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Abstract

Localized phasic contractions in the bladder wall (autonomous activity) have been hypothesized to be an integral part of a motor/sensory
system contributing to bladder sensation. The sites responsible for generating this activity, the mechanisms involved in its propagation
and modulation remain unknown. This phasic motor activity is modulated by exogenous prostaglandins. Therefore, analysis of the sites
of prostaglandin production and action within the bladder wall may shed light on the mechanisms of generation and modulation of this
phasic activity. In this paper we report the localization of immuno-reactivity indicative of the expression of cyclo-oxygenase enzyme type |
(COX I-IR) within the bladder wall. Basically, three types of COX I-IR cell were identified: epithelial cells in the basal and intermediate
layers of the urothelium, complex vimentin-positive and COX I-IR cells in the lamina propria and vimentin-negative COX I-IR cells in the
lamina propria and on the surface of the inner muscle bundles. These vimentin-negative/COX I-IR cells appear to be in close apposition
to a continuous network of vimentin-positive cells, which extends from the lamina propria into the inner muscle layers and subsequently
into the outer muscle layers. However, the interstitial cells in this region might form a distinctly different sub-type. First, the interstitial
cells in this region differ from those in the inner layer by their responsiveness to NO with a rise in cGMP. Two subtypes have been iden-
tified: cells on the surface of the muscle bundles and within the muscle bundles. Second, COX I-IR cells are not associated with the
interstitial cells in the outer layers. The physiological significance for these apparent differences in the interstitial cell network is not clear.
However, such differences are likely to reflect differences in the processes involved in their activation, modulation and control.
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Introduction

Prostaglandins (PGs) are found in virtually all tissues where they
exert a wide variety of functions including modulating smooth
muscle activity, haemostasis and cytoprotection [1]. It has been
known for nearly half a century that, in the bladder, PGs are
released into the general circulation by the bladder in response to
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distension [2]. It has been established that the bladder PGs origi-
nate in both the urothelial and muscle layers [2-5]. The precise
role of this endogenous PG is not known but it is well-documented
that exogenous PGs alter bladder activity both in vivo and
in vitro influencing voiding and smooth muscle contractility. This
occurs in different species: human [6-9], rat [10-12], guinea pig
[13-15], rabbit [16-19] and monkey [20, 21]. The underlying
mechanisms, which involve the PGs to alter voiding patterns and
induce smooth muscle contraction, are not known. Regarding PG-
induced changes in voiding frequency it was envisaged that they
might act directly on the afferent nerves to modulate firing and so
trigger micturition at lower bladder volumes [22-24]. With regard
to a direct action on the muscle, it was pointed out that they can
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Fig. 1 The localization of COX I-IR, vimentin* cells and NO-responsive cGMP* cells in the guinea pig bladder. (A), (B) and (C) show, respectively, images
stained with antibodies to COX I, vimentin and cGMP. In each panel, two regions are identified (1 and 2) located in the outer and inner regions of the
bladder wall. For (A-C), these identified regions are shown at greater magnification in the adjacent panels. (A) illustrates COX I-IR. More COX I-IR cells
are seen in the inner regions of the bladder. In (B), vimentin® cells are seen in both the outer and inner layers. In (C), the presence of cGMP* cells is
clearly seen. No cGMP cells are seen associated with the inner muscle layer but the umbrella cells and sub-urothelial cells are ¢cGMP™. Calibrations
bars: 150 wm in (A) and 40 wm in (B).

