+ ATPase located at the basolateral surface of
the cell. K+ can exit the cell via basolaterally-localized K+ leak channels (which are inhibited by Ba2+, CTX,
Gd3+, and TEA), or under short-circuit conditions through an apically localized non-selective cation channel,
which is inhibited by amiloride (≥ 100 µM), Ba2+, Gd3+, and TEA. The former may also conduct Ca2+ and Na+,
but this has not been directly demonstrated. The apical K+ conductance is balanced by an electroneutral Cl-

conductance, which may represent transport of Cl- through basolateral and then apical Cl- channels.
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secretory pathways have been described in several cell types including marginal cells of the stria

vascularis, gall bladder epithelial cells, epithelial cells of Reissner’s membrane, apical membrane

of rabbit cortical collecting tubule, and vestibular dark cells (207, 208, 219, 233, 242). In each of

these cell types K+ is secreted via a large conductance K+ channel that is blocked by TEA and

Ba2+. The K+ conductance in the umbrella cells is also sensitive to these channel blockers.

However, I found that CTX and iberiotoxin (both inhibitors of large-conductance K+ channels),

or apamin or margatoxin had either no effect or a small effect on K+ secretion when added to the

mucosal surface of the uroepithelium. In contrast, Ba2+, TEA, Gd3+, and CTX stimulated

secretion when added to the serosal surface of the tissue. This likely reflects inhibition of

basolateral K+ channels, which would enhance apical release of K+ when pressure was increased.

The driving force for K+ secretion was apparently the ion gradients generated by the Na+-K+

ATPase, as ouabain inhibited K+ secretion (Figure 3-7).

Pressure-activated K+ transport is via nonselective cation channels

The observation that Ba2+ and TEA can inhibit the activity of nonselective cation channels (87),

prompted me to explore whether the K+ secretory pathway I observed was possibly via a

mechanosensitive nonselective cation channel. Several observations indicated that this was the

case. First, K+ secretion in the uroepithelium was inhibited by mucosal addition of Gd3+, a

blocker of both mechanosensitive ion channels and nonselective cation channels (36, 89, 159,

183). Second, I observed that high concentrations of amiloride, which block mechanosensitive

non-selective cation channels (36), partially inhibited the K+ secretory pathway. Third, the Gd3+-

sensitive K+ secretory pathway also conducted Cs+, a hallmark of a non-selective cation

conductance pathway (99, 240). Based on these observations, I propose that hydrostatic pressure
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may increase the activity of a mechanosensitive non-selective cation channel in the apical

membrane of the umbrella cell (Figure 3-7).

A non-selective cation channel has previously been described in bladder uroepithelium

(130, 249). This so-called “leak” channel is localized to the apical membrane of the umbrella

cells, and is thought to be a degradation product of ENaC (133). Zweifech and colleagues

showed that the conductivity for K+ by the leak channel was significantly greater than that of Na+

or Cl-. Despite the similarity in ion conductivity and localization between the leak channel and

the putative nonselective cation channel that I described, there are notable differences between

the two channels. First, the leak channel is unaffected by 10-100 µM amiloride (130, 141, 249),

whereas the non-selective cation channel I have characterized is partially inhibited by 100 µM

amiloride. Second, the amiloride-sensitive K+ conductance that is observed in this chapter is

relatively stable (>10 min) during increased hydrostatic pressure and can be activated during

multiple cycles of increased pressure and relaxation. This contrasts with the short residency time

of the leak channel (~2 min) in the apical membrane of the umbrella cell (249). Third, the

pressure-activated nonselective cation channel described in this chapter produced a secretory K+

current whereas Lewis and colleagues described an absorptive leak current. In fact, in the

presence of Ba2+, TEA, or Gd3+ I observe a small residual absorptive current that may represent

leak channel activity.

Hydrostatic pressure stimulates Cl- transport across the uroepithelium

In addition to Na+ and K+ transport, increased hydrostatic pressure lead to increased Cl- secretion

under short-circuit conditions, which was of a similar magnitude to the K+ secretory pathway I

described (Figure 3-7). Mechanically-sensitive Cl- channels have been described in several other
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tissues and cell types including Reissner’s membrane, the stria vascularis, and cortical collecting

duct (191, 206, 242); however, none have been described in bladder epithelium. Known

pathways for Cl- entry across the basolateral membrane of umbrella cells include Cl- channels

and Cl-/HCO3
- exchangers (128, 140). An apical pathway for Cl- conductance has not been

described in bladder epithelium, and I found that the Cl- secretory pathway was insensitive to

mucosal addition of DIDS, serosal addition of bumetanide, or mucosal addition of niflumic acid

(unpublished observations) that are inhibitors of other known Cl- conductance pathways (115,

145, 216). The nature of the Cl- secretory pathway requires additional experimentation.

Finally, the relatively stable change in Isc during increased pressure (see Figure 3-1), but

the tendency for the conductance to fall during increased pressure and during the period between

cycles of elevated pressure indicates that paracellular conductance and/or the magnitude of the

different ion channel activities may be affected by pressure. These changes may also explain

why mucosal addition of Ba2+ and Gd+ inhibited pressure-induced changes in the Isc contributed

by K+ secretion, but had less of an effect on changes in conductance (Figure 3-4B and 3-5B).

In summary, my findings further increase our understanding of the mechanically sensitive

ion transport processes in the mammalian urinary bladder. My data indicate that in addition to

the previously characterized Na+ absorption pathway, hydrostatic pressure also stimulates Cl- and

K+ secretion under short-circuit conditions. Although the bladder is generally thought to store

urine and maintain the ion composition of the urine generated by the kidney, the ion transport

pathways others and I have described indicate that the uroepithelium could alter the water and

ion composition of the urine. Furthermore, absorption of ions from the urine (e.g. Na+) or

secretion of ions into the urine (e.g. K+) may provide a means of regulating the electrolyte

composition of the extracellular fluid. Finally, transport of Cl-, K+, and Na+ during the urine-
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filling process may also play an important role in sensory transduction and may couple changes

in hydrostatic pressure to release of hormones such as ATP that would modulate other cellular

functions as well as other processes such as neural-epithelial signaling (61, 62, 204).
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CHAPTER 4

ATP and P2X receptor-dependent membrane traffic in bladder
umbrella cells

ABSTRACT

ATP and purinergic receptor signaling have been implicated in mechanotransduction in the

bladder uroepithelium. One downstream event of mechanotransduction is alteration in membrane

trafficking. To investigate whether ATP and purinergic receptors can modulate changes in

umbrella cell surface area ATP release from rabbit uroepithelium was measured. Upon increased

pressure, levels of ATP in the mucosal media increased >1000 fold above background levels

while basolateral release increased >10 fold. ATP release was blocked by 10µg/ml brefeldin A,

an inhibitor of protein secretion, and 100µM anandamide, a connexin hemichannel blocker. To

determine whether pressure-evoked ATP release played a role in signaling pressure-induced

exocytosis, membrane capacitance (where 1µF ª 1cm2) was measured. In control uroepithelium

pressure stimulated an ~55% increase in capacitance. This increase was completely blocked by

the addition of the ATPase apyrase or the purinergic receptor antagonist PPADS to the serosal

bathing solution. No inhibition was observed when apyrase and PPADS were added mucosally.

To determine whether P2X or P2Y receptors modulate changes in surface area, uroepithelium

was incubated in the presence of purinergic receptor agonists. The P2X receptor agonists had the

following rank potency on exocytosis: ATPgS > 2-MeSATP > ATP > BzATP > a, b-MeATP
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when added serosally, but UTP, a P2Y receptor agonist had no effect. Finally, umbrella cells

from knockout mice lacking expression of P2X2 or P2X3 receptors failed to increase surface area

when exposed to hydrostatic pressure. Instead, in the absence of P2X2 receptors, pressure-

induced endocytosis was stimulated. Treating the uroepithelium with ATPgS induced

endocytosis of umbrella cell apical membrane and ~40% of biotin-labeled membrane was

internalized within 5 minutes of ATPgS treatment. These results indicate that increased

hydrostatic pressure stimulates vesicular and connexin hemichannel-dependent ATP release from

the uroepithelium, and this may coordinate endocytosis and exocytosis via serosal P2X-

dependent signaling pathways in bladder umbrella cells to modulate apical surface area.
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INTRODUCTION

ATP is an important biological molecule, not only because it is the primary energy source for

living cells, but also because it can act extracellularly to signal various cellular processes ranging

from synaptic transmission and apoptosis to nociception and bladder contraction (168). As an

energy source, ATP is abundant in the cell cytoplasm where it ranges from ~3-5 mM (168).

While it is known that ATP is released under physiological conditions the exact mechanism for

ATP release is still under debate. ATP may potentially be released from the cell via exocytosis of

ATP-containing vesicles (24, 150, 168, 199), through connexin hemichannels (203), and possibly

via the cystic fibrosis transmembrane conductance regulator (CFTR) (178, 192), although the

latter may be an indirect mechanism (85, 229).

After ATP is released into the extracellular environment it can bind to cell-surface

purinergic (P2) receptors. The P2 receptors are comprised of two different families, the ligand-

gated ionotropic P2X receptors and the P2Y metabotropic heptahelical G-protein coupled

receptors (30, 190). To date, eight distinct P2X receptors, named P2X1-P2X7 and P2XM, have

been identified at the molecular level (167). All P2X receptors bear a common topology,

containing intracellular N- and C- termini, two transmembrane domains, and a large extracellular

loop (167). The topology of the P2X receptor is similar to that of the epithelial sodium channel

(ENaC) and inwardly rectifying potassium channel (IRK, ROMK) superfamily (167). All P2X

receptors are permeable to small monovalent cations, although some have significant calcium or

anion permeability (167). Similar to other ion channels, homo- or hetero-oligomeric assembly of

several subunits of P2X receptor isoforms forms the functional P2X channel (167). However, the

true stoichiometry of the channel is still unclear.
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Functionally, P2X receptors play important roles in epithelial tissues. Upon binding of

ATP ligand to P2X receptors present on the apical or basolateral membrane of airway epithelial

cells, a transient increase in cytosolic Ca2+ and activation of Ca2+-dependent protein kinase

signaling is observed (171). This may stimulate Cl- and fluid secretion and increase ciliary beat

frequency (50, 110). In other epithelia, Lou and colleagues found that P2X receptors are

expressed on the luminal and serosal membranes of pancreatic duct, where they stimulate Cl-

secretion and increase intracellular Ca2+ (148). In the renal epithelia, Insel and co-workers have

shown that Madin-Darby canine kidney (MDCK) cells release ATP endogenously and

continuously (108). The release of ATP provides a mechanism to modulate phosphatidylinositol

signaling and turnover and cAMP production (239, 246). The downstream effect of this signaling

pathway may inhibit Na+ absorption and arginine vasopressin (AVP)-induced water reabsorption

(190).

Despite evidence suggesting important roles for P2X receptors in the airway, pancreatic,

and the renal epithelium, there is limited data on the function of P2X receptors in the urinary

bladder. P2X3 receptors are found on a subpopulation of pelvic afferent fibers that innervate the

bladder (221). Studies in knockout mice showed that when P2X3 receptors are absent, the ability

of the central nervous system to sense bladder filling is attenuated, implicating P2X3 receptors on

bladder afferents in nociception (221). Intriguingly, P2X2 receptors have also been localized to

the uroepithelium, and P2X4 receptors are found to colocalize with the fine capillary network

underlying the bladder epithelium. On the plasma membrane of the uroepithelial cells, including

the umbrella cells, P2X2, P2X3, P2X4, and P2X5 receptors are found (58, 61, 125). Despite the

endogenous expression of many P2X receptor isoforms in the uroepithelial cells, their role is

unknown, and the mechanism of ATP release from the uroepithelial cells remains unclear.
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In this chapter, I examined the role of ATP and P2X receptors in the bladder umbrella

cells. Upon increased pressure, ATP was released into the mucosal and serosal media and this

stimulated umbrella cell exocytosis. ATP release was via exocytosis of ATP-containing vesicles

and connexin hemichannels. Umbrella cell exocytosis was stimulated by activation of P2X

receptors on the serosal membrane of uroepithelial cells and was dependent on Ca2+ and PKA-

signaling. In addition to exocytosis, purinergic receptors on the serosal surface of the

uroepithelium could modulate umbrella cell endocytosis. These results indicate that increased

hydrostatic pressure stimulates ATP release from the uroepithelium, and this may coordinate

endocytosis and exocytosis via serosal P2X-dependent signaling pathways to modulate lumenal

surface area.
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RESULTS

Hydrostatic pressure stimulates ATP release from the mucosal and serosal surfaces of the

uroepithelium

Rabbit uroepithelium was isolated and exposed to increased hydrostatic pressure in modified

Ussing chambers (see Materials and Methods). Consistent with earlier observations, mechanical

distension of the uroepithelium triggers ATP release (62, 221). In control tissue preparations

(without pressure stimulation), the levels of mucosal and serosal ATP remained similar to

background (Figure 4-1A and 4-2A; BKG). In contrast, when the uroepithelium was subjected to

increased pressure at t = 0 (ATP measured immediately after addition of pressure), 3, 6, 10, 20,

30, 50, or 60 minutes the levels of ATP released into the mucosal (Figure 4-1A) and serosal

(Figure 4-2A) bathing media were elevated. The amount of ATP released into the mucosal media

was significantly greater than the amount released into the serosal media (compare scale; Figure

4-1A and 4-2A). The extracellular levels of ATP plateaued within 3 minutes post stimulus and

remained elevated for at least 60 minutes (Figure 4-1A and 4-2A).

Pressure-induced ATP release is via vesicular and connexin hemichannel dependent pathways

The mechanism of ATP release from the uroepithelium is poorly understood. To determine

whether pressure-induced ATP release is via vesicular or nonvesicular-dependent pathways the

uroepithelium was mechanically stimulated in the presence of BFA, a fungal metabolite that has

been shown to block secretion of various proteins in several cell lines and the bladder epithelium

(48, 69, 149, 154). In the presence of BFA, pressure-induced ATP release from the mucosal

membrane was inhibited >99% (Figure 4-1B), but very small amounts of ATP were still released

during the periods of pressure stimulation (Figure 4-1B inset). A similar inhibitory effect was
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observed on pressure-induced ATP release from the serosal membrane of the uroepithelium after

BFA treatment (Figure 4-2B and 4-2B inset).

Hydrostatic pressure-induced ATP release was also inhibited after treating the

uroepithelium with the connexin hemichannel blocker anandamide (86) (Figure 4-1C and 4-2C).

In the presence of anandamide, mucosal ATP release from the uroepithelium was partially

blocked (Figure 4-1C). Serosal release of ATP showed partial inhibition (Figure 4-2C). In

contrast, treating the uroepithelium with glibenclamide, a blocker of adenosine triphosphate

binding cassette (ABC) proteins such as CFTR and sulfonylurea receptor (65, 196), had no effect

on mucosal (Figure 4-1D) or serosal (Figure 4-2D) ATP release, indicating that pressure-induced

ATP release from the uroepithelium was independent of ABC proteins.

