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Abstract

Annexin A4 (Anx4) is a member of the Ca2+-dependent membrane-binding family of proteins 

implicated in the regulation of ion conductances, Ca2+ homeostasis and membrane trafficking.  

We demonstrate, in mice, that annexins 1 - 6 are present in whole bladder and exhibit differential 

expression in the urothelium.  A knockout (KO, anxA4a-/-) mouse model deficient in Anx4a

shows no protein in the urothelium by immunofluorescence and immunoblotting. In wild type 

bladders, Anx4a in umbrella cells showed uniform cytoplasmic staining and some association 

with the nuclear membrane. Application of a hydrostatic pressure to bladders mounted in Ussing 

chambers resulted in a redistribution of Anx4a from cytoplasm to cellular boundaries in the basal 

and intermediate cells but not in superficial umbrella cells. We hypothesized that Anx4a might 

be important for barrier function or for stretch-activated membrane trafficking.  To test these 

hypotheses we conducted a series of functional and morphological analyses on bladders from 

control and anxA4a-/- animals.  The transepithelial resistances, water permeabilities and urea 

permeabilities of anxA4a-/- bladders were not different from controls, indicating that barrier 

function was intact.  Membrane trafficking in response to hydrostatic pressure as measured by 

capacitance increases was also normal for anxA4a-/- bladders.  Cystometrograms performed on 

live animals showed that voiding frequency and intrabladder pressures were also not different.  

There were no differences in bladder surface morphology or cellular architecture examined by 

scanning and transmission electron microscopy respectively.  We conclude that loss of Anx4 

from the urothelium does not affect barrier function, membrane trafficking or normal bladder 

voiding behavior.
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Introduction

Annexins are a ubiquitous protein family characterized by an ability to bind to phospholipids at 

membrane surfaces in response to elevated calcium. Two structural motifs occur in all members.  

Firstly, there is a highly conserved phospholipid binding domain comprised of four repeat 

stretches of 70 amino acids packed into an alpha helical disk and secondly, the NH2-terminus,

which varies both in length and sequence between family members, appears to differentiate the 

cellular function and location.   Although the phospholipid binding activity has been 

characterized structurally, chemically and kinetically (2, 13, 20, 22, 23, 26, 27, 29) the 

physiological role of these proteins is not well understood. Broad themes in terms of cellular 

function have been uncovered but the precise role these proteins play is unclear (for an excellent 

review see (10)).  Due to the ability of annexins to bind to, and ‘annex’ or aggregate membrane 

surfaces, they appear to participate in calcium-regulated membrane dynamics.  Thus they have

been shown to be involved in exocytosis (10), membrane domain organization (9, 17) and in 

regulating ion channel activity (14).

Annexin A4, the subject of this study, is found at high levels in secretory epithelia present in the 

lung, intestine, stomach and kidney.  Gene trap disruption of the first intron revealed that there 

were in fact three splice variants of annexin A4 with differing tissue expression (21).  The knock 

out animal lacked the major transcript, annexinA4a (AnxA4a), which has a broad tissue

distribution.  However, two further transcripts designated AnxA4b and AnxA4c were unaffected 

by the intron disruption in this region.  AnxA4b was shown to be only expressed in the digestive 

tract and AnxA4c exhibited a restricted expression pattern within solitary chemosensory cells.  In

non-stratified epithelia they extend from the basement membrane to the lumen and appear to 
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perform paracrine/endocrine functions (21). We now demonstrate for the first time that the 

major transcript of annexin 4, Anx4a is present in the superficial and transitional epithelium of

the bladder where it is expressed throughout the urothelium. Umbrella cells have large numbers 

of unique elongated vesicles underlying the apical membrane.  These ‘fusiform vesicles’ are 

thought to play a key role in the bladder’s ability to stretch by providing a large amount of 

membrane available for exocytosis and endocytosis.  This allows umbrella cells to increase their 

apical surface area in response to filling and then to decrease it upon emptying.