be co-released with acetylcholine at efferent nerve endings and so
directly contribute to muscle excitation [20, 21]. Alternatively, they
might act indirectly on pre-synaptic motor terminals to affect the
release of excitatory transmitters [11, 12]. It was considered they
might also inhibit acetylcholine esterase [9] or enhance myogenic
bladder activity [6, 22]. In other organs, PG production in fibrob-
lasts resulted in a decrease in collagen production [25]. It has also
been reported that prostaglandin production by fibroblasts plays a
role in tumour necrosis [26]. In the intestine, Powell et al. found
that interstitial cells in the subepithelial space of the intestine are
important in the organogenesis of the intestine [27], and secretion
of prostaglandins by these interstitial cells is an important factor
of this mechanism [27]. Therefore, it must be taken into consider-
ation that, next to effects on contractility, PGs might have addition-
al functions in the bladder, e.g. a role in cell proliferation [25].
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Recently, a concept was proposed which attempts to integrate
the effects of PG on the sensory elements of bladder control with
its motor actions. Using the isolated bladder it was reported that
exogenous PGs modulate the autonomous activity [28]. It has
been argued previously that autonomous activity is part of a
motor/sensory system operating within the bladder wall whereby
localized contractions of the bladder wall stimulate firing in afferent
nerves contributing to sensation [29, 30]. PG-induced modulation
of the autonomous activity would thus increase bladder sensation
and so modify voiding activity [28].

The origin of autonomous activity and how it is modulated
by PGs is unknown. It has been hypothesized that it is gener-
ated within and distributed by a network of specialized cells in
the bladder wall: interstitial cells [30, 31]. The precise identi-
fication and definition of what is an interstitial cell in the bladder
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Fig. 2 cGMP- and COX I-IR associated with the
urothelium in the guinea pig bladder. Panel (A)
shows an image of the urothelium of the later-
al wall stained for COX I-IR (red) and cGMP
(green). The preparation was stimulated with a
NO donor to elevate cGMP levels in responsive
cells prior to fixation. The umbrella cells on the
surface of the urothelium (umb) and cells in the
sub-urothelial space, the sub-urothelial intersti-
tial cells (su-ics) are cGMP™. Cells in the basal
regions of the urothelium (basal urothelial
cells: buc) are stained intensely with the COX |
antibody. In addition, COX I-IR cells are also
found in the lamina propria interstitial cells
(ip-ics). (B) illustrates a section from a different
bladder processed and stained in the same way
as section (A). The upper panel shows the com-
bined colour image. The middle and lower pan-
els show COX I-IR and cGMP-IR, respectively.
These two panels illustrate that the cGMP™
su-ics are negative for COX I-IR. They also show
that the COX I-IR cells in the buc are separated
from the COX I-IR Ip-ics. Calibration bars
50 wm in (A) and 30 wm in (B).

Fig. 3 The identification of cells expressing
neuronal nitric oxide synthase (nNOS) and COX
I-IR in the urothelial layer of the guinea pig
bladder. Sections were co-stained with antibod-
ies to nNOS (green) and COX | (red). (A) shows
an example of the staining pattern associated
with the urothelium. nNOS™ cells (#) are seen
to be located within a single layer in the basal
urothelium (buc). These cells also demonstrate
COX I-IR. Note that the COX I-IR extends into
further cell layers within the urothelium (T).
(B) shows a further example from a different
bladder. The combined image and the individu-
ally stained images are shown. The location of
nNOS to a single layer in the basal urothelium
is clearly seen while the more diffuse location
of the COX I-IR is apparent. Calibration bars:
30 wm in (A) and (B).

is, at present under discussion. The initial description of inter-  [31]. Finally, the stem cell factor receptor cKit, which identifies
stitial cells was based on their ability to show a rise in cGMP interstitial cells in the gut, has been reported to mark cells in
in response to nitric oxide donors [31, 32]. Different sub-  the bladder [33]. However, this cKit staining is proving diffi-
types of cGMP™ interstitial cell have been identified lying prin-  cult to reproduce. Direct evidence for the physiological role of
cipally in the sub-urothelial layer and in the outer muscle layer  interstitial cells is, so far, limited and comes from experiments
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Fig. 4 The location of vimentin™ structures in the urothelium and sub-urothelial space. Sections were double labelled with antibodies to show cGMP
(green) and vimentin (red). Panel (A) shows a section from the lateral wall of the bladder illustrating the urothelium and sub-urothelial space. The
umbrella cells (umb) and suburothelial interstitial cells (su-ics) are cGMP*. No vimentin™ structures are seen within the urothelium. Vimentin™* struc-
tures are seen in the sub-urothelial space. Intense staining is seen associated with the cells immediately below the urothelium while structures laying
deeper within the lamina propria are vimentin* but more defuse. (B) and (C) illustrate examples of the cells in the sub-urothelial layer at higher mag-
nification, showing the combined colour image (upper panel: cGMP-green, vimentin-red), the cGMP image alone (middle panel) and vimentin image
alone (lower panel). The cGMP™ sub-urothelial interstitial cells can readily be identified (*). Vimentin staining is associated with the cell bodies of these
cells being highly concentrated around the cell nuclei (#). (C) illustrates a further feature. Vimentin™ but cGMP- fibres are seen (# in C). Calibration bars