All cells exhibit high physiological concentrations of cytoplasmic ATP (168). If the

structural integrity of the umbrella cell was disrupted by mechanical stimulus ATP would leak

into the extracellular milieu. To demonstrate that our method of mechanical stimulus (hydrostatic

pressure) did not damage the umbrella cell plasma membrane release of lactate dehydrogenase

(LDH), a stable cytoplasmic enzyme, was monitored before and during exposure to pressure. In

uroepithelium that was undisturbed, LDH levels in the mucosal and serosal bathing media were

relatively low (<0.005% of total LDH in cell lysate) (Figure 4-3A). In pressure-stimulated

tissues, the amount of LDH released into the mucosal or serosal bathing media remained low

(<0.01% of total LDH in cell lysate) regardless of the duration of pressure stimulation (Figure 4-

3A). The small percentages of extracellular LDH indicated that exposure to hydrostatic pressure

did not cause significant plasma membrane damage. More importantly, estimated differences in

the percentage of LDH and ATP release were greater than 9-fold, indicating that pressure-

induced ATP release into the media was not a result of leakage due to membrane disruption.
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Figure 4-1. Pressure-activated ATP release from the mucosal membrane is via vesicular and connexin
hemichannel-dependent pathways. (A) Pressure-induced release of ATP from mucosal membrane.
Uroepithelium was pressure-stimulated for time = 0 (ATP measured immediately after addition of pressure),
or after 3, 6, 10, 20, 30, 50, 60 minutes. Background (BKG) = control tissues (no pressure stimulation). (B)
Effects of 10µg/ml BFA on pressure-induced ATP release. Uroepithelium was pretreated with BFA 10-15
minutes prior to pressure stimulation at t=0. Inset represents identical graph with reduced y-axis range. (C)
Effects of 100µM anandamide on pressure-induced ATP release. (D) Effects of 100µM glibenclamide on
pressure-induced ATP release.
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Figure 4-2. Pressure-activated ATP release from the serosal membrane is via vesicular and connexin
hemichannel-dependent pathways. (A) Pressure-induced release of ATP from the serosal membrane.
Uroepithelium was pressure-stimulated for time = 0 (ATP measured immediately after addition of pressure),
or after 3, 6, 10, 20, 30, 50, 60 minutes. Background (BKG) = control tissues (no pressure stimulation). (B)
Effects of 10µg/ml BFA on pressure-induced ATP release. Uroepithelium was pretreated with BFA 10-15
minutes prior to pressure stimulation at t=0. Inset represents identical graph with reduced y-axis range. (C)
Effects of 100µM anandamide on pressure-induced ATP release. (D) Effects of 100µM glibenclamide on
pressure-induced ATP release.
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Figure 4-3. ATP release from vesicular compartments is not the result of
pressure-induced cell damage. (A) Effects of pressure on LDH release from
the uroepithelium. LDH release from the mucosal or serosal membrane was
measure at time = 0 (immediately after addition of pressure), 5, 10, or 30
minutes after pressure. (B) Localization of ATP in the bladder umbrella
cells. Isolated uroepithelium was incubated with 5µM quinacrine for 30
minutes. After 30 minutes, the tissue was removed and FM4-64 prepared in
ice-cold Krebs buffer was added onto the mucosal membrane and incubated
for 30 minutes prior to imaging.
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To visualize ATP in the bladder umbrella cells, isolated uroepithelium was incubated

with quinacrine, a membrane permeant fluorescence dye that interacts with ATP bound to

peptide in large granular vesicles (24, 40). The cells were labeled with FM 4-64 to visualize the

apical membrane of the umbrella cells. In the presence of quinacrine, large punctate staining

patterns were observed in the umbrella cells, possibly exocytic vesicles (Figure 4-3B). The

punctate staining patterns indicated that in umbrella cells ATP may be stored in vesicular

structures.

ATP stimulates umbrella cell exocytosis

If ATP is an important regulator of umbrella cell exocytosis then addition of exogenous ATP or

analogs of ATP in the absence of hydrostatic pressure should evoke exocytosis, whereas

depletion of pressure-induce released ATP should inhibit exocytosis. To determine whether ATP

can stimulate pressure-induced exocytosis in bladder umbrella cells uroepithelium was

stimulated with exogenous ATP. In control tissues without ATP or pressure stimulation, there

were no changes in membrane capacitance. When the tissue was treated with 50 µM ATP added

into the serosal bathing media there was ~50% increase in membrane capacitance after 5 hours

(Figure 4-4A). In the presence of 50 µM mucosal ATP, membrane capacitance increased by a

small amount (~20%) (data not shown). Similarly, when the uroepithelium was treated with 50

µM adenosine 5’-[g-thio]triphosphate (ATPgS), a nonhydrolyzable analog of ATP added into the

serosal bathing solution, there was ~60% increase in membrane capacitance after 5 hours (Figure

4-4B). When 50 µM ATPgS was added into the mucosal media there were no changes in

membrane capacitance after 5 hours (data not shown). To determine the optimal concentration of

ATPgS required to illicit the maximal increase in membrane capacitance a dose response curve
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Figure 4-4. ATP stimulates umbrella cell
exocytosis.  (A) Effect of serosal ATP on
capacitance in control tissues (no pressure). (B)
Effects of serosal ATPgS on capacitance in
control tissues. (C) Functional characterization
of ATPgS. Uroepithelium was stimulated with
different concentrations of ATPg S and
membrane capacitance monitored. Maximal
capacitance responses were plotted with the
concentration of ATPgS applied. (D) Effects of
0.4 U/ml serosal apyrase on capacitance in
stimulated tissues. Arrow indicates pressure
stimulation. Data is mean ± SEM (n=6).
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for ATPgS was generated. The minimal concentration of ATPgS that could maximally stimulate

capacitance increase was ~50 µM (Figure 4-4C). This concentration was used in all subsequent

pharmacology experiments unless stated otherwise.

If pressure-induced release of ATP from the uroepithelium could stimulate exocytosis,

then depletion of extracellular ATP should block exocytosis. To test this, uroepithelium was

incubated in the presence of apyrase, a membrane-impermeant exonucleotidase that breaks down

extracellular ATP (157, 168). In control tissues without apyrase treatment, membrane

capacitance increased ~55% after 5 hours of pressure stimulation (Figure 4-4D). When apyrase

was added into the serosal bathing media, pressure-induced increases in membrane capacitance

were blocked (Figure 4-4D). Addition of an alternative ATPase, hexokinase, also showed

inhibitory effects on pressure-induced exocytosis when added into the serosal bathing solution

(data not shown). If apyrase or hexokinase was added into the mucosal bathing solution, no

inhibitory effect on membrane capacitance was observed upon pressure stimulation (Figure 4-5A

and B). In fact, mucosal apyrase or hexokinase treatment appeared to stimulate capacitance

increases in comparison to pressure treatment alone. These results indicated that ATP released

from the serosal surface of the uroepithelium was important in signaling exocytosis.

P2X receptor can modulate pressure-induced exocytosis

ATP is the physiological ligand for purinergic receptors. To determine whether purinergic

receptors were involved in this signaling cascade, the effects of pyridoxalphosphate-6-

azophenyl-2’,4’-disulfonic acid (PPADS), a general antagonist of the purinergic receptor

signaling pathway, was examined. In tissues subjected to increased hydrostatic pressure

membrane capacitance increased during the 5 h incubation period (Figure 4-6A). However,
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Figure 4-5. Mucosal ATPases have no effect on pressure-induced exocytosis. (A)
Effects of 0.4 U/ml mucosal apyrase on membrane capacitance in pressure
stimulated tissues. (B) Effects of 3 U/ml hexokinase and 22 mM glucose on
membrane capacitance in pressure stimulated tissues. Arrow indicates pressure
stimulation. Data is mean ± SEM (n=6).
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Figure 4-6. P2X receptors can modulate pressure-induced
exocytosis. (A) Effects of 100 µM PPADS on capacitance in
pressure-stimulated uroepithelium. Arrow indicates pressure
stimulation. (B) Effects of 50 µM serosal UTP on
capacitance in non-stimulated tissues. (C) Effects of 50 µM
serosal 2-MeSATP on capacitance in non-stimulated tissues.
Data is mean ± SEM (n=6).
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when the uroepithelium was treated with PPADS, followed by exposure to hydrostatic pressure,

exocytosis was almost completely inhibited (Figure 4-6A). Since PPADS can block both P2X

and P2Y receptors the effects of potent P2X or P2Y receptor agonists were examined under

pressure stimulation. When nonstimulated tissue was incubated with serosal uridine 5’-

triphosphate (UTP) (Figure 4-6B), a potent P2Y receptor agonist, there were no changes in

membrane capacitance. In contrast, tissues treated with serosal 2-methylthioadenosine 5’-

triphosphare (2-MeSATP), a potent P2X receptor agonist, exocytosis was stimulated by an ~55%

increase in membrane capacitance (Figure 4-6C). In the absence of 2-MeSATP, there were no

changes in membrane capacitance after a 5-hour incubation period (Figure 4-6C). These data

indicated that pressure-induced exocytosis was regulated via P2X receptor-dependent

mechanisms.

P2X2 and P2X3 receptors can modulate pressure-induced exocytosis in umbrella cells

To further examine the importance of P2X receptors in pressure-induce exocytosis a

pharmacology approach was used to identify the P2X receptor isoforms that regulate exocytosis.

In tissues without pressure stimulation or receptor agonist treatment, membrane capacitance did

not exhibit changes over time (Figure 4-4A, 4-6B and 4-6C). In uroepithelium incubated in the

presence of P2X receptor agonists, the following rank potency on exocytosis was observed when

individual agonist was added serosally and capacitance monitored: ATPgS > 2-MeSATP > ATP

> BzATP > a , b-MeATP (Table 4-1). The pharmacological profiles generated using P2X

receptor agonists compared well with known pharmacology of P2X2 and P2X3 receptors (Table

4-2).
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Isolated pieces of uroepithelium were mounted in modified Ussing chambers and equilibrated. Purinergic
receptor agonist or antagonist was added into the serosal or mucosal bathing solution, and the effects of drug
treatment on membrane capacitance were monitored. *, Agonists were used at a final concentration of
50µM; a, percent increases in capacitance were measured after 5 hours of agonist treatment in the absence of
pressure. b, percent increases in capacitance were measured after 5 hours of antagonist and pressure
treatment. c, tissue was treated with hexokinase and 22mM glucose. d, initial increases in capacitance were
observed (see Figure 4-5B).
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Figure 4-7. P2X2 and P2X3 receptors modulate pressure-induced membrane traffic.

(A) Effects of hydrostatic pressure on umbrella cells lacking P2X3 receptors.

Uroepithelium from P2X2 KO mice was stimulated with pressure at time = 0 (arrow)

and membrane capacitance monitored. WT = wild type mouse bladder. (B) Effects of
pressure on membrane capacitance in isolated uroepithelium lacking P2X2 receptors.

Data is mean ± SEM (n=3).
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To confirm that P2X2 and P2X3 receptors were indeed modulators of pressure-induced

exocytosis, membrane capacitance changes were monitored in both wild type and P2X receptor

knockout mice bladders exposed to hydrostatic pressure. Umbrella cells from wild type mice

bladders responded to increased pressure with an ~50% increase in membrane capacitance

(Figure 4-7A). In knockout mice lacking expression of P2X3 receptors, membrane capacitance

failed to increase when umbrella cells were exposed to hydrostatic pressure for 5 hours (Figure

4-7A). In knockout mice lacking P2X2 receptors, increased hydrostatic pressure resulted in ~30%

decrease in membrane capacitance after 5 hours (Figure 4-7B). These results indicated that P2X2

and P2X3 receptors could regulate exocytosis and possibly endocytosis when exposed to

increased hydrostatic pressure.

Expression and localization of P2X2 and P2X3 in the uroepithelium

In the uroepithelium, P2X2 and P2X3 receptor expressions were detected by Western blot

analysis (Figure 4-8). Several molecular weight species were identified, including the predicted

core protein for P2X2 receptors

(~52 kDa) (Figure 4-8; P2X2 lane

arrowhead) and P2X3 receptors

(~43 kDa) (Figure 4-8; P2X3 lane

arrowhead). To determine the

location of P2X2 and P2X3

receptor expression in the

uroepithelium, antisera against

P2X2 or P2X3 receptor isoforms

Figure 4-8. Characterization of
the P2X2 and P2X3 antisera by

Western blott ing.  Thirty
microgram of protein from rat
bladder lysate was separated on
10% acrylamide gel, transferred
to nitrocellulose, and probed
with the rabbit anti-P2X2 or

rabbit anti-P2X3 antibody. Lane

1, anti-P2X2 antibody; lane2,

anti-P2X3 antibody. Anti-P2X2
and anti-P2X3 were detected by

chemiluminescence  wi th
peroxidase-conjugated goat
anti-rabbit IgG. Arrowheads
indicate predicted size of core
protein. Arrows indicate
possible splice variants.
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Figure 4-9. Localization of P2X2 receptor in the uroepithelium. Mouse (A and C) and rat (B and D) bladders
were fixed with paraformaldehyde and P2X2 (green), actin (red), and nuclei (purple) were detected by indirect
immunofluorescence microscopy with (A and B) and without (C and D) incubation with 1 µM P2X2

competitive antigen peptide. Each image represents a projection of optical sections acquired by a scanning
laser confocal microscope. Bar in A and B = 20 µm. Bar in C and D = 50 µm.
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Figure 4-10. Localization of P2X3 receptor in the uroepithelium. Mouse (A and C) and rat (B and D)
bladders were fixed with paraformaldehyde and P2X3 (green), actin (red), and nuclei (purple) were
detected by indirect immunofluorescence microscopy with (A and B) and without (C and D) incubation
with 1 µM P2X3 competitive antigen peptide. Each image represents a projection of optical sections
acquired by a scanning laser confocal microscope. Bar = 50 µm.
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Figure 4-11. Localization of P2X3 receptor in the rabbit uroepithelium. (A) Rabbit uroepithelium was fixed with
paraformaldehyde and P2X3 (green), actin (red), and nuclei (purple) were detected by indirect
immunofluorescence microscopy. Stacked optical sections of the rabbit uroepithelium. (B) Three-dimensional
optical section (0.25 µm step size) reconstruction of rabbit uroepithelium stained with P2X3 (green) and nuclei
(purple). Bar = 20 µM.
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were used in immunohistochemistry. In both rat and mouse uroepithelium, P2X2 receptors were

primarily localized in the umbrella cell layer, with the bulk of the P2X2 receptor staining found

in intracellular compartments and on the basolateral membrane of umbrella cells (Figure 4-9A,

4-9B). Similarly, P2X3 receptors were predominantly found in the umbrella cell layer of rat and

mouse uroepithelium, with staining found in intracellular compartments and the plasma

membrane (Figure 4-10A and 4-10B). To control for staining specificity competitive P2X2 or

P2X3 receptor antigen peptide was preincubated with the appropriate P2X receptor antisera prior

to tissue labeling. In the presence of both the control P2X2 antigen peptide and the P2X2

antiserum, no receptor staining was observed (Figure 4-9C, 4-9D). Similar results were detected

when P2X3 antigen peptide was preincubated with the P2X3 receptor antiserum (Figure 4-10C

and 4-10D). In rabbit bladder epithelium, a slightly different P2X3 staining pattern was observed.

Punctate P2X3 staining was observed on basolateral membrane of umbrella cells as well as

intermediate and basal cells (Figure 4-11A). P2X3 stainings were also observed in intracellular

compartments directly underneath the apical plasma membrane of umbrella cells (Figure 4-11A

and B). Surprisingly, robust P2X3 receptor staining was observed along the tight junction regions

(Figure 4-11B). These data strengthened our hypothesis that P2X2 and P2X3 receptors in the

umbrella cells could modulate exocytosis of cytoplasmic vesicles and localization of P2X

receptors at the tight junctions may modulate tight junction proteins during filling.