Since urine has osmolalities which can vary from 50 – 1000 mOsm/kg in humans and 2000 –

4000 mOsm/kg in the mouse (16), widely fluctuating urea and NH3 concentrations and proton 

concentrations which vary over many orders of magnitude (pH range of 4.5 – 9), the bladder 

permeability barrier plays an essential role in osmotic and metabolic homeostasis.  Anx4 binding 

and self-polymerization on membranes has been shown to result in a rigidification of the lipids in 

the bound leaflet with a resulting reduction in the permeability of the membrane to water and 

protons (11).   Cells could, in theory, acutely regulate their membrane permeability through 

calcium signaling pathways which initiate Anx4 binding to the inner surface of the plasma 

membrane.  Such activity in the bladder might represent an important mechanism for regulating 

epithelial barrier function.  Given the biophysical properties and urothelial expression of Anx4,

we hypothesized that this annexin could be important to the integrity or the regulation of the 

bladder permeability barrier.

Bladder filling has been shown to activate a complex set of mechanosensitive responses in 

umbrella cells, including ATP release and purinergic receptor-dependent membrane trafficking 
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(32).  Hydrostatically-induced stretch has been shown to raise intracellular Ca2+ in the 

urothelium and furthermore, blocking Ca2+ release from intracellular stores, inhibited exocytosis 

(32).  Given the known membrane organizing ability of annexins and sensitivity to calcium we 

also investigated the hypothesis that Anx4 might play a specific role in umbrella cell membrane 

trafficking.

We demonstrate in wild type bladders that stretch induces a redistribution of Anx4 within basal 

and intermediate cells to the cellular periphery.  To explore several possible physiological roles

for Anx4a in mammalian bladder we utilized a genetically modified mouse model in which the 

protein is not expressed in renal epithelia (21).  Comparison with wild type animals revealed that

there were no alterations in normal bladder function or morphology in the anxA4a-/- animals,

suggesting that the role of Anx4 in the bladder does not include barrier function or stretch-

regulated intracellular trafficking.
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Methods

Mouse strains

Anx4a gene-disrupted mice were generated by a retrovirus-mediated gene trap strategy that 

randomly integrates a construct into genomic DNA (21).  The gene trap was determined to be 

inserted into the first intron of the Anx4 gene at nucleotide position 24,790, 3' downstream of 

exon a (10001) and 5' upstream of exon 1 (37788).  These mice were fully characterized in (21)

and genetic analysis revealed the presence of two alternatively spliced transcripts.  Each of the 

three transcripts produces the same 35 kDa protein, so tissues which express either of the other 

two minor Anx4 transcripts are positive for the presence of Anx4 protein.  AnxA4a-/- mice were 

shown to lack Anx4 protein from most tissues but it was still present in intestine.

Immunohistochemistry

Bladders from wild type and annexin A4a-/- mice were removed, fixed in 10% formalin, 

embedded in paraffin and four micron sections were cut.  Deparaffinized sections were blocked 

with 10% rabbit serum, incubated with affinity-purified sheep anti-annexin A4, followed by 

FITC-rabbit anti sheep secondary antibody (15).  Fluorescent images observed on a Nikon 

Eclipse E600W microscope using a 40x objective and were digitally recorded using a Nikon 

Coolpix E8700 camera.

Immunoblot Analysis

Bladders were harvested, immediately frozen on dry ice, crushed, homogenized in sample buffer, 

subjected to 12% SDS polyacrylamide gel electrophoresis and transferred to PVDF membrane.   

Four bladders were pooled for each genotype. Annexins 1-6 were detected using monospecific 
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affinity-purified primary antibodies prepared as described in (15), followed by peroxidase-

labeled secondary antibodies, ECL chemiluminescent substrate and film exposure according to 

manufacturer’s instructions (GE Amersham).

Immunofluorescent labeling of cryosectioned bladders and confocal laser scanning microscopy

Mice were euthanized by inhalation of 100% CO2.  Their bladders were excised, placed in Krebs 

buffer (110 mM NaCl, 5.8 mM KCl, 25 mM NaHCO3, 1.2 mM KH2PO4, 2.0 mM CaCl2, 1.2 mM 

MgSO4, 11.1 mM glucose, pH 7.4 at 37oC, bubbled with 95% O2:5% CO2 gas) and mounted on 

rings that exposed 0.28 cm2 of tissue surface area. The muscularis was dissected on the rings 

with the aid of a stereomicroscope, leaving only the intact urothelium and varying amounts of 

adjacent connective tissue. The tissue was mounted in Ussing chambers as described in (4) and 

allowed to equilibrate for 60 min. Bladder filling was mimicked by filling the mucosal chamber 

creating a back pressure of ~1 cm H2O for 60 min. Bladders were fixed while in the chamber

using 4% paraformaldehyde in 100 mM cacodylate as described in (1). Using a HM 505N 

cryostat (Micron International GmbH, Walldorf, Germany), sections 4 µm thick were cut and 

prepared for immunofluorescence staining.  Staining for Anx 4 was performed as described in 