80 pwm in (A) and 20 pwm in (B) and (C).

which show that nitric oxide (NO), which generates a rise in
cGMP in the interstitial cells, also abolishes autonomous
activity [34].

Since exogenous PG modulates autonomous activity [28]
further insights into the origin of this activity and possible links to
interstitial cells may be got from a detailed understanding of where
PGs are synthesized and where they act in the bladder. PGs are
synthesized by the two distinct enzymes: cyclo-oxygenase type |
(COX 1) and cyclo-oxygenase type Il (COX ). COX | is associated
with cell somata in the urothelium and with a network of cells
running over the muscle bundles [28]. A detailed description of
the different cell types expressing COX-I is not yet available.
Therefore, the present experiments were done to characterize the cells
expressing COX | in the normal bladder and to determine the
relationship between these cells to the networks of interstitial
cells. The distribution and characteristics of COX Il expression in
the bladder is the subject of a separate paper [28].
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Materials and methods

Guinea pigs (7 male, weight 270-350 g) were killed by stunning and exsan-
guinations. The urinary bladder was removed and placed in ice-cold Kreb’s
solution containing 121.1 mM NaCl, 1.87 mM KCI, 1.2 mM CaClz, 1.15 mM
MgS04, 25 mM NaHCOs3, 1.17 mM KH2PO4, 11.0 mM glucose, bubbled
with 5% CO2 and 95% 0. The bladder wall was cut into 3 or 4 sections
from the base to the dome. The procedures for isolation, stimulation with
the NO donor diethylamine-NONOQate (DEANO Sigma-ALdrich), and detec-
tion of cGMP-immunoreactivity were as described previously [28, 31].
Preparation of the cryostat sections and immunocytochemical procedures
were as described before [28, 31]. Specificity studies on the sheep or rabbit
anti-formaldehyde-fixed-cGMP antisera have been published before [31]
and preabsorbtion studies to ascertain the specificity of the COX | anti-
serum have been published before also [28]. Primary antibodies used were
goat polyclonal antibody to COX | (1:2000; Santa Cruz Biotech, Santa Cruz,
CA, USA), rabbit anti-nNOS antiserum (1:3000, Diasorin, Diasorin S.p.A.,
Saluggia, Italy), mouse anti-vimentin antiserum (1:5000; Sigma/Aldrich).

© 2008 The Authors
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COX IR

vimentin

Secondary antibodies were Alexa Fluor 488 donkey anti-sheep 19G (H+L,
1:100) and donkey anti-mouse conjugate (Molecular Probes, 1:100); Alexa
Fluor 594 donkey anti-rabbit 1gG conjugate (Molecular probes, 1:100); CY3
donkey anti-goat IgG conjugate (Jackson Immunoresearch, Newmarket,
UK; 1:800). Sections were analysed using an Olympus AX70 fluorescence
microscope, equipped with a narrow band-pass MNIBA-filter for the detec-
tion of Alexa 488, and for detection of CY3 and Alexa 594 we used a filter
with a narrow excitation band, the U-M41007A filter (both from Chroma