ATPgS stimulates endocytosis

In addition to exocytosis, increased hydrostatic pressure stimulated endocytosis in the bladder

umbrella cells (see Chapter 2). To test whether ATP could modulate endocytosis apical plasma

membrane of the umbrella cell was labeled with biotin and the amount of biotinylated plasma
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Figure 4-12. ATPgS stimulates endocytosis in bladder umbrella cells.
(A) Umbrella cells were surface biotinylated and incubated for time = 0
(cells harvested immediately upon addition of ATPgS), 5, 15, 30, 60, or
120 minutes in the presence of 50 µM serosal ATPgS. MesNa-protected
biotinylated proteins were isolated and Western blots were probed with
streptavidin-HRP. Shown is a representative Western blot and location
of molecular weight standards (B) Quantification of ATPgS-induced
endocytosis of all biotinylated membrane proteins.
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membrane proteins that internalized upon treatment with serosal ATPgS was determined (see

Materials and Methods). Figure 4-12A is a representative Western blot of multiple experiments.

In umbrella cells that were harvested immediately after addition of ATPgS (t = 0) no noticeable

internalization of biotinylated membrane proteins was observed (Figure 4-12A, lane 2).

However, after 5, 15, 30, 60, and 120 min of incubation with ATPgS, there were significant

amounts of internalization for ~66 kDa and ~50 kDa biotinylated membrane proteins (Figure 4-

12A, lanes 4, 6, 8, 10, 12). To quantify the amount of internalized biotinylated membrane

proteins, the percentage of endocytosed biotin relative to the total amount of cell-associated

biotin was determined for each time period (Figure 4-12B). After 5 min of ATPgS treatment,

~40% of biotinylated membrane protein was internalized. This amount increased up to ~80%

after 120 min post ATPgS treatment (Figure 4-12B). These data indicated that in addition to

exocytosis ATP may modulate pressure-induced endocytosis in the bladder umbrella cells as

well.

ATPgS-mediated exocytosis is Ca2+ and PKA-dependent

Purinergic receptors are important activators of Ca2+ release from intracellular stores. Activation

of P2X receptors, which are nonselective cation channels, can transport Ca2+ from the

extracellular milieu into the cell, in some cases leading to Ca2+ induced Ca2+ release (CICR)

from the ER (17). In contrast, P2Y receptor activation may stimulate phospholipase C (PLC),

increase diacylglycerol (DAG) production, inositol 1,4,5-triphosphate (IP3), and activate Ca2+

release from IP3-sensitive stores from the ER (17). Increases in intracellular Ca2+ have been

shown in this dissertation as well as many other studies to stimulate exocytosis. Increased Ca2+

may activate some isoforms of adenylate cyclase, resulting in increased cAMP production and
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Figure 4-13. Role of Ca2+ on purinergic receptor-mediated exocytosis in umbrella cells. (A)
Bladder tissue was mounted in the chamber and allowed to equilibrate. Following equilibration,
the normal Krebs solution was isovolumetrically replaced with Krebs solution or Krebs solution
lacking Ca2+. At t=0, 50 µM ATPgS was added into the serosal hemichamber and changes in
capacitance were monitored over time. (B) Following equilibration, the tissue was either treated
with 50 µM serosal ATPgS alone, or treated with both serosal ATPgS and 75 µM 2-APB. (C)
Mounted bladder was either treated with 50 µM serosal ATPgS, or treated with both serosal
ATPgS and 50 µM ryanodine. Changes in capacitance were monitored over time. Data are means
± SEM from 6 separate experiments.
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activation of the cAMP effector PKA (17). To determine whether Ca2+ signaling and PKA

activities were important in purinergic receptor-mediated exocytosis in bladder umbrella cells the

following experiments were performed.

When isolated uroepithelium was incubated with the nonhydrolyzable ATP analog

ATPgS in the absence of hydrostatic pressure, membrane capacitance increased ~60% after the

5-hour incubation period (Figure 4-13A). However, when the tissue was treated with serosal

ATPgS in the absence of extracellular Ca2+ and pressure, capacitance increase was significantly

inhibited (Figure 4-13A). Similarly, when the uroepithelium was treated with serosal ATPgS and

75 µM 2-aminoethoxydiphenylborate (APB), a drug that inhibited Ca2+ release from IP3-

dependent stores in the ER, capacitance increase was blocked (Figure 4-13B). When the tissue

was incubated with serosal ATPgS and 50 µM ryanodine, a blocker of Ca2+ release from

ryanodine-dependent stores in the ER, membrane capacitance increase was slightly inhibited

compared to ATPgS treatment alone (Figure 4-13C). In the presence of serosal ATPgS and the

specific PKA inhibitor H89, capacitance increase was inhibited (Figure 4-14). These data

indicated that purinergic receptor-mediated exocytosis in bladder umbrella cells may rely on

Ca2+ and PKA-dependent signaling pathways.

Figure 4-14. Effect of H89 on purinergic
receptor-mediated exocytosis in umbrella
cells. Bladder tissue was mounted in the
chamber and allowed to equilibrate.
Following equilibration, the tissue was either
treated with 50 µM serosal ATPgS alone, or
treated with both serosal ATPgS and 10 µM
H-89. Changes in capacitance were
monitored over time. Data are means ± SEM
from 6 separate experiments.
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DISCUSSION

Pressure stimulates ATP release from uroepithelium

ATP is released from both the serosal and the mucosal surface of the rabbit uroepithelium

immediately upon pressure stimulation (Figure 4-15). This is consistent with previous

observations where exposing the uroepithelium to hydrostatic pressure caused significant

amounts of ATP release (62, 221). However, Ferguson, et al. reported that ATP release occurred

only from the serosal surface of uroepithelium exposed to hydrostatic pressure, not from the

mucosal surface (62). Because the uroepithelium prepared by Ferguson and colleagues did not

exhibit high TER (~200 W*cm2), the integrity of the uroepithelial cells may have been

compromised, and as a result ATP was depleted during the washing procedure (62). Also, since

uroepithelial ATP release is highly pressure-sensitive, it was possible that the majority of

mucosal ATP was depleted during tissue handling. The small amount of serosal ATP detected

during pressure stimulation was the residual ATP in uroepithelial cells. Finally, differences in the

levels of hydrostatic pressure, 3.5 cmH2O (62) versus 8 cmH2O (see Chapter 2) may account for

differences in ATP release. The minimal amount of hydrostatic pressure required for mucosal

ATP release may be greater than 3.5 cmH2O.

The extent of ATP release from the mucosal membrane was much greater than ATP

released from the serosal membrane. In previous studies, it has been reported that the

extracellular ATP concentration required for P2X receptor activation is in the micromolar range

(30, 167). Since ATP released from the mucosal membrane is immediately exposed to a large

volume of urine, significant ATP release is required to maintain a high local ATP concentration.

In addition to the dilution factor, ATP is prone to degradation by ectonucleotidases on the

extracellular face of the mucosal membrane and soluble exonucleotidases (168). Releasing large
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Figure 4-15. Model for ATP and purinergic receptor-regulated exocytosis / endocytosis in bladder umbrella
cells. Bladder filling increases hydrostatic pressure, stimulating release of ATP from the uroepithelium via
vesicular and connexin hemichannel mechanisms (steps 1 and 2). The released ATP can bind to P2X3

receptors present on afferent nerve processes (step 3), increasing nerve firing and relaying bladder filling to the
central nervous system (CNS) (step 4). Afferent neurons can release ATP through exocytosis of synaptic
vesicle (SV) content (step 5). ATP released from either the afferent neurons or the uroepithelium can bind to
P2X2 and/or P2X3 receptors, and perhaps P2Y receptors, on the umbrella cell (step 6). ATP released from the
mucosal membrane may also result in activation of adenosine (P1) receptors. ATP binding stimulates
increases in intracellular Ca2+ (a result of Ca2+ influx from outside the cell and efflux from IP3 and ryanodine-
dependent intracellular stores). ATP binding also activates PKA, which signals discoidal/fusiform vesicle
exocytosis (step 7). ATP may also bind to purinergic receptors on the basal/intermediate cells (step 8), which
stimulate release of “secretagogues” that act upon umbrella cells to stimulate vesicle exocytosis (step 9). In
addition to exocytosis, ATP released form the uroepithelium and afferent neurons may activate purinergic
receptors on umbrella cells and stimulate endocytosis via unknown signaling pathways (step 11, dash line).
Umbrella cell endocytosis may also occur indirectly via activation of purinergic receptors on
basal/intermediate cells, which stimulate release of “secretagogues” that stimulate umbrella cell endocytosis
(step 12, dash line). Dark grey cells indicate umbrella cells. Light grey cells indicate intermediate and basal
cells



128

amounts of ATP into the mucosal media would slow the degratory process mediated by the

extracellular ATPases.

Release of ATP under conditions of increased hydrostatic pressure was measured in the

presence of BFA, which completely blocked pressure-induced ATP release. This result indicates

that ATP release is via a vesicular-dependent pathway (Figure 4-15) and disagreed with the

observations made by Ferguson and colleagues who argued that ATP release is nonvesicular due

to calcium independence and lack of ATP-containing neurosecretory-like vesicles in the

uroepithelial cells (61, 62). Although I have not directly measured the effect of Ca2+ depletion on

ATP release, it is known that there is a large population of cytoplasmic vesicles in the umbrella

cells and intermediate cells. When the umbrella cells are incubated in minimal extracellular Ca2+

or treated with an intracellular Ca2+ depleting agent (APB) pressure-induced exocytosis is

blocked (see Chapter 2). In the ATP release experiments performed by Ferguson and colleagues,

it should be noted that removal of extracellular Ca2+ from cell bathing media is extremely

difficult. Therefore, extracellular Ca2+ may still be present at a low concentration sufficient for

vesicular ATP release.

To further examine whether ATP release is vesicular, I used quinacrine. Because of its

high affinity for ATP, quinacrine has been used to locate intracellular stores of ATP (109, 169).

In the umbrella cells, quinacrine fluorescence appeared granular and exclusively localized in the

cytoplasm. The punctate staining pattern is similar to that observed in other cell types such as

endothelial cells and ocular ciliary epithelial cells where mechanically-induced ATP release is

via vesicular mechanisms (24, 155). The nature of these quinacrine-positive vesicles in the

umbrella cells is currently unknown. However, it is likely that they are discoidal/fusiform

vesicles that traffic to and from the apical membrane of the umbrella cells (Figure 4-15). Further,
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these vesicles have been shown in previous studies to be storage sites for secretagogue such as

growth hormones and urinary proteases (e.g. tissue-type plasminogen activator and urokinase)

(48, 113) and therefore may share similar function with neurosecretory vesicles that co-release

ATP with neurotransmitters (168).

In addition to vesicular-dependent mechanism of ATP release, nonvesicular-dependent

mechanisms are implicated in other cell types (203). To investigate the involvement of connexin

hemichannels in pressure-induced ATP release from uroepithelial cells uroepithelium was

mounted in Ussing chambers and treated with various inhibitors. In the presence of anandamide,

significant amount of ATP release from the uroepithelium was blocked. This indicated that

connexin hemichannels are involved in transporting ATP from the cytoplasm to the extracellular

milieu (Figure 4-15). However, it should be noted that anandamide could affect other ion

channels as well, including the capsaicin-activated ion channel vanilloid receptor (VR1).

Alternatively, connexin hemichannels may mediate intercellular Ca2+ signaling such as

propagation of Ca2+ waves from one cell to another to enhance ATP release (74), or delivery of

connexin hemichannels to the plasma membrane may also depend on vesicle exocytosis.

Therefore, connexin hemichannels may not be involved in ATP transport, but instead stimulate

the propagation of biochemical signals that enhance ATP release. BFA-sensitive ATP release

may also reflect a block in delivery of functional connexin hemichannel to the plasma membrane

rather then inhibition of ATP transport by the channels. Further studies will need to be performed

to address these possibilities.

Glibenclamide, an inhibitor of both the sulfonylurea receptor and CFTR (65, 196), was

used to investigate the involvement of ABC proteins in the transport of ATP from the

uroepithelial cells. Our results showed that glibenclamide had no effect on the pressure-induced
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release of ATP from the uroepithelium. There could be several reasons for this: the role of these

ABC proteins in the direct transport of ATP across membrane is still debated and it has been

shown that purified CFTR does not function as an ATP transporter (142). ABC proteins may

indirectly transport ATP as part of a heterogeneous molecular complex and may not be a vital

requirement for ATP transport. Isolating the uroepithelium from its physiological environment

(removal of muscle, nerves, and urine) may alter external cues that are required for receptor

function. Finally, differences in gene expression (ABC protein) could exist in uroepithelium

from rabbits to other animal species.

ATP stimulates umbrella cell exocytosis

To examine the role of ATP on umbrella cell exocytosis, the effects of exogenously added ATP,

ATPgS, and the ATPase apyrase was examined. My results indicated that not only can

endogenous ATP stimulate exocytosis in umbrella cells (Figure 4-15), but exogenously added

ATP can stimulate the exocytic response as well. Interestingly, serosal addition of ATP elicited

greater exocytic responses then mucosal ATP addition (see Table 4-1). This indicated that

different isoforms of ATP-sensitive purinergic receptors may be expressed on the apical and

basolateral membrane of the uroepithelial cells. These purinergic receptor isoforms may exhibit

slightly different sensitivity to ATP, and as a result, differentially stimulate umbrella cell

exocytosis. It should also be noted that under physiological conditions, ATP, once it is released

from the uroepithelial cell surfaces are targets of soluble as well as membrane bound

nucleotidases. The degraded products of ATP, including ADP, may activate P2X (see Table 4-2)

and P2Y receptor isoforms to different degrees of potency. Another degraded product of ATP,

adenosine, may stimulate adenosine receptors (18, 66, 187). In fact, when apyrase was incubated
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with the mucosal bathing media, a slight stimulatory effect was observed upon pressure

stimulation. This could be attributed to activation of adenosine receptors and other purine-

activated receptors. Yu, et al. has shown that treating isolated pieces of rabbit uroepithelium with

mucosal adenosine receptor agonists can stimulate umbrella cell exocytosis in the absence of

pressure stimulation (Figure 4-15) (245). Therefore, potential regulatory roles for adenosine

receptors on the apical membrane of the umbrella cell cannot be ruled out.

ATPgS-induced exocytosis was only observed when ATPgS was added into the serosal

bathing media. No changes in membrane capacitance were observed when ATPgS was

administered into the mucosal media. Again, the serosal and mucosal surfaces of the

uroepithelium may express different isoforms of purinergic receptors, and as a result, respond

differently to ATPgS (see Table 4-2). It is equally possible that adenosine receptors are the

primary regulators of umbrella cell exocytosis via the mucosal surface of the uroepithelium.

Therefore, the nonhydrolizable property of ATPgS prevented endogenous ATPases from

generating adenosine.

P2X receptor can modulate pressure-induced exocytosis

The effects of ATP released into the extracellular space depend on the specific receptors

expressed in the tissue. In previous studies, P2X2, P2X3, P2X4, and P2X5 were localized to the

uroepithelial cells (58, 61, 125). However, the roles of these receptors in the biology of

uroepithelial cells are unknown. One important feature of umbrella cells is its ability to

commence exocytosis upon exposure to hydrostatic pressure. To determine whether purinergic

receptors regulate pressure-induced exocytosis in umbrella cells, isolated uroepithelium was

stimulated with the nonselective purinergic receptor antagonist PPADS and the data showed that
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pressure-induced exocytosis was blocked. Since there are no selective agonists or antagonists for

P2X or P2Y receptors, it was not possible to determine which P2 receptors are involved in

modulating pressure-induced exocytosis. However, I saw no effect when the potent P2Y (UTP)

or P2X (2-MethSATP) agonist was added into the serosal bathing media indicating that only

serosal P2X receptors could modulate pressure-induced exocytosis. This conclusion should be

interpreted with caution as P2 receptor agonists (e.g. ATP and 2-MethSATP) can also activate

P2Y receptors (29). In a recent study, Jung and colleagues demonstrated that exocytosis in

pancreatic duct epithelial cells is dependent on Ca2+, cAMP, and P2Y receptors (111). Since Ca2+

and cAMP are intracellular modulators of exocytosis in umbrella cells (see Chapter 2) the

possibility that P2Y receptors may regulate exocytosis from the apical membrane of umbrella

cells cannot be ruled out.