(1) using a sheep polyclonal anti-annexin 4 primary antibody (15) at 1:20 dilution for 60 min at 

room temperature and FITC conjugated rabbit anti-sheep IgG at 1:100 dilution for 60 min as 

secondary.  Antibodies to annexins  were generated in the laboratory of J.R.D. and were used at 

dilutions of 1:2.5 (anx2) and 1:100 (anx’s 1, 3, 5 and 6). Sections were counterstained for nuclei 

with TO-PRO-3 Iodide (Invitrogen) at 1:100 for 60 min.  Confocal microscopy was performed 

on an LSM 510 META confocal microscope (Carl Zeiss MicroImaging Inc.) using a 60x 

objective.  Single focal plane images were acquired three times and averaged to reduce noise.
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Measurement of uroepithelial barrier function

Measurements of transepithelial resistance (TER), urea permeability and water permeability 

were performed as described in (12).  Briefly, excised bladders mounted in Ussing chambers and 

bathed in Krebs buffer, stirred, oxygenated and maintained at 37°C were exposed to tritiated 

water (1 µCi/ml) and [14C]urea (0.25 µCi/ml) on the apical side.  Aliquots (2 x 100 µl) were 

removed from both the basolateral and apical chambers and volume replaced every fifteen 

minutes from the basolateral side for scintillation counting.  TER was monitored by use of 

silver/silver chloride current and voltage electrodes connected to a Warner EC825 epithelial 

voltage clamp. Further details of the technique and calculations of permeability coefficients may 

be found in (18, 19).

Electron microscopy

Electron microscopy was performed as described in (4).  Mouse bladders were placed in fixative 

containing 2.0% (vol/vol) glutaraldehyde and 2.0% (wt/vol) paraformaldehyde in 100 mM 

sodium cacodylate, pH 7.4, 1 mM CaCl2, and 0.5 mM MgCl2 for 60 min at room temperature.  

The fixed tissue was washed for 15 min en bloc in 100 mM sodium cacodylate buffer, pH 7.4, 

and then treated with 1% (wt/vol) OsO4 in 100 mM sodium cacodylate buffer, pH 7.4, for 60 min 

at 4°C. 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: 40, 50, 75, 80, 90, 95, 

and 100% (vol/vol in water) and then in 100% propylene oxide (EMS, Hatfield, PA). Tissues 

were embedded in epoxy resin (LX-112, Ladd), and sectioned with a diamond knife (Diatome). 

Sections were mounted on butvar-coated copper grids, contrasted with uranyl acetate and lead 
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citrate, and viewed at 80 kV in a Jeol 100 CX electron microscope. Images were captured on 

Kodak Electron Microscopy Film, developed, and then printed with a MohrPro 8 processor. 

Graphs were scanned and contrast was corrected in Photoshop CS (Adobe). All images are 

representative of similar results obtained from the bladders of at least three animals.

Capacitance measurements

A modified Ussing Chamber was used to monitor changes in uroepithelial capacitance upon 

stretch; changes in apical surface area were carefully measured. Mouse bladders were excised 

and placed in Krebs buffer pH 7.4 at 37oC, bubbled with 95% O2:5% CO2 gas.  Each bladder was 

cut open and then mounted on a Delrin ring that exposed 0.28 cm of tissue.  The muscularis was 

left intact and the ring was positioned between two halves of a custom-made Ussing pressure 

chamber as described previously (31, 32).  The tissue was equilibrated for 45-60 min.  Tissue 

preparations were used only if their transepithelial resistance was greater than 1000 Ωcm2. At 

different times a square current pulse (10 µA for 10 ms) was passed through the tissue, and the 

resulting voltage response was recorded using the Scope program (AD Instruments).

To stretch the bladder tissue, the level of buffer in the mucosal hemichamber was raised to the 

top of the upper Luer fitting (see Figure 1 in (32)) and sealed, over a total of 2 minutes.