© 2008 The Authors
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Fig. 5 Identification of COX I-IR and vimentin in
the lamina propria. Sections were double labelled
with antibodies to COX | (red) and vimentin
(green). (A) shows a low power image showing
the urothelium, sub-urothelial layer and the lami-
na propria. The COX I-IR cells are clearly visible
within the urothelium (uro), the suburothelial
interstitial cells (su-ics) and the lamina propria
(Ip-ics). Below the su-ics, there is a network of
interstitial cells within the lamina propria (Ip-ics).
Structures positive for vimentin and with COX I-IR
are seen within this layer. (B) shows a section of
the image in (A) at higher magnification. The
panel on the left shows the doubled labelled
image (vimentin-green, COX I-red), the middle
panel shows the vimentin image and the right
panel shows the COX-I image. The basal urothe-
lial layer (1), sub-urothelial layer (2) are identified.
The staining pattern of the vimentin™ cells in the
Ip is highly suggestive for a network of vimentin*
structures (4). In addition, there appear to be COX
I-IR cells (3).These cells are spindle shaped and
are weakly positive for vimentin. They appear to
lay on or between the vimentin® structures.
Calibration bars 40 pm in (A) and 20 wm in (B).

—

Fig. 6 Differentiation of COX I-IR and vimentin®
structures in the lamina propria. (A) shows a
region of the lateral wall. The sections were
stained with antibodies to COX | (red) and
vimentin (green). (A) shows a region of the lamina
propria immediately below the urothelium. The
COX I-IR of the urothelium (uro) and spindle cells
in the lamina propria are seen (*) (see also Fig. 5).
Also, cell processes expressing vimentin are vis-
ible. Large irregular cells are also seen which are
COX I-IR and which have an extensive diffuse
network of vimentin fibres (). (B) and (C) show
selected areas of the image in (A) with the individ-
ual images of COX | (middle panel) and vimentin
(lower panel). In (B), the COX I-IR cells are seen to
have little or no vimentin staining. The edges of
the COX I-IR cells are indicated by the arrows and
(c). Vimentin™ fibres are indicated (v). (C) illus-
trates the larger cells with the diffuse vimentin'
network in the lamina propria. Calibration bars
20 wmin (A), (B) and (C).

Technologies, Rockingham, VT, USA). The microscope was equipped with
a cooled charge-coupled device, the Olympus digital video camera F-view.
Images were stored digitally as 16 bits images by using the computer pro-
gram Cell*P (Soft Imaging Systems, Olympus, Germany). The number of
grey values was reduced by using a linear function to 4095. Colour images
were produced by combination of the original grey values photographs
using the Cell-P program. Images were arranged using the program Adobe
Photoshop 7.0.1 (San Jose, CA, USA) without further processing.
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Fig. 7 A network of vimentin™ processes around the muscle bundles of the inner muscle layer. Sections were double stained for COX | (red) and vimentin
(green). (A) shows a low-power image. The COX I-IR cells in the urothelium (uro) and lamina propria (Ip-ics) are seen. The vimentin™* fibres of the sub-
urothelial cell layer (su-ics) and within the cell network in the lamina propria are also apparent. Muscle bundles in the inner muscle layer are shown (m).
(A) shows a network of vimentin™ fibres which are associated with the muscle bundles. Collections of COX I-IR cells are seen between the muscle bun-
dles (n). These structures are described as 'nodes'. (B) and (C) show examples of the COX I-IR cells and their relationship to the vimentin™ fibres. (B)
and (C) showing combined colour image (upper panel: vimentin-green, COX I-red), the COX | image alone (middle panel) and the vimentin image alone
(lower panel). The COX I-IR cells (1) are weakly vimentin™ and are associated with the vimentin™ processes (2) of other cells. Calibration bars 240 wm

in (A) and 10 wm in (B) and (C).