P2X2 and P2X3 receptors can modulate pressure-induced exocytosis in umbrella cells

To further examine the importance of P2X receptors in pressure-induce exocytosis two different

experimental approaches were used. A common, pharmacology approach was used to show that

P2X2 and P2X3 receptor isoforms on the mucosal membrane of the uroepithelium are important

modulators of umbrella cell exocytosis. The rationale for choosing this approach was because no

selective agonists or antagonists for different P2X receptor isoforms are currently available, but

also because it was relatively easy to generate the pharmacology profile for agonist-induced

exocytosis in umbrella cells. Despite the relative ease of this approach, there are several

drawbacks. For example, the reported pharmacology profiles for different P2X receptor isoforms

in the literature (Table 4-2) were generated using heterologous expression systems such as

human embryonic kidney 293 (HEK293) cells and xenopus oocytes (167). When rat or mouse
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P2X receptor isoforms are expressed in non-native environments, the receptors may not function

in physiological manners. One reason may be because many P2X receptors function in hetero-

oligomeric forms (e.g. P2X1/5, P2X2/3, P2X2/6, and P2X4/6) (167). Some P2X receptors (e.g.

P2X2) also have alternative splice variants that exhibit different pharmacology profile from the

full-length receptors (see discussion below) (25). Additionally, the uroepithelium may express

multiple isoforms of purinergic receptors, complicating the pharmacology results. Any of the

aforementioned reasons would obscure the pharmacology data.

To confirm that P2X2 and P2X3 receptors are important regulators of umbrella cell

exocytosis, P2X receptor null mice were obtained from Roche Bioscience, Palo Alto. In the

absence of P2X3 receptors, pressure-induced exocytosis in umbrella cells was completely

blocked. In contrast, when P2X2 receptor was absent from the mice bladder, there was a net

decrease in capacitance after pressure stimulation. One possible explanation for this is that in

addition to modulating pressure-induced exocytosis, P2X receptors may modulate pressure-

induced endocytosis in umbrella cells (Figure 4-15). The role of P2X receptors in pressure-

induced endocytosis will be discussed further below.

Expression and localization of P2X2 and P2X3 in the uroepithelium

The expression of P2X2 and P2X3 purinergic receptors in the uroepithelium was examined by

Western blot analysis. The predicted core protein for P2X2 receptors (~53 kDa) was identified in

rat uroepithelial cell lysate, indicating that P2X2 receptors are expressed in the rat uroepithelium.

However, Western blot analysis using the polyclonal anti-P2X2 antisera also detected several

smaller molecular weight species ranging from ~30 kDa to ~36 kDa. One potential explanation

for the smaller molecular weight species may be due to alternative splicing. In previous studies,
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Brandle and colleagues detected several alternative splice variants of P2X2 receptor in rat tissues

using the polymerase chain reaction (PCR) (25). The PCR products resulted in three distinct

bands of ~30 kDa, ~33 kDa, and ~36 kDa (25). Two of these PCR products, P2X2 (~36 kDa) and

P2X2-2 (~30 kDa), yielded functional receptor/channel with significant differences in

desensitization time constants and steady-state currents in the continuous presence of ATP. In

contrast, the ~33 kDa PCR product was uncharacterized and PCR analysis indicated that it may

be an artifact created by the interaction of the P2X2 splice variant isoforms (25). In addition to

the small molecular weight bands, an ~60 kDa band was also detected by Western blot analysis,

consistent with the molecular weight of the single or double N-linked glycosylated form of P2X2

receptors (211).

Similar to the expression of P2X2 receptors, P2X3 receptors are also detected by Western

blot in the rat uroepithelium. Using a polyclonal anti-P2X3 receptor antiserum, the predicted core

protein for P2X3 receptor (~43 kDa) was observed. Other molecular weight species detected by

the P2X3 antiserum include a high and a low molecular weight band that may correspond to

glycosylated form of the P2X3 receptor and splice variant, respectively. Alternatively, the low

molecular weight species may be degraded product of the P2X3 receptor. The exact identities of

the nonpredicted core proteins are currently unknown.

In mouse and rat uroepithelium, P2X2 and P2X3 receptor-specific staining were localized

to the umbrella cell layer and P2X2 receptor was also found on the smooth muscles as previously

reported (125, 220). While most of the receptors appeared in punctate intracellular structures

within the umbrella cells, membrane-bound receptors were hard to distinguish. In contrast, P2X3

receptor-specific staining was found throughout the rabbit uroepithelium. The basolateral plasma

membrane of the umbrella cells and the plasma membrane of the intermediate and basal cells
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showed distinct punctate membrane associated P2X3 staining (Figure 4-15). This is not

surprising as pharmacology experiments using P2X receptor agonists or antagonists were most

effective when applied from the serosal membrane of the rabbit uroepithelium, indicating that the

signaling pathways that stimulated exocytosis occurred via the serosal P2X receptors (Figure 4-

15). The more surprising result was the robust localization of P2X3 receptors at the tight

junctions that may regulate the expression of tight junction proteins during filling to

accommodate the substantial morphological changes that occur in umbrella cell (214, 225).

While the significance of P2X3 receptors at the tight junctions is unknown, results from current

studies underscore the importance of P2X3 receptors during the filling response.

ATPgS stimulates apical endocytosis in umbrella cells

In this study, I have shown that agonist stimulation led to umbrella cell apical plasma membrane

internalization (Figure 4-15). Using a biotin protection assay it was estimated that ~80% of a

select subset of biotinylated membrane proteins (~66 kDa and ~50 kDa species) was internalized

after 2 hours of continued presence of ATPgS. This indicated that ATPgS was able to selectively

stimulate certain receptor-mediated endocytic events. Alternatively, the potency of ATPgS on

activating internalization of membrane proteins may be diverse. Some membrane proteins may

exhibit a rapid internalization kinetic in the presence of ATPgS, while others may exhibit slower

kinetics. Regardless, this is the first evidence demonstrating that ATP may be involved in

regulation of pressure-induced endocytosis in the bladder umbrella cells.

Under physiological conditions it is known that hydrostatic pressure stimulates

endocytosis in the umbrella cells. However, the signaling pathways that regulate endocytosis are

unknown. The data from this study indicated that ATP released into the extracellular milieu may
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activate purinergic receptors on the serosal membrane of the uroepithelial cells, leading to

internalization of apical membrane proteins (Figure 4-15). This is consistent with recent studies

where agonist stimulation resulted in internalization of biotinylated P2X1 receptors (59) and

activation of a P2X7-like receptor in thyrocytes stimulated exocytosis and endocytosis (119).

Similarly, endocytosis of P2Y receptors was stimulated upon uridine nucleotide treatment (27).

Results from this study showed that in addition to purinergic receptors, other apical membrane-

associated proteins were internalized as well, including uroplakins, albumin, and other

unidentified plasma membrane proteins.

ATPgS-activated exocytosis is dependent on Ca2+ and PKA

While purinergic receptor activation can induce exocytosis in bladder umbrella cells, the

downstream effectors and signaling molecules that can modulate the exocytic event remain

unknown. Studies presented in Chapter 2 of this dissertation indicated that Ca2+ and PKA are

important modulators of pressure-induced exocytosis in umbrella cells. However, it is unknown

whether Ca2+ and PKA activities are required for purinergic receptor-induced exocytosis in

umbrella cells. By incubating the uroepithelium in minimal Ca2+ bathing solution, membrane

capacitance was inhibited when stimulated with serosal ATPgS. Similarly, when release of Ca2+

from intracellular stores was blocked, capacitance increase was inhibited. These results indicated

that purinergic receptor mediated exocytosis is dependent on Ca2+ entering the cell from

extracellular milieu, as well as intracellular release of Ca2+ from both IP3-sensitive and

ryanodine-sensitive stores in the ER (Figure 4-15).

Consistent with earlier studies (see Chapter 2), exocytosis in umbrella cells was also

PKA-dependent in purinergic receptor activated tissues (Figure 4-15). Although it is unknown
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whether PKA activation is dependent on cAMP or increased intracellular Ca2+. Previous studies

have indicated that PKA can be activated via both mechanisms (cAMP and/or increased Ca2+).

Clearly, additional work will be required to elucidate the signaling molecules that function in the

purinergic receptor mediated exocytic response. These results are consistent with the functional

roles of P2X and P2Y receptors that can stimulate exocytosis in a variety of cell types via

increased intracellular Ca2+ and/or activation of PKA via the adenylate cyclase signaling

pathways (29).
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SUMMARY AND CONCLUSIONS

The mammalian urinary bladder was once thought to be a static organ that functioned primarily

to store the urine and prevent the toxic components of urine from entering the underlying tissues.

However, recent advances in research methods and experimental systems have allowed a closer

examination of the urinary bladder, opening up several interesting facets of the bladder that we

are only beginning to understand. One interesting feature of the bladder is the presence of

various mechanosensitive ion transport pathways. Activation of these pressure-sensitive ion

channels may affect uroepithelial cell biology, including release of regulatory factors (e.g.

proteases, hormones, and chemical messengers) from the uroepithelium. In addition, the

uroepithelium may provide a means of retriving crucial soluble proteins that are filtered by the

kidney (e.g. albumin). Another feature of the bladder is its ability to accommodate large

fluctuations in urine volume. This latter feature has important implications as understanding the

accommodative responses of the bladder and the effect of filling on uroepithelial cell biology

may provide greater insights to how other mechanosensitive cells react to external forces.

In this dissertation, several aspects of the bladder accommodative responses were

examined. Using a novel pressure chamber system that mimicked urine filling the effects of

hydrostatic pressure on membrane traffic in the bladder umbrella cells were investigated. The

signaling mechanisms that modulate the accommodative responses were explored as well,

including identification of mechanotransducers such as pressure-activated ion channels and
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plasma membrane receptors, and important signaling molecules such as ATP, cAMP, Ca2+, and

PKA. The following sections will examine how the experiments presented in this dissertation

have increased our understanding and opened up future directions in urinary bladder research.

Development of a pressure chamber system

Examining the adaptive responses of the uroepithelium in the original Ussing chamber system

was a major advance in bladder research. The Ussing chambers allowed Lewis and de Moura to

make real-time measurements of the bladder lumenal surface area in response to osmotic or

hydrostatic pressure (135). However, the design of the Ussing chambers only allowed for small

increases in hydrostatic pressure, which in turn yielded only modest increases in capacitance

(17%). Substantial increases in membrane capacitance were observed when the tissue was

subjected to osmotic stress (77%), undermining the physiological significance of the data. To

further our understanding of the bladder accommodative responses, steps were taken to improve

the design of the existing Ussing chamber system. By closing off the mucosal chamber to the

outside air, a physiological pressure could be administered to mimic the filling process in intact

bladder while membrane capacitance could be measured to monitor real-time changes in the

apical surface area of the umbrella cell.

Using this modified Ussing chamber system, filling responses of the urinary bladder

epithelium were investigated. The effect of hydrostatic pressure on the morphology of the

umbrella cell and the substantial stimulatory effect on umbrella cell apical membrane surface

area were consistent with normal physiological responses during the urine-filling process. These

observations demonstrated that the pressure chambers could be powerful tools for examining

unanswered questions of bladder biology. Some unexplored aspects of the bladder include, the
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transport itinerary of discoidal vesicles during pressure stimulation, effects of mechanical stimuli

on tight junction proteins, role of mechanosensors, and the role of potential mechanotransducers

(e.g. purinoceptors, integrin receptors, and receptor tyrosine kinases) during the filling process.

The pressure chambers can also be used to examine accommodative responses of the bladder

during disease states (e.g. interstitial cystitis). With the availability of animal models of cystitis,

diseased uroepithelium can be mounted in the pressure chambers, and the effect of physiological

pressure stimuli on bladder functions, including barrier, ion transport, and mechanotransduction,

can be examined. The following sections will explore the potential future applications of these

pressure chambers.

Pressure-induced exocytosis

Although our data indicated that hydrostatic pressure caused exocytosis of discoidal vesicles at

the apical plasma membrane of the umbrella cells, it was unknown whether exocytosis occurred

at the basolateral membrane of the umbrella cell as well. Stereological analysis indicated no

significant changes in the basolateral membrane surface area after a 5-hour period of pressure

stimulation. However, this did not exclude the possibility that fusion of the discoidal vesicles

with the basolateral membrane was immediately followed by vesicle internalization. Moreover,

since the basolateral surface of the umbrella cells did not contain detectable levels of uroplakin at

steady state, recycling of the basolateral membrane cannot be ruled out.

Intermediate cells of the uroepithelium also contain UPIII-positive cytoplasmic vesicles.

The role of cytoplasmic vesicles in these cells during the filling response is currently unknown.

A recent preliminary experiment performed by Truschel, et al. indicated that increased

hydrostatic pressure did not stimulate significant changes in intermediate cell surface area
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despite disappearance of UPIII-positive vesicles (212). Immuno-EM also did not demonstrate

presence of UPIII on intermediate cell plasma membrane (212). These data indicated that the

UPIII-positive cytoplasmic vesicles in the intermediate cells may not function akin to discoidal

vesicles that fuse with the apical membrane of the umbrella cells. Increased hydrostatic pressure

may stimulate rapid UPIII-positive vesicle exocytosis/endocytosis in intermediate cells and

delivery to lysosomes for degradation, or the vesicles may be trafficked directly to the

lysosomes. However, these ideas are speculative. To further examine whether hydrostatic

pressure can stimulate intermediate cell exocytosis, a more thorough stereological analysis of the

plasma membrane surface area of intermediate cells will be required. If exocytosis is stimulated,

membrane surface area of intermediate cells exposed to hydrostatic pressure will be significantly

greater then control, unstimulated cells. The trafficking itinerary of UPIII-positive vesicles in

intermediate cells will need to be further elucidated as well. Understanding the dynamics of these

vesicles may help us understand how supporting cells of other epithelia respond to mechanical

stimuli.

Pressure-induced endocytosis

Despite the supportive evidence for pressure-induced exocytosis in umbrella cells, our data

indicated that other pressure-induced events may be occurring simultaneously. First,

stereological analysis indicated that the increase in umbrella cell apical surface area was less than

one-third of the decrease in vesicle surface area. Second, the total amount of UPIII decreased

significantly after the 5-hour period of pressure stimulation. The reason for these observations

was that increased pressure not only stimulated exocytosis, but pressure also stimulated

endocytosis and delivery of internalized membrane components to the lysosomes.
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I did not explore the molecular mechanisms by which pressure-induced endocytosis

occurred. Examination of the umbrella cell apical plasma membrane by electron microscopy did

not reveal the presence of clathrin-coated pits nor caveolae (data not shown), indicating that

endocytosis may be clathrin- and caveolae-independent. To test this idea in the future, the role of

clathrin-mediated endocytosis will be examined during pressure stimulation. Several ways to

abate clathrin-mediated internalization include potassium depletion, cytosol acidification, and

treating the tissue with hypertonic bathing media (11, 93, 174). If pressure-induced endocytosis

is independent of clathrin, these treatments should have no effect. Alternatively, a dominant

negative mutant of dynamin, which has been shown previously to inhibit both clathrin- and

caveolae-dependent endocytosis (166, 217) could be used since a transfection protocol for

bladder uroepithelium is now available (112). The inability of the dynamin mutant to inhibit

pressure-induced endocytosis would indicate that clathrin and caveolae are not involved in this

membrane internalization.