To determine the apical membrane capacitance (where 1 uF ≈1 cm2), the epithelium was 

modeled as an electrical circuit composed of an apical resistor and capacitor, a basolateral 

resistor and capacitor, and a series resistor.  The equivalent equation for this circuit is as follows: 

V(t) = I(t)[R0 + R1(1-e-t/R1C1) + R2(1-e-t/R2C2)].  In this equation, R1 and C1 represent the apical 
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umbrella cell resistance and capacitance, R2 and C2 represent the values for the basolateral 

plasma membrane (and possibly underlying cell layers), and R0 is the series resistance. This data 

was transferred to PRISM software (GraphPad Software, Inc., San Diego, CA) and graphed with 

time on the X-axis, and the voltage response (at time X) on the Y-axis.  Data were graphed as 

mean ± SEM.   

Cystometrograms

Continuous infusion cystometry with normal saline was performed on mice as described in (8).  

Experiments were done in accordance with an approved protocol from the University of 

Pittsburgh IACUC (Protocol number 0309260).  Flame flanged PE10 tubing connected to a 

pressure transducer and coupled to a computerized World Precision Instruments Model 

DBA8000 CMG system, was inserted through the apical dome of the bladder. Tubing was 

implanted under urethane anesthesia and secured in place with a purse string suture; voiding 

occurred naturally through the urethra. The mice were allowed to stabilize for 45-60 minutes as 

sterile saline was infused at 20 µl/min.  Following stabilization, the infusion rate was increased 

to 40 µl/min and recordings of bladder activity were monitored.  Throughout the CMG 

procedures, animal temperatures were maintained by using a water-heated pad and a rectal 

thermometer.  At the end of the recording period, the mice were euthanized by inhalational CO2.
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Results:

Annexins in bladders of wild-type and knockout mice

Immunofluorescent staining of Anx4 in paraffin sections of relaxed, non-distended, whole

bladders from control mice shows that the protein is present throughout all layers of the 

urothelium, including intermediate and basal cell layers, but is concentrated in the umbrella cells 

which face the lumen (Fig. 1a).  Anx4a-/- animals show no specific staining in situ.  Because the 

other alternatively spliced Anx4  transcripts produce an identical protein this result indicates that 

Anx4a is the only transcript expressed within the urothelium.  Western blotting of control and 

knockout bladders reveals that annexins A1, A2, A3, A4, A5 and A6 are all present in this tissue 

in wild type animals but that AnxA4 is selectively knocked out in this animal model (Fig. 1b).  

There is no evidence at the level of immunoblotting for any compensatory increase in other 

annexins as a result of the loss of Anx4.

To obtain greater detail on the uroepithelial localization of various members of the annexin 

family and specifically to determine expression within subdomains of the urothelium such as the 

umbrella cell layer and intermediate and basal layers; we used dissected bladders (no muscle) 

mounted in Ussing chambers on plastic rings with pins.  The advantage of this approach is that it 

allows the application of a hydrostatic pressure to the urothelium and also ‘unfolds’ the bladder 

for subsequent imaging.  Bladders were fixed, cryosectioned and then stained with polyclonal 

antibodies as well as TO-PRO (for nuclei), as described in methods.  Immunofluorescent staining 

of mounted bladders demonstrated that annexins A1, A2, A3 and A5 are present in the 

urothelium while A6 is less abundant (Fig. 2). The dotted line in the top panel shows the 

epithelial-connective tissue interface and this position is indicated in the other panels by side 
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arrows.  Anx 1 is found at highest concentrations within the umbrella cells but exhibits staining 

in the underlying epithelial layers as well.  Anx 2 appears strongly in umbrella cells and is 

present throughout the cytoplasm of the superficial cell layer.  Anx 3 appears to be concentrated 

at the apical membrane of umbrella cells.  Anx 5 is also at the apical membrane but is found at 

lower levels within all epithelial cell layers and exhibits intense staining in the underlying 

connective tissue.  There is also clear evidence for Anx 5 association with the nuclear membrane 

(Fig. 2).  The urothelium therefore, exhibits a rich diversity of annexin isoforms which 

presumably mediate a range of different cellular functions.

Stretch-induced redistribution of Anx4a in wild type bladders

Since stretch and relaxation of the urothelium are important mechanical and physiological 

stimuli and since stretch has been shown to cause a rise in intracellular calcium (30, 32) we 

tested the hypothesis that stretch might induce some functional reorganization of Anx4a.  