Results

The key basic observations regarding the distribution of COX I-IR
in the bladder wall are illustrated in Fig. 1. All animals showed the
same results. Panel A shows a low power section of the entire
bladder wall. COX I-IR cells are seen within the urothelium and
also associated with a network of cells, which extends from the
lamina propria into the inner muscle layers. Note that there are
fewer COX I-IR cells associated with the outer muscle layers.
These observations are illustrated in greater detail in panels 1 and 2,
which show the sub-urothelial region (1) and outer muscle layer
(2) at higher magnification.

COX I-IR is therefore associated with two distinct structures:
the urothelium and a network of cells in the lamina propria and
around the muscle. The patter of distribution of these network
cells bears a strong resemblance to the distribution of vimentin
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positive (vim™) cells in the muscle layers bladder wall but not the
distribution of NO-responsive cGMP™ interstitial cells (Fig. 1B
and C). Note that the cGMP™ interstitial cells are found in the outer
muscle layers where there is considerably less COX I-IR. These
observations on COX I-IR in the urothelium and associated with
the networks of interstitial cells are described in more detail below.

COX I-IR in the urothelium and sub-urothelial
layer

Figure 2A illustrates a section showing the urothelium and sub-
urothelial region, double stained for COX | (red) and cGMP
(green). Figure 2B shows a similar section but from a different
bladder illustrating the combined colour image (top) and the com-
ponent COX | (middle) and cGMP (lower) images. As reported

© 2008 The Authors
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Fig. 8 Nodes associated with the interstitial cells within the lamina propria and inner muscle layer. Sections were double stained with antibodies COX |
(red) and vimentin (green). (A) shows a region of the lamina propria. Collections of COX I-IR structures (nodes) are seen associated with collections
of vimentin™ fibres. (B) and (C) show selected areas of the image in (A) with the associated individual images to COX | (middle panel) and vimentin
(lower panel). The COX I-IR structures are identified by the arrows. Little of no vimentin staining is associated with these COX I-IR structures. Calibration
bars 50 wm in (A) and 30 wm in (B) and (C).

previously, the umbrella cells lying on the surface of the urotheli-
um and the sub-urothelial interstitial cell layer closes to the urothe-
lium are sensitive to exogenous NO and demonstrate a rise in
cGMP (cGMP™). It is also clear that COX I-IR is associated with
intense staining in the intermediate and basal layers of the urothe-
lium (buc) and weekly in cells in the lamina propria (lamina pro-
pria interstitial cells (Ip-ics)). Figure 2B shows, in greater detail
that, in this region of the bladder wall, the majority of the sub-
urothelial cGMP ™ interstitial cells do not have COX I-IR.

The cells of the basal layer of the urothelium express neuronal
nitric oxide synthase (nNOS) [31]. The relationship between these
cells and those with COX I-IR is shown in Fig. 3. In this experi-
ment, the sections were double stained with nNOS (green) and
COX | (red). The nNOS positive (nNNOS™) cells are easily seen in
the basal layer. These cells are also COX I-IR (showing
green/yellow in the combined sections). Note that in the interme-
diate urothelial layer the cells are COX I-IR but not nNOS™ (Fig.
3B). Thus, there are two types of COX I-IR cell in the urothelium:
basal COX I-IR/MNOS™ and intermediate COX I-IR/nNOS ™.

The layer of densely packed cells lying immediately below the
urothelium, the sub-urothelial interstitial cells (su-ics), are

© 2008 The Authors

responsive to NO with an elevation in cGMP [31]. Figure 4 illus-
trates a section double labelled to show these cGMP™ cells
(green) and the vimentin™ cells (red). cGMP™ umbrella cells are
seen on the surface of the urothelium but there were no vim+
cells in any cell type within the urothelium. In contrast, the cells
immediately below the urothelium, the su-ics, were vim™ and
cGMP™. Vimentin staining revealed a network of intracellular
fibres, whereas the cGMP staining was most intense within the
cell bodies (Fig. 4B). Processes of these cells were seen to contain
vim™ fibres but these structures were often not strongly cGMP™
indicating that there are intracellular gradients of ¢cGMP. Vim™
cells were seen in the layer of the lamina propria between the su-ic
layer and the muscle layer (Fig. 4A). These cells did not demon-
strate a cGMP signal and can be described as lamina propria inter-
stitial cells (Ip-ics). Thus, there appear to be different types of
interstitial cell within the lamina propria: a dense region of
cGMP™/vim™ and sparse cGMP~/vim™ cells.