In contrast to the apical plasma membrane, electron microscopy analysis revealed that the

basolateral membrane of the umbrella cells contain clathrin-coated pits (data not shown). The

discovery of clathrin-coated invaginations on the basolateral surface indicated that endocytosis

from each membrane may be differentially regulated. Whether endocytosis from the basolateral

membrane is stimulated by hydrostatic pressure is unknown. However, since stereological

analysis did not show statistically significant changes in basolateral membrane surface area,

endocytosis from the basolateral surface may be coupled with fusion of discoidal vesicles along

the basolateral membrane, resulting in rapid recycling of membrane components. This idea

would agree with the lack of steady-state expression of UPIII on the basolateral membrane. A
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simple uptake experiment using fluid phase marker incubated in the serosal bathing media can be

used to test whether pressure-induced endocytosis occur via the basolateral membrane surface.

The role of pressure-induced endocytosis is still speculative. At first glance, increased

endocytosis during pressure stimulation may appear counter-intuitive. However, it can

synchronize with exocytosis to fine-tune the addition or retrieval of membrane surface area.

Endocytosis may also provide a method for self-repair of damaged membrane components.

Interestingly, receptor-mediated reabsorption of important kidney-filtrate may occur in the

bladder, including internalization of albumin via the albumin receptor GP60 (210, 222).

Resensitization of purinergic receptors after prolonged exposure to its physiological ligand ATP

may depend on pressure-activated endocytosis as well. Regardless of its function, endocytosis

during filling may play an important role in the normal function of the bladder.

Intracellular modulators of pressure-induced exocytosis

In isolated uroepithelium, the signaling molecules involved in pressure-induced endocytosis are

unknown. However, several important modulators of pressure-induced exocytosis were

identified. Similar to other regulated secretory events, extracellular and intracellular Ca2+

signaling played an important role in modulating exocytosis in umbrella cells (see Chapter 2 and

4). Sources of intracellular Ca2+ signaling include IP3- and ryanodine-sensitive stores in the ER.

To confirm that hydrostatic pressure can stimulate Ca2+ increase in umbrella cells, live

uroepithelium can be mounted in a newly designed pressure chamber (courtesy of Dr. Gerard

Apodaca) fitted for the confocal microscope. The effect of pressure on intracellular Ca2+

concentrations can be assessed in live cells using cell permeable Ca2+ indicators Fluo-3-

acetoxymethyl (Flou-3-AM) and Fura-Red-acetoxymethyl (Fura-Red-AM). If umbrella cell
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exocytosis is Ca2+-dependent, then intracellular Ca2+ concentration should rise when the tissue is

exposed to pressure. Alternative possibilities include Ca2+-induced release of a secretagogue (e.g.

ATP) from intermediate and/or basal cells, which then stimulates umbrella cell exocytosis.

Subsequent downstream Ca2+ effectors, which include Ca2+ sensitive isoforms of

adenylate cyclase, phospholipase Cd, and membrane channels, may have profound effects on

pressure-induced umbrella cell exocytosis. Numerous blockers and inhibitors that can alter the

activities of these Ca2+ effectors are commercially available. Future studies could include

examination of the drug effects on pressure-induced exocytosis. Any deviation from the control

response (no drug treatment) would implicate the Ca2+ effectors in the filling response.

In addition to Ca2+, hydrostatic pressure also stimulated cAMP production in the

uroepithelium. When isolated uroepithelium was treated with forskolin to artificially raise

intracellular levels of cAMP, umbrella cell exocytosis but not endocytosis was dramatically

increased. Treating the uroepithelium with forskolin and H89, a specific inhibitor of the cAMP

effector PKA, also significantly inhibited umbrella cell exocytosis, indicating that PKA

activation is downstream of adenylate cyclase activation. Although adenylate cyclase and PKA

are implicated in pressure-induced increases in umbrella cell surface area, the specific adenylate

cyclase isoforms and PKA subtypes involved in this process are unknown. Adenylate cyclase

enzymes are divided into nine subfamilies based on their regulatory patterns. Group 1 isoforms

(I, III, and VIII) are stimulated by calcium/calmodulin. Group 2 isoforms (II, IV, and VII) are

regulated by G protein bg-subunits. Group 3 isoforms (V and VI) are regulated by PKA and

protein kinase C (PKC), and the group 4 isoform (IX) is characterized by insensitivity to

calcium, G-protein bg-subunits, or forskolin. In contrast, PKA is defined by two different

subtypes, type I and type II. To further understand the cAMP and PKA-dependent signaling
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pathways in the uroepithelium, future investigators can identify the dominant isoforms of

adenylate cyclase expressed in the uroepithelium. Antibodies specific for various adenylate

cyclase isoforms are commercially available and can be used for immunoblot analysis. In

addition, combinations of cAMP analogs that can selectively activate PKA type I (N-6-

monobutyryl-cAMP and 8-(6-aminohexyl)-amino-cAMP) or PKA type II (N-6-monobutyryl-

cAMP and 8-(4-chlorophenylthio)-cAMP) can be used in pressure chamber experiments to

determine the specific PKA subtypes that can induce umbrella cell exocytosis in the absence of

pressure. Understanding the function of these intracellular modulators during the bladder filling

process will increase our understanding of mechanotransduction in other cell types. Furthermore,

it may improve strategies in designing effective drugs against intracellular molecules that are

vital in various bladder ailments.

Mechanotransduction in the urinary bladder

The ability of the bladder to sense cyclical changes in urine volume and initiate the appropriate

accommodative responses is an important feature. This depends on the presence of

mechanosensors that can detect pressure differences in the lumen space and mechanotransducers

that can collaborate the relay of mechanical signals to intracellular components. In the bladder,

the mechanosensor that detects urine-induced pressure changes is unknown. However, research

presented in this dissertation indicated that pressure-activated ion channels could be ideal

candidates. In addition, membrane receptors such as purinergic receptors may play important

roles in mechanotransduction. These studies have furthered our understanding of

mechanotransduction in the urinary bladder.
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Role of ATP

The bladder uroepithelium released significant amounts of ATP from both the mucosal and

serosal membrane when stimulated by hydrostatic pressure. However, the mechanosensor that

facilitates ATP release is unknown. One possibility is that ATP release may depend on the

activity of the ENaC (62). But this is unlikely as the ENaC blocker amiloride did not block

pressure-induced rises in membrane capacitance (data not shown) and increases in membrane

capacitance were dependent on ATP release. ATP release may also require expression of

vanilloid receptor 1 (VR1), an ion channel expressed by nociceptive afferent neurons and the

uroepithelium (20, 21). It is currently unknown how VR1 modulates ATP release from the

uroepithelium. Bladder preparations lacking VR1 failed to release ATP in response to

hydrostatic pressure, and as a result, membrane capacitance was inhibited as well (21). These

observations are worthy of future examination as VR1 may coordinate ATP release by regulating

levels of intracellular Ca2+. This can be tested by measuring intracellular Ca2+ concentrations of

uroepithelial cells (see above) in the presence of capsaicin, a potent activator of VR1 receptor.

VR1 may also associate with other ion channels or non-ion channel proteins to form

mechanosensory complexes to regulate umbrella cell membrane trafficking. It was shown by

Guo and colleagues that VR1 receptors colocalized with P2X3 receptors (88). Future studies

using cross-linking agents will allow us to determine whether VR1 receptors are associated with

other membrane proteins to form putative mechanosensitive complexes. Examination of P2X

receptor activities in VR1 knockout mice bladders will reveal whether expression and function of

P2X receptors are VR1-dependent.

While pressure-induced ATP release into mucosal and serosal bathing media can activate

membrane receptors, the source of ATP release is currently unknown. Quinacrine staining in the
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uroepithelium demonstrated punctate ATP-containing structures in the umbrella cell layer, but

punctate staining was observed in the underlining intermediate and basal cell layers as well (data

not shown). The observations that ATP-containing vesicles were present throughout the

uroepithelial cell layers indicated that ATP release could modulate important cellular functions,

not only in bladder umbrella cells, but also in intermediate cells, basal cells, and the smooth

muscle cells. The effects of ATP on intermediate and basal cells are currently unknown, but may

include alteration in membrane biology and volume regulatory responses. Clearly, smooth

musculature surrounding the uroepithelium can respond to ATP as P2X1 and P2X2 receptors are

localized on the membrane and cytoplasm of the smooth muscle cells, respectively (125). In the

future, additional work will be required to examine the functional role of ATP on the biology of

the intermediate cells, basal cells, and the smooth muscle cells during the urine-filling process.

Stereological analysis of intermediate and basal cells will determine whether ATP stimulation

alone can increase membrane surface area and cell volume.

Purinergic receptors

Another potential mechanotransducer in the bladder uroepithelium is the purinergic (P2)

receptor. Several P2X receptor isoforms are expressed on the plasma membrane of uroepithelial

cells, including the umbrella cells, but nothing is known about the functional role of P2X

receptors in membrane trafficking of umbrella cells. Ferguson and colleagues have proposed that

P2X receptors are ideal mechanotransducers in the bladder uroepithelium (62). We observed that

general inhibitors of P2 receptors inhibited pressure-induced exocytosis, indicating that P2

receptor activities are required during the filling response. Significantly, pressure-activated

exocytosis is blocked in P2X2 or P2X3 knockout mice bladder, further implicating P2X2 and/or
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P2X3 receptor homomers or heteromers in discoidal vesicle exocytosis during filling. Additional

studies will be necessary to determine the role of P2X2/3 heteromer in pressure-stimulated

exocytosis. This can be examined by immunofluorescent colocalization studies using

commercially available P2X2 or P2X3 antibodies in wild type animal bladders.

Hydrostatic pressure also stimulated endocytosis in bladder umbrella cells. Absence of

P2X2 receptors in knockout mice bladders resulted in a net decrease in membrane capacitance,

implicating P2X-mediated endocytosis. When isolated uroepithelium was treated with ATPgS, a

subset of biotinylated membrane protein was internalized as well, including albumin (~66 kDa)

and UPIII (~47 kDa). The observation that ATPgS could stimulate internalization of some

biotinylated membrane proteins indicated that P2X receptors may selectively activate some

receptor-mediated endocytic pathways. One potential pathway is the uptake of albumin via the

albumin receptor GP60 (210, 222). Other pathways include internalization of uroplakin proteins.

Future studies will be required to determine whether the physiological P2X receptor activator

ATP can stimulate endocytosis of biotinylated membrane proteins. In addition, pharmacology

studies using synthetic P2X receptor agonists can be incubated with the uroepithelium in

endocytosis assays to generate the rank potency of agonists for comparison with pharmacology

profiles of known P2X receptor isoforms. This will provide clues to which P2X receptor

subtypes are modulators of pressure-induced endocytosis in umbrella cells, and possibly increase

our understanding of endocytic mechanisms of other mechanosensitive cell types.

At present, any role for P2Y receptors is unclear, although there are preliminary data

implicating P2Y receptor in discoidal vesicle exocytosis using potent P2Y receptor agonists (data

not shown). Additional pharmacology studies using the pressure chambers will be required to

examine the role of specific P2Y receptor isoforms in umbrella cell exocytosis in the future.
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Pressure-activated ion channels

While hydrostatic pressure could stimulate exocytosis in bladder umbrella cells, the

mechanosensors that detect pressure changes and initiate the signaling pathways for exocytosis

are unknown. One potential mechanosensor is the nonselective cation channel (NSC) on the

apical membrane of umbrella cells. Another potential pressure sensor on the umbrella cell apial

membrane is the pressure-sentitive Cl- channel. Pressure-activated NSC activities in the umbrella

cells were sensitive to amiloride, TEA, Ba2+, and Gd3+. Pressure-regulated Cl- transport was

confirmed by elevated 36Cl- flux across the uroepithelium during pressure stimulation. Activation

of these channels by hydrostatic pressure could alter the membrane biology of the umbrella cells

during the accommodative responses. Studies have emerged that mechanosensitive ion channel

activities may also play important roles in volume regulatory responses, including pressure

sensitive ion channels (NSC and Cl- channel) addressed in this dissertation (12, 206).

Whether pressure sensitive ion channels discussed are regulators of membrane traffic in

umbrella cells are currently speculative. However, it would not be surprising if NSC and/or Cl-

channel activities during filling coordinate the accommodative responses. Previous studies

indicated that in addition to modulation of membrane potential, activation of NSC and Cl-

channels could regulate important cellular functions such as Ca2+ release from intracellular

stores, secretion of vasoactive compounds, and cytoskeleton dynamics (16). These studies

paralleled with our results where we observed that both intracellular and extracellular Ca2+ were

important modulators of exocytosis in umbrella cells. Similarly, other investigators have

demonstrated that exocytosis of discoidal vesicles released secretory proteins (48, 113), and

disruption of the microfilament network impaired exocytosis of discoidal vesicles in umbrella
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cells (128). To understand the functional roles of these ion channels in Ca2+ release, protein

secretion, and microfilament dynamics, further experiments need to be performed.

The primary advantage of the pressure chambers is that the chambers allow real-time

measurement of surface area by monitoring membrane capacitance. The design of the system

also allowed manipulation of the bathing media composition so that effects of various drugs and

reagents on membrane capacitance can be determined. To this end, the functional roles of

pressure-activated ion channels on capacitance increase can be examined by stimulating the

uroepithelium in the presence of various ion channel blockers. If NSC activity is essential for

exocytosis, the presence of TEA, Ba2+, Gd3+, and high concentrations of amiloride should

prevent pressure-induced capacitance increase. Other specific ion channel blockers for NSC and

Cl- channels are available and similar studies can be performed with ease. Alternatively,

membrane capacitance can be monitored in ion substitution experiments as described in Chapter

3 to examine the importance of various pressure-activated channels in umbrella cell exocytosis.

Adenosine receptors

Extracellular ATP is rapidly degraded by ecto- and exonucleotidases into ADP, AMP, and

adenosine. While ATP and ADP are potentiators of purinergic receptors, adenosine can activate

adenosine receptors. There are at least four different isoforms of adenosine receptors, including

A1, A2A, A2B, and A3 receptors. Their roles on membrane trafficking in the bladder umbrella cells

are currently unknown. However there are data to support the stimulatory role of adenosine

receptors in umbrella cell exocytosis (245). First, mucosal apyrase treatment stimulated pressure-

induced capacitance increase to a greater level then pressure-treatment along. Second, mucosal

adenosine treatment in the absence of pressure resulted in capacitance increase. Third, treating
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the uroepithelium with adenosine receptor selective agonist CCPA (A1 specific), CGS (A2A

specific), or IB-MECA (A3 specific) stimulated capacitance increase (245). These data support a

stimulatory role of adenosine receptor during the filling response. This may occur by regulated

coordination between adenosine receptors, purinergic receptors, and ion channels and/or other

membrane receptors. Additional studies are underway to elucidate the functional role of

adenosine receptors during the filling response in the urinary bladder.