Bladders from control mice were dissected to remove the muscle layer, mounted in Ussing 

chambers and allowed to equilibrate in Krebs buffer at 37°C for 1 hour, before a hydrostatic 

pressure was applied to the apical side of some bladders by addition of Krebs solution.  We have 

found that allowing the tissue to equilibrate once mounted in the chamber results in a substantial 

recovery of TER.  Bladders stained in these experiments had TER of 1000 – 2000 Ωcm2.  A total 

pressure of 1 cm water was added on the apical side and maintained for 1 hour, then bladders 

(both stretched and unstretched) were fixed in chamber with paraformaldehyde.  Confocal 

microscopy shows that bladders which were gently extended to remove folds and mounted on 

rings prior to staining, exhibit a thin, three cell layer deep urothelium which is Anx 4 positive

throughout all layers (Fig. 3a).  Staining is specific for the epithelium.  Confocal microscopy of 
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bladders prepared in this way yields a more defined localization than immunohistochemistry of 

whole, non-distended bladders. Anx4a exhibits fairly uniform staining across the umbrella, 

intermediate and basal cells with a predominantly diffuse cytoplasmic distribution.  Interestingly,

Anx4a is associated with the nuclei of umbrella cells (white arrows, Fig. 3).  This localization at 

the nuclear membrane is not evident within the intermediate and basal cells.  Application of 

pressure/stretch to bladders results in striking changes to the distribution of Anx4a in the 

underlying epithelia (Figs. 3b and inset).  It appears that Anx4a becomes concentrated at the 

cellular borders.   Fig. 3b inset shows an enlarged area of a stretched bladder from a different 

section, to illustrate the staining in basal/intermediate cells from different areas, more distinctly.  

The relative size of the umbrella cells becomes apparent by inspection of the superficial 

epithelial cells.  There are many basal cells for each umbrella cell nucleus.  These data confirm

that Anx4a within this specialized epithelium responds to a physiological stimulus – stretch – by 

translocating to cellular boundaries.  This could be an important molecular response to bladder 

filling and voiding in vivo.

Uroepithelial barrier function

In order to explore the role of Anx 4 within the urothelium we used a mouse model in which the 

gene was ablated.  By knocking out expression of the protein it was hoped that certain 

physiological parameters of bladder function would be altered.  We measured TER, water 

permeability and urea permeability of excised bladders mounted in Ussing chambers.  These 

parameters provide an indication of the barrier status of the bladder.  The cohort of animals 

included eight control and nine anxA4a-/- males and nine control and twelve anxA4a-/- females.   

There were no significant differences between controls and knockout animals in the weights of 
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gender matched animals.  It can be seen in fig. 4 that there was no statistically significant 

difference between any of these three parameters.  The TER’s were high at around 3000 Ωcm2, 

while water (3.23 ± 0.3 x 10-5 cm/s for controls vs 3.09 ± 0.3 x 10-5 cm/s for anxA4a-/-) and urea 

permeabilities (7.32 ± 0.7 x 10-6 cm/s for controls vs 8.2 ± 0.9 x 10-6 cm/s for anxA4a-/-) are 

uniformly low, confirming that barrier function is intact in the anxA4a-/- animals and is 

equivalent to control animals.

Uroepithelial morphology

To investigate whether the loss of Anx4a had altered the epithelial ultrastructure we performed 

transmission (TEM) and scanning electron microscopy (SEM) on bladders from control and 

anxA4a-/- animals.  Figure 5 shows a series of low magnification (A,C,E,G) and high 

magnification (B,D,F,H) images taken of bladders taken from male and female mice.  Low 

power images show the presence of the superficial umbrella cells (UC), intermediate cells (IC) 

and basal cells (BC) that comprise the transitional urothelium.  Higher power images on the right 

show the presence within umbrella cells of highly characteristic fusiform vesicles (FV).  These 

subapical vesicles are thought to participate in stretch-activated exocytosis and insertion into the 

apical membrane (30), a response which permits the surface area of the bladder to increase 

during bladder filling with urine.  There are no apparent macroscopic differences in cellular 

morphology between control and anxA4a-/- animals of either gender.  The insets on the right 

show in detail the presence of tight junctions between adjacent umbrella cells.

SEMs of bladders from male and female anxA4a-/- and control animals are shown in Figure 6.  