An additional feature of the COX I/vimentin double staining
becomes apparent when studying in detail the diffuse network of
vim™ cells in the region of the lamina propria immediately below
the su-ic and above the muscle layer (Fig. 5). These cells appear
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Fig. 9 The distribution of COX I-IR and cGMP™ cells in the outer muscle layers. (A) shows an image double labelled with antibodies to cGMP (green)
and COX | (red). cGMP™ cells are seen in the outer muscle layer (oml) while there are no cells associated with the inner muscle layer (iml). cGMP™*
cells (*) and COX I-IR cells (#) are identified. (B) and (C) show regions of the image in (A) of the outer and inner layers respectively at higher magnifi-
cation, showing the combined colour image (upper panel: cGMP-green, COX I-red), the cGMP image alone (middle panel) and COX | image alone (lower
panel). In (B), cGMP™ cells are clearly seen (*) while COX I-IR cells are scarce (#). The COX I-IR cells do not show any cGMP staining. (C) shows the
network of COX I-IR cells in the iml and the absence of cGMP staining. Calibration bars 120 pwm in (A) and 40 pm in (B) and (C).

to form a distinct network of inter-connecting cells contiguous
with the su-ic layer and with vim™ cells within the muscle layer
(see below). In this section, no COX I-IR cells are visible within the
su-ic layer. But, COX I-IR is seen within the cell bodies of the vim*
Ip-ics (Fig. 5B).

Regions of the lateral wall, particularly towards the bladder
base, could be found in which the density of Ip-ics was high (Figs. 6
and 7). In these regions, two different cell types were readily iden-
tified based on the expression of vimentin and COX I-IR. Figure 6A
shows such a region at higher magnification. Small bipolar cells
with round cell bodies, which were COX I-IR but did not stain
strongly for vimentin (*) (Fig. 6B) and larger complex cells with
multiple processes which showed COX I-IR and a diffuse network
of vimentin fibres ((f) and Fig. 6C), are now visible.

The network of vim ™ fibres was observed to continue from the
lamina propria into the inner smooth muscle layer where they run
primarily on the surface of the muscle bundles (Fig. 7). Here, the
vim™ cells appear on the surface of the muscle bundles and so
can be described as surface muscle interstitial cell (sm-ics).
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Within this network, cell bodies were apparent, which were COX I-IR
but that did not stain strongly for vimentin. Examples of such cells
are shown in Fig. 7B and C. At the junction of the lamina propria
and inner smooth muscle cell layer, small clusters of COX I-IR cell
bodies were often observed (Fig. 8). The cell bodies in these clus-
ters did not stain strongly for vimentin but were in close proximity
to vimentin positive cell processes (Fig. 8B and C). These
collections of cell bodies, which have the appearance of nodes,
were also apparent, although fewer in number and with fewer
cells, lying between the muscle bundles of the inner muscle layer
(see Fig. 7A).

Outer muscle layers

The network of vim™ sm-ics was observed to extend into the outer
muscle layers of the bladder wall (Figs. 1 and 9). However, in this
outer region there are few cell bodies that are COX I-IR. This
points out that there must be different types of sm-ic associated