Other mechanotransducers

Other mechanotransducers, including integrin receptors, tight junction proteins such as occludin

and claudins, as well as actin, microtubules and intermediate filaments may play important roles

in mechanotransduction during the filling response. Integrins, which link extracellular matrix

molecules to the intracellular actin cytoskeleton are capable of transmitting mechanical stress to

the underlying cytoskeleton via talin and a-actinin (6, 31, 226). Tight junctional proteins such as

occludin and claudins may relay extracellular stimuli into biochemical signals as well. Both of

these proteins form scaffolds that allow communication with intracellular cytoskeletal

components (1). During the filling response modification of umbrella cell tight junction is

mandatory as it allows expansion of the umbrella cell apical plasma membrane. Adaptive

responses of the umbrella cell tight junction to increased hydrostatic pressure and integrin

activities during pressure stimulation may transduce extracellular stimuli into biochemical

signals. Studies using agents that perturb the activities of integrin or tight junction proteins will

provide useful information on the mechanosensory roles of these proteins during the filling

response. Any inhibitory effect on pressure-induced exocytosis or endocytosis will implicate

integrin and tight junction proteins in membrane traffic in umbrella cells.
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Cytoskeletal proteins such as actin, microtubules, and intermediate filaments play

important roles in mechanotransduction. They serve as scaffolds that coordinate the organization

of signaling complexes that can modulate cellular events such as endocytosis and exocytosis (6,

107). Deformation of the plasma membrane as a result of pressure stimulation is followed by

rapid reorganization of the cytoskeleton. Because the cytoskeleton is attached to integrin

receptors, tight junction, and other membrane proteins, alterations in membrane tension will

affect the activities of the signaling complexes. In umbrella cells, intermediate filaments are

required for discoidal vesicle exocytosis (135). Microtubules and actin may also be required for

tethering and trafficking of the discoidal vesicles to the periphery of the cell in preparation for

exocytosis. Further examination using agents that perturb the normal assembly and turnover of

cytoskeleton on pressure-induced membrane traffic will be required to understand the

mechanosensory role of cytoskeleton in bladder uroepithelium.

Closing comments

In this dissertation, I presented data to dispel the dogma that the urinary bladder is simply a sac

for storage of urine by demonstrating that the bladder is constantly undergoing microscopic and

macroscopic changes in response to pressure. These results not only provide greater

understanding of how our bladder accommodates increased urine, the studies presented here

open new directions in bladder research. It is my hope that future studies will improve our

understanding of bladder biology, and help us understand how other mechanosensitive cells

respond to external forces.
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APPENDIX A

MATERIALS AND METHODS

Materials

Unless stated otherwise reagents were obtained from Sigma Chemical Co. (St. Louis, MO,

USA). Leupeptin and lactacystin were dissolved in DMSO and used at a final concentration of

40 µM and 10 µM, respectively. Stock solution for forskolin was prepared at 10 mM in Krebs

solution and used at a final concentration of 10 µM. IBMX was dissolved in Krebs solution to a

stock concentration of 500 mM and used at 1:1000. H89 was prepared in DMSO and used at a

final concentration of 10 µM. The calcium ionophore calcimycin A23187 was prepared at 1 mM

in Krebs buffer and ionomycin was prepared at 2.5 mM in Krebs buffer. Both stock solutions

were at 1:1000 to obtain the final concentrations of 1 µM and 2.5 mM, respectively. Intracellular

calcium modulator thapsigargin was dissolved in Krebs solution and used at a final concentration

of 10 µM. APB was prepared in Krebs solution and used at a final concentration of 75 µM.

Stocks of the following ion channel inhibitors were prepared as follows: amiloride was dissolved

in water at 10 mM or when used at 500 µM it was dissolved directly into buffer solution; apamin

was dissolved in water at 100 µM; BaCl2 was dissolved in Na+, Cl--free buffer at 1.5 M; GdCl3

was dissolved in Na+, Cl--free buffer at 100 mM; glibenclamide was dissolved in DMSO at 50

mM; ouabain was dissolved in water at 13 mM; TEA was dissolved in Na+, Cl--free buffer at 1

M. The following K+ channel blockers were obtained from Alomone laboratories (Jerusalem,
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Israel) and stocks were prepared as follows: charybdotoxin (CTX) was dissolved in water at 100

µM; iberiotoxin was dissolved in water at 1 µM; margatoxin was dissolved in water at 10 µM.

All inhibitors were freshly prepared prior to use. In ATP depletion experiments, apyrase was

used at a final concentration of 0.4 unit/ml, hexokinase and glucose were used at a final

concentration of 4 units/ml and 22 mM, respectively. The following purinoceptor agonists were

prepared at 50 mM with Krebs buffer and used at a final concentration of 50 µM: ATP, ATPgS,

2-MethSATP, BzATP, a, b-MethylATP, ADP, AMP, adenosine, UTP, UDP, and 8-Br-ATP.

Stocks of the following P2 receptor antagonists were prepared as follows: PPADS was dissolved

in Krebs buffer at 100 mM; reactive blue 2 (RB2) was dissolved in Krebs buffer at 50 µM;

(PAP) was dissolved in Krebs buffer at 50 mM. All stock solutions for P2 antagonists were

freshly prepared and used at 1:1000. Polyclonal P2X2 and P2X3 antisera were obtained from

Neuromics, Inc. (Minneapolis, MN, USA). Rabbit anti-P2X2 and rabbit anti-P2X3 antisera were

used at 1:1000 for both immunohistochemistry and Western blot analysis. Guinea pig anti-P2X3

antiserum was used at 1:700 for immunohistochemistry. Antigen peptides for rabbit anti-P2X2

and rabbit anti-P2X3 antisera were also obtained from Neuromics and they were used at a final

concentration of 1 µg/ml.

Solutions

Control Krebs solution was prepared by mixing the following (in mM): 110 NaCl, 5.8 KCl, 25

NaHCO3, 1.2 KH2PO4, 2.0 CaCl2, 1.2 MgSO4, 11.1 glucose. Ca2+-free Krebs had the following

composition in mM: 113.2 NaCl, 25 NaHCO3, 7.8 KCl, 1.2 MgSO4, 1.2 K2HPO4, 11.1 glucose.

Na+-free Krebs had the following composition in mM: 120 tetramethylammonium (TMA) Cl or

N-methyl-D-glucamine (NMDG)-Cl, 3.33 KH2PO4, 0.83 K2HPO4, 1.2 CaCl2, 1.2 MgCl2, 28
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choline-HCO3, 0.01 atropine, and 2.7 glucose. Na+- and Cl--free Krebs had the following

composition in mM: 120 NMDG/gluconate buffer (prepared as a stock by adjusting 240 mM

NMDG to pH 7.4 with gluconic acid), 3.33 KH2PO4, 0.83 K2HPO4, 4 Ca2+-gluconate, 4 Mg2+-

gluconate, 28 choline-HCO3, 0.01 atropine, and 2.7 glucose. For Cs+ transport experiments,

NMDG gluconate solution had the following composition in mM: 135 NMDG, 4 hemi-Ca2+

gluconate, and 10 N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES). The pH was

adjusted to 7.4 with D-gluconic acid. The composition of Cs+ gluconate solution had the

following composition in mM: 135 CsOH, 4 hemi-Ca2+ gluconate, and 10 Hepes. The pH of the

Cs+ gluconate buffer was adjusted to 7.4 with D-gluconic acid. All the solutions had an

osmolarity of 280-300 mOsmol. Solutions that contained bicarbonate were aerated with a 95%

O2/5% CO2 mixture and maintained at a pH of 7.4 at 37˚C.

Animals

Urinary bladders were obtained from female New Zealand White rabbits (3-4 kg), female Swiss-

Webster mice (3-4 months old) or female Sprague-Dawley rats weighing 275 – 350 g. All

animals were fed a standard diet with free access to water prior to euthanization. Rabbits were

euthanized by lethal injection of 300 mg sodium pentobarbital into the ear vein. Mice and rats

were euthanized by inhalation of 100% CO2. Following euthanization and thorocotomy the

bladder was rapidly excised and processed as described below. All animal studies were carried

out with the approval of the University of Pittsburgh Animal Care and Use Committee and

maintained according to the standards set forth in the American Physiological Society’s

handbook on the care and use of animals.
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Figure A-1. Mounting of tissue in pressure chamber. (A) Cut bladder, prior to mounting on Teflon
rack. (B) Dissection of smooth muscle layer from overlying mucosa. (C) Serosal ring and tissue
ring with uroepithelium attached. (D) Pressure chamber. A, serosal hemichamber; B, mucosal
hemichamber; C, chamber base; D, electrode ports; E, Luer ports; F, water jacket ports; G, tissue;
H, outside-edge thumb screws; I, parallel aligment thumb screws; P, examples of pins.
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Isolation of uroepithelial tissue

After the rabbits were euthanized, the rabbits were placed on their back and the bladder was

exposed by making an incision from the base of the pelvis toward the midline. The neck region,

at the base of the pelvis was clamped with a hemostat and an incision was made along the

bladder from the tip of the dome to the neck region, allowing the urine to drain from the organ.

The point of connection between the urethra and the bladder was cut and the excised bladder was

immediately placed in a 100-ml beaker filled with Krebs solution warmed to 37˚C. The bladder

was trimmed of excess fat and carefully secured, mucosal side down, onto a custom-made Teflon

rack (Figure A-1A, A-1B), sitting in a 150-cm2 Petri dish containing Krebs solution bubbled with

95% air/5% CO2 gas. Temperature was maintained at 37˚C by placing the Petri dish on a heating

place. The smooth muscle layers were removed by dissection with scissors and forceps (Figure

A-1B). A custom-made Teflon tissue ring, with an outer diameter of 3 cm and an internal

opening of 2 cm2 (diameter is 1.6 cm) and with 20 sharp pins 2 mm from the edge of the outer

ring, was coated with high-vacuum grease (Dow Corning Corp., Midland, MI, USA), placed

underneath the tissue, and lifted up, and the tissue was pressed onto the pins with forceps to

secure the piece onto the ring (Figure A-1C). Excess tissue surrounding the ring was trimmed

with scissors. Normally, each bladder yielded three rings of mounted tissue.

Mounting and equilibration of tissue in pressure chamber

The tissue, mounted on Teflon tissue ring, was clamped between two halves of a custom-made

pressure chamber (Figure A-1D). The serosal hemichamber is similar to that described by Lewis

et al. (139). The top of this chamber is open, allowing for aeration lines and inflow and outflow

lines. The mucosal hemichamber is essentially a closed system with Luer ports to allow for
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addition and removal of Krebs solution, as well as monitoring back pressure (214, 225). Each

chamber is jacketed, and the temperature is maintained by circulating water through these

jackets.

Both chambers contain a round opening at the side facing the tissue. The opening on the

serosal hemichamber is grooved to accept a second Teflon ring (3-cm diameter) that contains an

inner raised ring with a 2.6 cm external diameter and an internal opening diameter of 1.6 cm

(Figure A-1C). Prior to mounting, a circle of silicon vacuum grease was applied to the inner

raised portion of the serosal ring. The vacuum grease serves to cushion the tissue and prevent

edge damage as the tissue comes in contact with the ring on the serosal hemichamber. The lower

edges of each chamber are grooved to fit into corresponding tracks on a plastic rectangle that

abuts the chamber base, maintains the parallel alignment of the two hemichambers, and is held in

place by thumb screws. Once placed in the tracks, thumb screws (present on the outside edge of

the chamber platform that abut each hemichamber) were tightened to lock the tissue ring

between the two hemichambers. It was important to not over tighten the screws or the tissue

became damaged.

Finally, other ports are present at the front and rear of each chamber, allowing for the

introduction of voltage-measuring Ag/AgCl wires or current-passing Ag/AgCl wires,

respectively. The electrodes ports on the mucosal chamber contain a locking mechanism that

prevents escape of Krebs solution. The electrodes were connected to a VCC MC6 current/voltage

clamp (Physiological Instruments, San Diego, CA, USA), which in turn was connected to a

MacLab 8s A/D converter (AD Instruments, Victoria, Australia) interfaced with a 400-MHz

PowerPC G3 Macintosh computer (Apple, Cupertino, CA, USA).
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Following mounting, each hemichamber (mucosal and serosal) was filled with 12.5 ml

Krebs solution, the serosal hemichamber was bubbled with 95% air/5% CO2 gas, and the tissue

was equilibrated for 30-60 min to allow for stabilization of transepithelial resistance (TER; in

units of W*cm2), a measure of the ability of the epithelium to impede transcellular and

paracellular ion flow (139), and transepithelial capacitance (CT). The methods for measuring

these parameters are given below. As noted previously, TER rose significantly during the

equilibration period (139). At the end of the equilibration period, only those preparations that

exhibited a TER of > 8000 W*cm2 and a capacitance of ~1.9 – 2.1 microfarad (µF) were used. A

high TER is consistent with a functionally intact epithelium. Because the area of the tissue

exposed in the tissue chamber is 2 cm2, a capacitance of ~2 µF ensured that the tissue was

smooth and free of large folds.

Application of hydrostatic pressure

To increase hydrostatic pressure, additional Krebs solution was added to the mucosal

hemichamber to a volume of 14 ml (hemichamber capacity), and an additional 0.5 ml Krebs was

injected by syringe to increase the back pressure in the apical hemichamber to 8 cm H2O as

measured by a force transducer (AD Instruments, Mountain View, CA, USA) interfaced with a

bridge transformer (AD Instruments) to the MacLab device. In rabbit, 8 cm H2O is representative

of a pressure normally observed during the extended storage phase of bladder filling (127). The

force transducer was connected via one arm of a T-fitting to one of the Luer ports of the mucosal

hemichamber, and via the other arm to a column of water that was used to calibrate the force

transducer. Data were collected using the Scope program (AD Instruments). Alternatively, a

slow-filling method was used. Krebs solution was added through the Luer port of the mucosal
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hemichamber at a rate of 0.1 ml/min by way of a calibrated syringe injector until a back pressure

of 8 cmH2O was measured. The chamber was then closed off. Capacitance and TER were

measured throughout these experiments.

Use of capacitance to estimate umbrella cell surface area

Capacitance is the ability of two parallel plates (conductors), separated by a dielectric, to store

electrical charge. Capacitance (C) is defined as (equation 1)

where e is the dielectric constant, A is the area of each plate, d is the distance between each plate,

k is a constant (9.0 x 1011 cmF-1), and p has the usual meaning. It should be apparent from this

formula that the greater the surface area, the greater the capacitance. Furthermore, capacitance is

directly proportional to e, and inversely proportional to d. The cell membrane, which is

composed of two parallel leaflets, has very high capacitance, which reflects a reasonable e of ~5

and a very small distance between the leaflets of 3.5 – 7.0 nm (200). It is generally accepted that

1 µF ª  1 cm2 of tissue area (132, 139). The simplest equivalent circuit that describes an

epithelium is shown in Figure A-2 (132, 139). The apical and basolateral plasma membranes of

the epithelium are each modeled as a resistor and a capacitor in parallel. The resistive pathway

reflects ion flow through ion channels, while the capacitive component reflects the ability of the

plasma membrane leaflets to store charge. Because the junction has almost no surface area

(relative to the surface area of the cell), but does regulate paracellular ion flow, it is modeled

simply as a resistor (Rj). The bathing solution acts as a pure resistor. Significantly more
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Figure A-2. Equivalent circuit of bladder epithelium.
Ca, apical membrane capacitance; Cb, basolateral
membrane capacitance; Ra, apical membrane
resistance; Rb, basolateral membrane resistance; Rj,
junctional resistance.
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complicated equivalent circuits exist that can be used to model specialized membrane domains of

epithelial cells including their lateral membranes (132).