Low magnification images (A,C,E,G) show the characteristic surface topology of the bladder.  
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The luminal surface of umbrella cells is highly striated and folded (depending on the extent to 

which the bladder is filled or empty).  The striations occur due to the unique nature of the apical 

membrane in this organ, which is covered with a set of integral membrane proteins known 

collectively as the uroplakins.  Uroplakins form a paracrystalline array within the apical 

membrane and cover up to 90% of the luminal surface area. Higher magnification (panels 

B,D,F,H) shows that the presence of this highly ordered protein array within the membrane 

results in a highly textured and scalloped membrane surface.  The intersection of three adjacent 

umbrella cells (four in D) can be seen in each of the panels by the presence of tight junctions.  

There are no observable changes to the uroepithelial ultrastructure in the anxA4a-/- animals.

Stretch-activated trafficking

It has been shown that applying a hydrostatic pressure of a physiological magnitude to isolated 

and mounted rabbit bladders, results in large increases in membrane capacitance, consistent with 

an increase in apical membrane surface area (30).  Given the important role that annexins play in 

membrane trafficking and membrane organization, impairment of, or alterations to, stretch-

induced trafficking in the anxA4a-/- animals was investigated.  The combined results of several 

experiments are shown in figure 7.  As has been noted previously for rabbit bladder, application 

of pressure results in a biphasic response characterized by an initial rapid rate of increase in 

capacitance followed by a slower but consistent rate of increase over the next four and a half 

hours.  In rabbits the increase is approximately 50% whereas in mice capacitance increases by 

approximately 25%.  This phenomenon has been shown to be reversible upon release of pressure.  

Data for control and anxA4a-/- animals are shown superimposed in Fig. 7a and reveal that this 
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function of the urothelium is unaffected by the absence of Anx4a.  Fig 7b shows that in the 

absence of applied pressure there are no changes to membrane capacitance.

Filling and voiding responses

To examine whether mice lacking Anx4a would show changes in gross bladder function, 

cystometrograms on live animals were performed.  This technique, also known as continuous 

infusion cystometry, measures intrabladder pressure and the timing of voiding cycles, thus 

allowing an assessment of the overall functional status of the bladder. It should be noted that this 

includes the muscles and nerves which innervate the bladder as well as the urothelium.  The 

intravesical pressure tracings in figure 8 show results for weight matched (25 – 30g) controls and

anxA4a-/- mice (n = 4 for controls and 2 for anxA4a-/-).  The frequency of voiding, intrabladder 

contraction pressure and bladder capacities (~120 µl) were not qualitatively different between the 

two groups.  Therefore loss of Anx4a does not seem to affect bladder filling and emptying 

dynamics.  It appears the ability of the bladder to fill, expand, traffic membrane, send and receive 

sensory signals and activate muscular contraction pressure are unaffected by the absence of 

uroepithelial Anx4a.
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Discussion

The role of annexins in different tissues and in different subcellular compartments remains an 

ongoing investigation.  In the case of the urothelium the role for these proteins is completely 

unknown.  We show here for the first time that annexins A1 – A6 are all found in the bladder and 

provide specific localization for several isoforms within the transitional epithelium.  Anx4a is 

expressed at high levels in all three cell layers of the urothelium.

The highly conserved membrane binding motif and the functional response to elevated Ca2+ by 

annexins has led to efforts to define universal principles governing their cellular role.  These 

efforts have not been completely successful as the variable N-terminus confers distinct properties 

and distinct membrane-binding affinities on each annexin.  A broad paradigm is that annexins 

are regulators of membrane function both through effects on the lipids of the membrane itself, as 

well as through effects on integral membrane proteins like ion channels. Cumulatively this leads

to the view that annexins may be important modulators of calcium homeostasis.  These proteins 

are not just regulated by Ca2+ therefore, but actively function in return to control their own 

effector levels.

Anx 4 is a widely expressed epithelial annexin which has been shown to be important in 

modulating apical membrane ion channel function.  In T84 colonic epithelial cells, purified Anx

4 added to the patch pipette inhibited Ca2+-activated chloride channel activity and conversely, 

antibodies to Anx 4 enhanced chloride currents (6, 14).  Anx 4 acts indirectly by inhibiting the 

interaction of calmodulin-dependent kinase II with chloride channel ClC3, perhaps by steric 

hindrance of phophorylation site S109.   Anx 4 has also been shown to reduce membrane fluidity 
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and permeability upon binding, suggesting that some of its functions may occur through direct 

physical effects on the lipid bilayer (11).