© 2008 The Authors
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Fig. 10 Identification of interstitial cells in the muscle layers of the bladder. The sections are double labelled with antibodies to cGMP (green) and
vimentin (red). (A) shows a low-power image identifying the outer (oml) and inner muscle layers (iml). The network of cGMP™ ics associated with the
outer layer and the network of vimentin™ cells in the inner (*) and outer layers are readily seen. The different types of cGMP™ ics are indicated by the
arrows: muscle coat interstitial cells (mc-ics), surface muscle interstitial cells (sm-ics) and intra-muscular interstitial cells (im-ics). (B), (C) and (D) illus-
trate regions of the image in (A) at higher magnification and showing combined colour image (left panel: cGMP-green, vimentin-red), the cGMP image
alone (middle panel) and vimentin image alone (left panel). (B) shows primarily the sm-ics. All cGMP™ structures are also vimentin . (C) and (D) focus
on the im-ics. cGMP™ cells are seen to extend long fine processes. The cell bodies and initial parts of the cell processes are also vimentin positive.
(D) illustrates that there is a variation on the intensity of cGMP and vimentin staining. All im-ics express vimentin. However, there are vimentin™ cells which
are strongly cGMP™ (1) while others have little cGMP immunostaining (2 and 3). Calibration bars, 100 wm in (A), 40 wm in (B) and 20 wm in (C) and (D).

with the inner and outer muscle layers. This is supported in Fig. 10,
which shows sections double labelled for cGMP (green) and
vimentin (red). As has been reported previously, the sm-ics of the
outer muscle layers respond to NO with a rise in cGMP [31]. The
cells bodies of these outer sm-ics are clearly seen but these are
not COX I-IR. In contrast, there are few cGMP™ cells in the inner
muscle layers (see also Fig. 1). NO-responsive cells producing
cGMP are also found within the muscle bundles of the outer mus-
cle layer: intramuscular interstitial cells (im-ics)). Figure 10 illus-
trates that these im-ics are also vim™.

Thus, these data support the idea that there are different sub-
types of interstitial cell associated with the lamina propria and
inter-muscular spaces in the guinea pig bladder. The different cell
types which have been identified and described above, based on
the staining for cGMP, vimentin, COX | and nNOS, are summarized
in Table 1.

© 2008 The Authors

Discussion

It has been known for over 30 years that PGs are released from
the bladder in response to stretch, the PGs coming from both
the urothelium and muscle layers [19, 24, 35, 36]. Sprem et al.
found that intravesically administrated ketoprofen, a non-selec-
tive COX inhibitor, reduced detrusor instability [37]. Based on
these findings, it has been argued that the PGs play central roles
not only in bladder physiology but also in the generation of bladder
patho-physiology [2-5, 38—-40]. This led to the trial of cyclo-
oxygenase inhibitors for the treatment of bladder over-activity
[37,41]. One indication as to the possible role of PGs has come
from experiments involving the infusion of PG into the bladder
lumen. When this is done, it gives rise to an increase in micturi-
tion frequency and the incidence of non-voiding phasic contrac-
tions between voiding episodes [42, 43]. Prostaglandin production
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Table 1 Location of cGMP, vimentin, COX | and nNOS in the bladder

Cell
location Cell type Staining
cGMP Vimentin COX | nNOS
Urothelium
Umbrella + - - -
Intermediate  — - + -
Basal - - + +
Lamina propria
Superficial . . _ _
su-ics
Deep su-ics  — + - -
Lp-ics #1 - + - -
Ip-ics #2 - - + -
Ip-ics #3 - + + -
Inner muscle
sm-ics #1 - + - -
sm-ics #2 - - + -
im-ics - + - -
Outer muscle
sm-ics + + - -
im-ics + + - -
Muscle coat
mc-ics + + - -

ip-ics : lamina propria interstitial cells

- Ip-ics#1: lamina propria interstitial cells type #1 (only vimentin positive
Ip-ics)

ip-ics#2: lamina propria interstitial cells type #2 (only COX | positive
Ip-ics)