Membrane capacitance is measured by applying a current waveform and then recording

the voltage response. Types of current waveforms that have been used to study the bladder

epithelium include square current pulses, which are described below and current sinusoids (37,

134, 135). The capacitor values are then determined by fitting the voltage response to that

expected for an equivalent circuit. In rabbit bladder, the junctional resistance is greater than the

apical membrane resistance of the umbrella cell, and the apical membrane resistance is much

greater (up to 50-fold) than the resistance associated with the basolateral membrane. In turn, the

resistance associated with the basolateral membrane of the umbrella cells is much greater than

the resistance associated with the underlying intermediate and basal cell layers. As such, in rabbit

bladder epithelium the voltage response to a square current pulse is determined primarily by the

capacitance and resistance of the umbrella cell apical membrane and the parallel junctional

resistance (139). Furthermore, as shown in equation 2

CT is dependent on the ratio of the apical membrane capacitance Ca to the basolateral membrane

capacitance Cbl (134). If Ca is much less than Cbl then CT is approximately equal to Ca. This

condition is essentially true for the umbrella cell, and the ~Ca/Cbl ratio is 1:5 results in an

underestimation of Ca by ~20% (134).

Although significant additional information can be derived using current sinusoids,

square current pulses provide a relatively simple method to make estimates of CT and apical

membrane surface area (134, 135, 139). This method involves applying a square current pulse
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and then determining the length of time it takes for the voltage to reach 63% of its steady-state

value. Alternatively, one can measure the time it takes for the voltage to decay to 37% of the

steady-state value. In either case the measured time constant, t, is equal to the product of the

resistance across the epithelium (RT) and CT. Dividing t (in units of seconds) by RT (in units of

ohms) yields CT (in units of farads). Because the t associated with the apical membrane is much

greater than that associated with the basolateral membrane, the estimate of CT using this

technique provides an estimate of the apical membrane surface area. This has been confirmed

under a number of conditions and is independent of spontaneous transepithelial voltage and RT

(134).

Determination of CT

Prior to mounting the tissue in the chambers, voltage asymmetry between the voltage-sensing

electrodes and the fluid resistance were corrected by positioning the voltage-sensing electrodes

in the Ussing chambers and adjusting the potential difference to zero. Following equilibration of

the tissue in open-circuit mode, the voltage clamp was switched to current clamp mode.

Following a 25 ms delay, a transepithelial square current pulse of 1 µA, generated from within

the Scope program (AD Instruments) and passed from the MacLab 8s A/D converter to the VCC

MC6 current/voltage clamp (Physiological Instruments, San Diego, CA, USA), was applied

across the tissue for 200 ms. The voltage response of the tissue was digitized by the MacLab 8s

A/D converter and then recorded every 100 µs by using the Scope program. An average of eight

sweeps were recorded for each current pulse. A sample voltage response is shown in Figure A-

3A. The first part of the curve (boxed region in Figure A-3A) shows the “on” voltage response,

which increases in a negative exponential manner until the voltage reaches a steady-state peak
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Figure A-3. Voltage response of rabbit bladder epithelium to
square current pulse. (A) A 1 µA square current pulse (of 200-ms
duration) was delivered to rabbit bladder epithelium and the
voltage response was monitored over time. The “on” response to
“off” response (black line), curve fitting (gray line), and
derivation of CT value.
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value. The exponential increase in voltage reflects the relatively “slow” charging of the

membrane capacitance.

To extract CT values from the curve, it was necessary to convert the “on” response to an

“off” response by subtracting the steady-state peak value from the prestimulus voltage (the

absolute value of which is equal to Vmax) and from each of the pre-steady-state values. The

absolute values of these differences generated a positive exponential curve (Figure A-3B)(134).

This transformation was accomplished by copying the data from Data pad in the Scope program

to an Excel (Microsoft Corp., Redding, WA, USA) spreadsheet, and performing the necessary

data manipulations. Using the build-in curve-fitting function in Excel, the data describing the

“off” rate were fit to a single exponential (Figure A-3B) using equation 3:

The R values for curve fitting were > 0.99 under all conditions. As described above capacitance

was determined using the formula CT = t / RT. By use of Ohm’s law (where DI = DV / DR), RT

was determined by dividing Vmax (in volts) by the amplitude of the square current pulse (which

was 0.001 A in our experiments).

Transmission electron microscopy of uroepithelium

While tissue was in the pressure chamber, Krebs solution was isovolumetrically replaced with a

fixative containing 0.2% (v/v) glutaraldehyde and 2.0% (w/v) paraformaldehyde in 100 mM

sodium cacodylate, pH 7.4, 1 mM CaCl2, 0.5 mM MgCl2, for 2 h at room temperature. The fixed

tissue was washed 15 min in 100 mM sodium cacodylate, pH 7.4, buffer and treated with 1%

(w/v) OsO4 in 100 mM sodium cacodylate, pH 7.4, buffer for 60 min at 4˚C, and then the tissue
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was cut into small pieces. After several water rinses the samples were stained en bloc overnight

with 0.5% uranyl acetate in water. Samples were dehydrated in a graded series of ethanol,

embedded in the epoxy resin LX-112 (Ladd, VT, USA) and sectioned with a diamond knife

(Diatome, PA, USA). Sections, silver to pale gold in color, were mounted on butvar-coated

copper grids, contrasted with uranyl acetate and lead citrate, and viewed at 80 kV in a Jeol 100

CX electron microscope. Images were captured on film, scanned on a Linotype-Hell Saphir Ultra

II scanner (Eschborn, Germany), contrast corrected in Photoshop 7.0 (Adobe, CA), and

assembled in Freehand 10.0 (Macromedia, San Francisco, CA, USA).

Stereological analysis

Epon blocks were sectioned perpendicular to the length of the epithelium to obtain vertical

sections necessary to determine mean cell volume, apical and basolateral surface areas, and

discoidal vesicle volume and surface area.

Mean cell volume. The mean umbrella cell volume was estimated in either control or stretched

cells by taking a minimum of 50 photographs at 1400 x of randomly chosen umbrella cells,

printing an 8 ¥ 10  inch image of each cell and overlaying a cycloid lattice grid on the image

(81). When necessary, more than one photograph was taken to include the entire cell and the

photographs were overlapped as a montage. The average volume fraction of the nucleus (V(nuc))

was determined by point counting and calculating the ratio of counts on the nucleus (P(nuc))

relative to counts on the cell (P(cell)) as described by the following formula (81):
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† 

V(nuc ) =

p(nuc )
i=1

n

Â

p(cell)
i=1

n

Â

In a separate experiment, optical sections through the umbrella cell nuclei were taken by

confocal microscopy and the images were projected on to one another to determine the average

diameter of the nucleus. The average nuclear volume was calculated using the formula 4/3pr3.

Rabbit umbrella cells usually contain 1 nucleus per cell and the nuclei are generally spherical.

The mean cell volume was calculated by dividing the volume of the nucleus by V(nuc) (81).

Membrane surface areas. The apical and basolateral membrane surface areas of the umbrella

cells were determined by overlaying a cycloid lattice grid as above on the 8 ¥ 10 inch images.

Intersections of the cycloids with the apical or basolateral surface domains along with the

number of points on the cell were counted. The surface density (Sv) was calculated using the

following formula (9):

Sv = 2(p / l)
Ii

i =1

n

Â

Pi
i=1

n

Â

Where (p/l) is the ratio of test points to test curve length and is a function of the cycloid grid,

which in this case was 1/4.59 µm. For discoidal vesicle surface area, photographs were taken at

3600 x and overlapping 8 ¥ 10   inch images of the umbrella cells were used to determine Sv,

which was calculated by counting the intersections of the cycloids with the vesicle membrane
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domains relative to the points on the cell. The cycloid grid used for this purpose had a p/l ratio of

1:0.87 µm. Surface area was determined by multiplying the membrane surface density by the

volume of the cell (9).

Error analysis. The standard error of the estimated values was determined by the bootstrap

method (55). Briefly, 50 individual geometric parameters (volume or surface area) were obtained

for umbrella cells analyzed after point/intersection counting with the cycloid grid as described

above. The values were recorded and copied into the Microsoft Excel computer software

program (Microsoft Corp.) as a workbook. Using the Resampling Stats Excel add-in (available at

www.resample.com), the data were resampled, with replacement, to obtain a pseudo-sample of

data.  The parameter was estimated from the pseudo-data and the value was recorded in a

separate column.  This process was repeated 50 times to generate a column of 50 bootstrapped

parameter estimates. A new mean (Xboot) and variance (s2
boot) were determined for the

bootstrapped values and the standard error of the original estimated mean (Xorig) was determined

by the following formula:

 Standard Error = X orig - X boot( )2
+ s2

boot

Statistical significance was determined by Student's t-test, p < 0.05.

Immunogold labeling of ultrathin cryosections

Urinary bladders were isolated and set up in the Krebs bath as described above. Following the

experiment cells were fixed 45 min at room temperature with 0.1% (v/v) glutaraldehyde and 2%

(w/v) paraformaldehyde in 100 mM cacodylate buffer containing 0.5 mM MgCl2 + 1 mM CaCl2,
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and cut into 0.5 - 1.0 mm2 cubes. The cubes were incubated 30 min at 37˚C in 3% (w/v) gelatin

and then overnight at 4˚C in 1.3 M sucrose and 20% (w/v) polyvinylpyrrolidone (Mr 10,000).

The cubes were mounted on cryo-stubs and frozen in liquid nitrogen. Cryosectioning was

performed at –110˚C in a Leica (Deerfield, IL) Ultracut E ultramicrotome with an FCS

cryochamber attachment. The cryosections were labeled with culture supernatant from the mouse

hybridoma cell line K8B12 which produces anti-UPIII antibody (213) and subsequently with

goat anti mouse IgG Fc 5 nm gold (Amersham) as described previously (2). Sections were

viewed at 80-100 kV in a Jeol 100CX electron microscope (Peabody, MA).

Biotinylation of apical membrane proteins

The tissue was mounted and equilibrated as described and then stretched or incubated in the

chamber for the indicated amount of time. The tissue was placed on ice and the apical medium

was replaced with 10 ml of ice-cold Krebs containing 1 mg/ml of sulfo-N-hydroxysuccinimide

(NHS)-disulfo (SS)-biotin (Pierce, Rockford, IL) and incubated for 15 min to biotinylate apical

membrane proteins. After incubation, the biotin/Krebs solution was aspirated and fresh biotin in

Krebs was added for another 15 min on ice. The reaction was quenched by exchanging the apical

solution with ice-cold Minimal Essential Medium (Life Technologies, Inc., Grand Island, N.Y.)

+ 10% Fetal Bovine Serum (Hyclone, Logan, UT) and washing 3 x 15 min.

Measurement of uroplakin III at the cell surface

Following biotinylation, the chamber was disassembled and the epithelial cells were gently

scraped and placed in 0.15 ml of 0.5% SDS-lysis buffer (100 mM NaCl, 50 mM TEA, 5 mM

EDTA, 0.5% SDS) containing protease inhibitor cocktail (5 µg/ml leupeptin, 5µg/ml of antipain,
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5 µg/ml of pepstatin, and 1 mM phenylmethylsulfonyl fluoride). The samples were boiled for 5

min and then shaken in a vortex mixer (Eppendorf) for 15 min at 4˚C. Protein lysate, 25 µg, in

500 µl of mixed micelle buffer (150 mM NaCl, 20 mM triethanolamine, 5 mM EDTA, 110 mM

sucrose, 1% Triton X-100, and 0.2% SDS), was incubated overnight at 4˚C on a rotator with 80

µl of a 50% slurry of streptavidin beads (Pierce) washed prior to use three times with mixed

micelle buffer and one time with final wash buffer (150 mM NaCl, 20 mM triethanolamine pH

8.1, 5 mM EDTA). After overnight incubation, the beads were isolated by centrifugation at

14,000 rpm for 10 sec, washed 3 times with mixed micelle buffer and once with final wash

buffer. Biotinylated proteins bound to the streptavidin beads were separated by boiling for 5 min

in Laemmli sample buffer containing 100 mM DTT. An aliquot of the starting lysate (2.5 µg or

1.25 µg) was similarly boiled in sample buffer. The proteins were resolved on a 15% SDS-

polyacrylamide gel and were transferred to Immobilon-P membranes (Millipore, Bedford, MA)

for 75 min at 375 mAmp constant current. The membrane was blocked overnight in 5% (w/v)

BSA dissolved in phosphate buffered saline (PBS). The blot was incubated for 2 h at room

temperature with rotation with K8B12 antibody diluted 1:1000 in PBS containing 1% dehydrated

non-fat milk. The membrane was then washed with TBS-Tween (2.68 mM KCl, 0.5M NaCl,

25mM Tris-HCl, pH 8.0, and 0.05% v/v Tween-20) 2 ¥ 15 min and then 1 ¥ 60 min and

incubated in goat anti-mouse antibodies conjugated to HRP (Jackson Immunoresearch

Laboratories, Inc., West Grove, PA) diluted 1:25,000 in PBS-milk for 1 h with rotation. The

membrane was washed 2 ¥ 15 min and 1 ¥ 60 min in TBS-Tween, incubated for 1 min in Super

Signal ECL reagent (Pierce), and exposed to XAR-5 film (Eastman Kodak Company, Rochester,

NY). The bands were quantified by densitometry using the Molecular Analyst Program (BioRad,

Hercules, CA).
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Apical secretion

The tissue was mounted and equilibrated as described and then washed once with PBS

(containing 2.0 mM Ca2+ and 1.0 mM Mg2+) and incubated for 30 min in cysteine/methionine-

deficient MEM to starve the cells. The basolateral media was removed, the chamber was placed

on its side (apical hemi-chamber down) and 35S cysteine/methionine express labeling mix (taken

from a 10 mCi/ml stock, NEN, Boston, MA) diluted in MEM to a final concentration of 0.25

mCi/ml in a volume of 267 µl was added to the basal side of the tissue for 30 min to

metabolically label the cells. The tissue was washed 3 times with Krebs and then chased for 60

min in Krebs. After the chase, 500 µl aliquots were taken from the basolateral and apical media

to determine background radioactivity, 500 µl Krebs was added back to each hemi-chamber and

then the tissue was stretched for 5, 15, 120 or 300 min or incubated without stretch as a control.

At the indicated times, 500µl aliquots were taken from the apical and basolateral hemi-chambers

and spotted on 1.5 in2 pieces of filter paper (Whatman International, Maidstone, England) and

incubated at room temperature until dry. The pieces were placed in ice-cold 10% (v/v)

trichloroacetic acid to precipitate secretory proteins, incubated with shaking at 4˚C for 30 min,

washed 3 ¥ 5 min with ice-cold 70% (v/v) ethanol at 4˚C and then incubated at room temperature

until dry. The pieces were placed in 6 ml scintillation vials, the vials were filled with 5 ml

Scintisafe scintillation fluid (Fisher Scientific, Pittsburgh, PA) and the radioactivity was

determined by counting in a scintillation counter (Wallac, Turku, Finland).
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Diffusion of urea across the uroepithelium

The tissue was mounted and equilibrated as described and the basolateral or apical chamber was

incubated with 167 µCi 14C-urea (taken from a 5 mCi/ml stock diluted in H2O, American

Radiolabeled Chemicals, St. Louis, MO). The tissue was then stretched or incubated without

stretch as a control. Duplicate 30 µl aliquots were taken from the basolateral and apical hemi-

chambers at 0,15,120, or 300 min and 60 µl of Krebs were replaced to maintain a constant buffer

volume. The aliquots were mixed with 10 ml scintillation fluid and the samples were counted in

a liquid scintillation counter. The amount of urea that crossed the uroepithelium was expressed

as a percentage of the number of counts in the apical medium (or basolateral medium when

added apically) divided by the total number of counts in the apical and basolateral media at each

time point.