The bladder has long been viewed as a somewhat inert storage and collection vessel for urine.  In 

recent years however, persuasive evidence has accumulated to show that the urothelium and 

underlying musculature is a highly innervated, dynamic, mechanosensitive system which 

responds to pressure and filling in a number of unique ways.  These include activation of ion 

conductances, release of luminal and serosal ATP, activation of second messenger cascades and 

dramatic upregulation of membrane trafficking events including coordinated exocytosis and 

endocytosis within the umbrella cell layer (3).  Since the luminal surface of the bladder i.e. the 

apical membrane of the urothelium, is one of the tightest and least permeable membranes found 

in the body (7) we hypothesized that loss of Anx4a would lead to noticeable effects on overall 

bladder physiology.  Several of the parameters we were interested in measuring operate through 

Ca2+ release pathways and so, it was felt, might involve annexins.  For example, hydrostatic 

pressure applied to rabbit bladders mounted in Ussing chambers, causes increased exocytosis of 

fusiform vesicles in a Ca2+-dependent manner (30, 32).  The presence of Anx4a within the 

bladder which sees expression limited to the urothelium (see Figs. 1 and 3) suggest that stretch-

induced increases to intracellular Ca2+ levels would certainly cause an increase in the membrane 

binding activity of Anx4a.  This prediction appears to be borne out in a selective manner by 

Anx4a association with the nuclear membrane in umbrella cells, a process not observed in the 

basal/intermediate cells.  In those subluminal cell layers, however, there is an interesting 

redistribution of Anx4 to the cell periphery.  Anx4 has been shown to associate with the nuclear

envelope in human fibroblasts (5, 25) and in HEK293 cells which heterologously express the 
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protein (24).  In fibroblasts Anx4 has both a cytoplasmic and nuclear localization.  Elevations of 

intracellular and nuclear calcium induced by A23187, result in a partial translocation of nuclear 

Anx4 to the nuclear membrane (5, 25).  This effect is dependent upon a threshold concentration 

of calcium.  In the absence of extracellular calcium, the effect of A23187 on nuclear calcium 

levels is reduced in both duration and intensity.  Under these conditions Anx4 does not 

translocate (25).  Interestingly these fibroblasts were shown to also contain annexins 1, 2, 5, 6 

and 7.  Anx5 was the only other annexin found to bind the nuclear envelope in response to 

calcium.  In HEK293 cells, elevated calcium caused a translocation of cytoplasmic Anx4 to both 

the nuclear envelope and the plasma membrane (24).  The confocal images in this study suggest 

that a similar relocation of Anx4a occurs in bladder epithelium.  In unstretched bladder, Anx4 is

frequently present within the umbrella cell nucleus, as indicated by the arrow in Figure 3a, while

after stretching,  Fig. 3b, the nucleus is sharply delineated by Anx4 at the nuclear membrane.  

This translocation may be initiated by stretch-induced increases in intracellular calcium.

We conclude from this experiment that a physiological stimulus like tissue stretch results in 

alterations to the distribution of Anx4a within the urothelium.  It has been postulated that in cells 

with many different annexins, such as the urothelium, that annexins in toto may form a 

sophisticated calcium sensory system with a graded and interrelated response system (24).  Each 

annexin has specific individual properties that create a unique functional identity.  That identity 

is dependent on a host of variables which include the intracellular environment; calcium

concentration, amplitude and location, pH and oxidation state for example.  In addition, the 

target membrane or adjacent membrane chemistries are critical; the particular phospholipid 

composition including presence of cholesterol, ceramide, PIPs, transmembrane and peripheral 
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membrane proteins.  Finally, the annexin itself; its subunit association, self-association, binding

and docking proteins; phosphorylation status and myristoylation. Although immunoblotting

showed no compensatory increase in any of the other annexins in the Anx4-/- animals, this does

not preclude the possibility that functional redundancy could play a role in masking the loss of 

Anx4.

Despite the circumstantial evidence that suggested Anx4a might be important in bladder 

physiology we show that bladders from mice with no Anx4a exhibited normal barrier function as 

measured by trans-epithelial resistance (also implying that tight junction formation was not 

impaired in these animals), water permeability and urea permeability.  The bladders from these 

animals also exhibited normal morphology and cellular architecture and normal membrane 

trafficking dynamics in response to stretch.  These conclusions hold at the sensitivity level of the 

techniques used.  Trafficking at the molecular/cellular level could be altered in ways which 

capacitance readings do not register.  Voiding frequency and bladder contraction profiles were 

also indistinguishable between controls and anxA4a-/- animals.  Therefore the loss of Anx4a

does not appear to affect any of the macroscopic properties that we have measured in these 

experiments.   We speculate that Anx4a must play other, possibly more subtle roles within the 

urothelium of the bladder.  For instance Anx4a may be responsible for the modulation of ion 

conductances in the bladder urothelium.  It has been shown that the epithelial sodium channel 

responsible for fine tuning Na+ balance in the collecting duct of the nephron is also present in the 

luminal membrane of the urothelium (28).  This or other ion channels may be the molecular 

targets for regulation by Anx4a.
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In this study we have identified stretch-dependent translocation of Anx4a in bladder epithelial 

cells from a uniform distribution throughout the cell to the nuclear and plasma membranes.

These events, while not necessary for normal bladder function, may be required during other, as 

yet undefined, physiological challenges.
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Figure Legends

Figure 1

A) Annexin A4 immunolocalization in wild type (upper panel) and annexin A4a-/- knockout  

(lower panel) bladder.  Annexin A4 is enriched in basal, intermediate and umbrella cell layers of 

the transitional epithelium.   Magnification 40X, exposure time 0.25 sec.  B) Immunoblot 

analysis demonstrates that all six annexins are present in wild type bladder.  Annexin A4 is not 

expressed in the bladders of annexin A4a-/- mice, and there is no apparent compensatory 

overexpression of the other annexins.

Figure 2

Immunofluorescent staining of different annexins within bladder epithelium. The distribution of 

annexins A1, A2, A3, A5 and A6 within the urothelium of muscle-stripped and Ussing chamber 

mounted bladders was examined by confocal microscopy.  Cryosectioned bladder sections were 

immunostained with each of the indicated antisera as described in methods.  Each panel shows 

arrow heads at the sides to indicate the interface between epithelium and connective tissue.  In 

the top panel (Anx 1 stained) a dotted line has been used to show this interface more clearly.  

The scale bar in the bottom panel applies to all.
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Figure 3

Annexin A4 immunofluorescence and confocal microscopy on stretched and unstretched 

bladders.  Bladders were mounted in Ussing chambers and then some were stretched by addition 

of buffer to the apical chamber (~1 cm water).  After 1 hour the tissues were fixed in chamber, 

then removed and cryosectioned before immunostaining for Anx4 and confocal imaging.  A) 

unstretched bladder, B) stretched bladder.  Inset shows higher magnification of a different 

section of stretched bladder to emphasize the staining pattern in the underlying epithelial cells.

Arrows denote umbrella cell nuclei.

Figure 4

Transepithelial resistances (TER; top), apical membrane water permeabilities (middle) and apical 

membrane urea permeability (bottom) of bladders from male and female control and Anx4a KO 

mice (Annexin).  Data shown is mean ± SEM with n values indicated at bottom.

Figure 5

Transmission electron micrographs of male and female bladders from control mice (WT) and 

from Anx4a KO mice.  Low power images on the left (A,C,E,G) show the umbrella cell layer 

(UC), intermediate cells (IC) and basal cells (BC).  Higher power images on the right (B,D,F,H) 

illustrate the abundant presence of fusiform vesicles (FV) in the umbrella cells and typical 

scalloped edges and the insets at bottom right show tight junctions between adjacent cells.
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Figure 6

Scanning electron micrographs of male and female bladders from control mice (WT) and from 

Anx4a KO mice.  Low power images on the left (A,C,E,G) show the surface morphology of 

bladders with typical striations and undulations.  Higher power images on the right (B,D,F,H) 

illustrate the abundant presence of highly textured and scalloped apical membranes of individual 

umbrella cells.  Tight junctions between adjacent cells can be seen in each of the images.

Figure 7

Bladders from control and anxA4a-/-  mice were mounted in Ussing chambers and A) had 

hydrostatic pressure applied or B) were left unstretched.  Capacitances were measured at 

specified time intervals.  Data shown are means ± SEM, n values for each condition are 

indicated.

Figure 8

Cystemetrograms of control and anxA4a-/- mice showing intravesical bladder pressure during 

filling and voiding cycles.  Steep spikes correlate to muscle contraction and urine voiding.  The 

bladders of mice were continuously infused with saline (40 µl/min) for at least one hour to obtain 

information on contraction pressure, intervoid timing and bladder volume.
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