Measurement of endocytosis

Tissue was mounted, equilibrated, and then biotinylated as described above. After biotinylation,

the tissue was warmed to 37˚C in Krebs and stimulated with hydrostatic pressure, or incubated

with 10 µM forskolin/500 µM IBMX or 50 µM ATPgS, or the tissue was incubated without

pressure stimulation for the indicated amount of time to allow for internalization of the

biotinylated proteins. After incubation, the chambers were placed on ice to stop all membrane

trafficking. Cell surface biotin was removed by incubating the tissue for 30 min at 4˚C with 17

mg/ml 2-mercaptoethanesulfonic acid (MESNA) in 50 mM Tris pH 8.6, 100 mM NaCl, 0.2%

BSA and 1mM EDTA. The buffer was aspirated and the reaction was quenched for 10 min at

4˚C with 25 mg/ml iodoacetic acid diluted in PBS. The iodoacetic acid was removed and the

tissue was washed 2 times with ice-cold Krebs buffer. The chamber was disassembled and the
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apical surface was gently scraped to remove the uroepithelium. The scraped cells were placed in

150 µl of 0.5% SDS-lysis buffer containing a protease inhibitor cocktail (described above). The

samples were boiled for 5 min and then vortex shaken for 15 min at 4˚C. Protein lysate (5 µg)

was mixed with sample buffer lacking reducing agent and the proteins were resolved on 15%

SDS-polyacrylamide gels and transferred to Immobilon P as described above. To measure

endocytosis, the biotinylated proteins were detected by incubating the blots with 0.1 µg/ml

streptavidin-HRP (Jackson Immunoresearch Laboratories, Inc.) in PBS containing 1% (w/v)

dehydrated non-fat milk for 2 h at room temperature with rotation. The blots were washed and

the bands were visualized and quantified by densitometry as described below. The amount of

endocytosis was calculated as the quotient of the signal intensity of the MESNA-treated lane and

the untreated lane for each time point.

WGA-FITC internalization

The tissue was mounted and equilibrated as described and then cooled to 4˚C. The apical

compartment was incubated with 25 µg/ml WGA-FITC (Vector, Burlingame, CA) in Krebs, the

tissue was warmed and incubated for 15 min with or without pressure. The tissue was then

placed on ice and the cell surface WGA-FITC was removed by washing 3 ¥ 30 min with 50 mM

N-acetyl glucosamine in Krebs buffer on a shaker at 4˚C. The tissue was then fixed, stained with

DAPI (Molecular Probes, Eugene, OR), and mounted as described (8). Samples were viewed in a

TE300 Nikon (Melville, NY) microscope equipped for epifluorescence and outfitted with a Ludl

(Electronic Products Ltd., Hawthorne, NY) Z-focus controller. The images were collected and

processed by digital deconvolution with Open Lab software (Improvision, Coventry, England).

Alternatively, the tissue was stretched for 2 or 5 h, the pressure was released, and WGA-FITC
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was added to the apical chamber. The tissue was then re-stretched for 15 min, cooled, and then

washed with N-acetyl glucosamine at 4˚C followed by fixation and mounting as described above.

To observe endocytosis in whole bladders, excised bladders were washed with Krebs buffer as

described above but otherwise left intact. The contracted bladders were incubated in Krebs buffer

(gassed with 95% air/5% CO2) for 60 min and then attached to a 60 ml syringe using ligatures.

The bladders were filled with 30 ml of Krebs buffer containing WGA-FITC and then incubated

for 15 min at 37˚C. The bladders were rapidly chilled to 4˚C, surface-bound WGA-FITC was

removed by treatment with N-acetyl glucosamine at 4˚C, and the tissue was fixed as described

above. Imaging for the latter two experiments was performed on a TCS confocal microscope

equipped with krypton, argon, and helium-neon lasers (Leica, Dearfield, IL). Images were

acquired using a 40x plan-apochromat objective (zoom = 2) and the appropriate filter

combination. The images (1024 x 1024 pixels) were saved in a tag-information-file-format

(TIFF) and the contrast levels of the images adjusted in the Photoshop program (Adobe Co.;

Mountain View, CA) on a Power PC G-4 Macintosh (Apple; Cupertino, CA). The contrast-

corrected images were imported into Freehand (Macromedia; San Francisco, CA) and printed

from a Kodak (Rochester, NY) 8650PS dye sublimation printer.

Measurement of intracellular levels of cAMP

Bladder tissue was mounted and was incubated for 15-300 min in the presence or absence of

stretch. After the designated time point, the tissue was removed from the chamber and the

mucosal surface was gently scraped with a cell scraper (number 83.1830, Sarstedt, Inc., Newton,

NC) to selectively remove the epithelial cells. Intracellular concentrations of cAMP in the
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epithelial cells were determined using a Biotrak kit (RPA 538, Amersham Pharmacia,

Piscataway, NJ) according to the manufacturer’s instructions.

Isc and conductance measurements

Bladder tissue was mounted as described above and equilibrated with a VCC MC6

current/voltage clamp (Physiological Instruments, San Diego, CA) set to open-circuit mode.

Voltage asymmetry between the voltage sensing electrodes and the fluid resistance were

corrected as described above. The reference electrode was in the serosal hemichamber. The

voltage clamp was switched from the open-circuit mode to the short-circuit mode and the Isc

values were recorded with a frequency of 10-Hz, digitized by a MacLab 8s A/D converter (AD

Instruments, Mountain View, CA), and then displayed and captured using the Chart program

(AD Instruments). Isc data were normalized to the exposed surface area of the tissue ring (2

cm2). To measure TER a square voltage pulse, generated by the MacLab 8s A/D converter, was

applied with a frequency of 0.1 Hz across the tissue for 500 ms to a new clamp potential of 50

mV. TER was calculated from the change in voltage divided by the change in Isc, where TER =

(DV / DIsc) * exposed surface area of tissue ring (2 cm2). Data are expressed in conductance,

which is defined as the reciprocal of the TER value. The Isc and conductance values during the

5-min periods of increased hydrostatic pressure were averaged and the standard errors calculated

from up to 6 separate experiments. Significant changes in Isc were assessed by t-test.

Unidirectional 36Cl-, 22Na+ and 86Rb+ flux measurements

36Cl-, 22Na+ and 86Rb+ flux measurements were performed as described previously (26). One set

of Ussing chamber setups was used for the mucosal-to-serosal flux (JMS) measurements and one
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set of Ussing chamber setups was used to measure serosal-to-mucosal flux (JSM). Tissue was

mounted in standard Krebs solution and when the Isc became stable, 36Cl- (specific activity =

3.66 mCi/mg 36Cl-, concentration = 20 mCi/ml, Perkin Elmer, Boston, MA), 22Na+ (specific

activity =100 mCi/mg 22Na+, concentration = 2 mCi/ml, Amersham, Piscataway, NJ), or 86Rb+

(specific activity = 1.53 mCi/mg 86Rb+, concentration = 20 mCi/ml, NEM Life Sciences, Boston,

MA) was added to the serosal or mucosal side of the chamber at a final concentration of 1

µCi/ml and sampling was performed as previously described (26). Unidirectional fluxes (Jnet)

were calculated using standard equations and all fluxes were corrected for the exposed surface

area of the tissue ring (26). Isc values were averaged and converted to µEq*cm-2* h-1 using the

following formula: 1 µA* cm-2 = 3.736 x 10-2 µEq*cm-2*h-1 (26).

Western blot analysis of P2X receptors

Freshly-isolated bladders from rats were placed in 100 µl of 0.5% SDS-lysis buffer containing

protease inhibitors cocktail (see above). The samples were boiled for 5 min and then shaken in

an eppendorf vortex mixer (Eppendorf – 543a mixer, Boulder, CO, USA) for 15 min at 4˚C. An

aliquot of the rat bladder lysate (30 µg) was dissolved in Laemmli sample buffer containing 100

mM DTT, heated to 37˚C for 5 min, and then resolved by SDS-PAGE on 10% (w/v)

polyacrylamide gels. The proteins were transferred to Immobilon-P membrane (Millipore,

Bedford, MA, USA) for 75 min at 375 mAmps and the membrane was blocked overnight in 5%

(w/v) BSA dissolved in PBS. The blotted proteins were reacted with primary antibodies (diluted

in PBS containing 1% dehydrated non-fat milk) for 2 h at room temperature with rotation. The

membrane was then washed with TBS-Tween (see above) three times 30 min and then incubated

in the appropriate secondary antibody conjugated to HRP diluted 1:25,000 in PBS-milk for 1 h
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with rotation. The membrane was washed with 3 changes of TBS-Tween over 3 h and then

incubated for 1 min in Super Signal (Pierce, Rockford, IL, USA) and exposed to XAR-5 film

(Eastman Kodak, Rochester, NY, USA). The bands were quantified by densitometry using the

Quantity One Program (Bio-Rad, Hercules, CA, USA).

Immunofluorescence labeling of bladder cryosections

Bladders from mice or rats were fixed in 4% paraformaldehyde, 100 mM sodium cacodylate

buffer, pH 7.4 for 2 h at room temperature, and then cryoprotected by incubation in phosphate

buffered saline (PBS) containing 30% (w/w) sucrose overnight at 4˚C on a rotator. Tissue was

then placed in OCT compound (Tissue-Tek, Torrance CA, USA) and frozen in molds placed on

dry ice blocks. Blocks were stored at –70˚C. Sections were cut at a thickness of 4 µM using a

CM 1900 cryostat machine (Leica, Bannockburn, IL), collected on Fisherbrand Superfrost/Plus

slides (Fisher, Pittsburgh, PA), and then dehydrated by incubating the slides for 1 min at room

temperature. After washing the sections three times with PBS for 5 min, the paraformaldehyde

was quenched and the cells permeabilized with PBS containing 20 mM glycine, pH 8.0, 75 mM

ammonium chloride, and 0.1% (v/v) Triton X-100 for 10 min at room temperature. The cells

were washed with block solution (PBS containing 0.7% [w/v] fish skin gelatin and 0.025% [w/v]

saponin) and then incubated in block solution containing 10% (v/v) new born calf serum and 100

µg/ml boiled RNase A for 15 min at ambient temperature. Sections were subsequently washed in

block solution three times over 15 min and then incubated for 60 min at ambient temperature

with primary antibody diluted in block solution. Following incubation with the primary antibody,

the sections were washed three times with block solution over a 15 min period of time. The

sections were then incubated with the secondary antibody for 60 min at ambient temperature, and



179

then washed 3 times with block solution over a 15-min time period. Following 3 washes with

PBS, the tissue was postfixed for 10 min in 4% paraformaldehyde in 100 mM sodium

cacodylate, pH 7.4. Following a final wash with PBS coverslips were placed over the stained

tissue using p-diaminobenzidine-containing mounting medium (8).

Immunodepletion of P2X receptor-specific antisera

P2X2 and P2X3-specific tissue staining were blocked with competitive antigen peptides. Rabbit

anti-P2X2 or P2X3 antisera was preincubated with its respective antigen peptide in block solution

1 h prior to tissue labeling in 4˚C on rotator. After the 1 h incubation period, the anti-P2X

antibody/antigen peptide cocktail was incubated with the tissue as described above in the

immunohistrochemistry protocol.

Scanning laser confocal analysis of fluorescently-labeled cell

Imaging was performed on a TCS-SL confocal microscope equipped with argon-, and green and

red helium-neon lasers (Leica, Dearfield, IL, USA). Images were acquired with the use of a 100x

plan-apochromat oil objective (1.4 numerical aperture) and the appropriate filter combination.

Settings were as follows: photomultipliers set to 600-800 V, 1.0 µm pinhole, and Kalman filter

(n=4). Serial (Z) sections were captured with a 0.5 µm step size. The images (512 x 512 pixels)

were saved as TIFF files. The OpenLab program (Improvision, Lexington, MA) was used to

project the serial sections into one image. The contrast level of the images was then adjusted in

the Photoshop program (Adobe, Mountain View, CA, USA), and the contrast-corrected images

were imported into FreeHand (Macromedia, San Francisco, CA, USA).
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APPENDIX B

ABBREVIATIONS

ABC adenosine triphosphate binding cassette
ADP adenosine diphosphate
AM acetoxymethyl
AMP adenosine monophosphate
cAMP cyclic adenosine monophosphate
ANF atrial natriuretic factor
APB 2-aminoethoxydiphenylborate
ATP adenosine triphosphate
ATPgS adenosine 5’-[g -thio]triphosphate
AUM asymmetric unit membrane

BFA brefeldin A
BSA bovine serum albumin
BZATP 2’,3’-(4-benzoyl)-benzoyl-adenosine triphosphate

C capacitance
CCPA 2-chloro N6-cyclopentyladenosine
CFTR cystic fibrosis transmembrane conductance regulator
CGS21680 2-[p-(2-carbonyl-ethyl)-phenylethylamino]-5’-N-

ethylcarboxamidoadenosine
CICR Ca2+ induced Ca2+ release
CPM counts per minute

DAG diacylglycerol
DIDS 4,4’-diisothiocyanostilbene-2,2’-disulfonic acid
DMSO dimethyl sulfoxide
DTT Dithiothreitol

EDTA ethylenediaminetetraacetic acid
EGTA ethylene glyco-bis(aminoethylether) N,N,N’,N’-tetraacetic acid
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ENaC epithelial sodium channel
ER endoplasmic reticulum

FITC fluorescein isothiocyanate

GAG glycosaminoglycan
GFP green fluorescent protein

HEK293 human embryonic kidney 293
HEPES N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
HRP horse radish peroxidase

I current
IB-MECA N6-(3-iodobenzyl)adenosine-5’-N-methyluronamide
IBMX 3-isobutyl-1-methylxanthine
IG immunoglobulin
IP3 inositol 1,4,5-triphosphate
Isc short circuit current

LDH lactate dehydrogenase

MDCK Madin-Darby canine kidney
a, b-MeATP a, b-methylene adenosine triphosphate
MEM minimal essential medium
MESNA 2-mercaptoethanesulfonic acid
2-MethSATP 2-(Methylthio) adenosine triphosphate

NHS N-hydroxysuccinimide
NMDG N-methyl-D-glucamine
NO nitric oxide
NSC nonselective cation channel

P1 adenosine receptor
P2 purinergic receptor
P2X purinergic receptor type X
P2Y purinergic receptor type Y
PAGE polyacrylamide gel electrophoresis
PAP adenosine 3,5-diphosphate
PBS phosphate buffered saline
PCR polymerase chain reaction
PKA protein kinase A
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PKC protein kinase C
PLC phospholipase C
PPADS pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid

R resistance
RB2 reactive blue-2

SDS sodium dodecyl sulphate
SEM standard error of the mean

TBS tris buffer solution
TEA tetraethylammonium
TEM transmission electron microscopy
TER transepithelial resistance
TIFF tag-information-file-format
TMA tetramethylammonium
TNP-ATP 2',3'-O-(2,4,6-trinitrophenyl) adenosine 5'-triphosphate

UP uroplakin
UTP uridine 5’-triphosphate

V voltage
VR1 vanilloid receptor
VR-OAC vanilloid receptor-related osmotically activated channel

WGA wheat germ agglutinin

ZO-1 zona occludin-1
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