Ip-ics#3: lamina propria interstitial cells type #3 (Ip-ics that are both
vimentin and COX | positive)

sm-ics: surface muscle interstitial cells

sm-ics#1: surface muscle interstitial cells type #1 (vimentin positive
sm-ics)

sm-ics#2: surface muscle interstitial cells type #2 (COX | positive
Sm-ics)

im-ics: intramuscular interstitial cells

mc-ics: muscle coat interstitial cells
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in the bladder serves also other functions. Bachteeva et al.
reported that PGs play a role in the osmotic water permeability
of the frog urinary bladder [44]. Several subtypes of
prostaglandin receptors have been found in the bladder. It has
been reported that the urothelium contains both the
prostaglandin receptor subtype E2 (EP2), which plays a role in
osmoregulation [45], as well as the EP1 receptor, which plays a
role in the micturation reflex [46]. Schroder et al. reported that
the EP1 receptor has a role in the development of detrusor over-
activity caused by PGE2 and outlet obstruction [47]. The details
of the mechanisms underlying this action of PGs on voiding fre-
quency are not known.

Several possible mechanisms have been put forward. One
idea is that the PGs have a direct effect on bladder afferent nerve
fibres [48]. By increasing afferent nerve activity, this would
result in a more frequent activation of the micturition reflex. It is
well-documented that PGs cause a sensitization of cutaneous
nociceptors [49]. This might also occur in the bladder. Support
for the idea comes indirectly from experiments in which the
bladder was treated with capsaicin to remove the afferent contri-
bution of C fibres. After functionally removing the C fibres, the
PG-induced increase in micturition frequency of micturition was
reduced [40]. A different mechanism involving an indirect action
of PGs on afferent nerves has recently been proposed. It is
known that small localized contractions occur in the bladder wall
of many species. This complex activity is hypothesized to be the
motor component of a motor/sensory system involved in the
generation of afferent firing and bladder sensation [29, 31].
Using the isolated guinea pig bladder it has been shown that PGs
increase the frequency of this phasic motor activity [28]. Thus,
the increased phasic motor activity could result in an increase in
afferent discharges and in so doing influence the point at which
voiding is triggered [28].

As discussed above, PGs are synthesized within the lamina
propria and muscle layers. The present observations extend this
broad observation and demonstrate specifically that the expres-
sion of COX I-IR predominates within two general cell systems in
the bladder wall: (i) cells within the basal and intermediate layers
of the urothelium and (ii) within a population of small cells that are
closely associated with a network of vimentin positive cells. These
vimentin positive cells are present through out the sub-urothelial
space of the lamina propria and extend over the surface of the
muscle bundles, which make up the inner layers. It is interesting
and important to note that no COX I-IR was seen within the mus-
cles indicating that, in the guinea pig, it is not the smooth muscle
that is producing PG but the cells associated with the vimentin
network.

These observations raise intriguing questions regarding the
mechanisms of action of PGs in the guinea pig bladder. One
hypothesis might be that the COX | in the basal urothelial cell
layers is activated by bladder distension. The PGs produced
here could diffuse the relatively short distance to the sub-
urothelial space in which sensory afferent nerve fibres are
found. Thus, this arrangement would represent the site where
there is a PG-induced direct modulation of afferent nerves.

© 2008 The Authors

Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



J. Cell. Mol. Med. Vol 13, No 9B, 2009

umbrella cells

basal urothelium

intermediate urothelium

Fig. 11 Summary diagram illustrating the
arrangement of cells found in the wall of the
guinea pig bladder and their hypothesized
interaction. The urothelium releases NO, PG,
ATP and acetylcholine in response to stretch.
The production of NO and PG in the urothelium
is interrelated. The substances released act on
afferent nerves but may also act upon the sub-
urothelial interstitial cells. This network is in
direct contact with a network of vimentin posi-
tive interstitial cells which run in the sub-
urothelial space of the lamina propria and
extend over the surface of the inner muscle
bundles. The mechanisms connecting cells in

sub-urathelial interstitial cells
lamina propria {C network *

[,

Inner muscle IC network l

this network can be via gap junctions (black

inner muscle layer

squares). COX I-IR cells (satellite cells) are
associated with the vimentin™ interstitial cell
network where they influence the activity of the

network.

However, the abundance of COX I-IR in the urothelium of the lat-
eral wall and the relative paucity of afferent nerves indicate that
this is not the only role for PGs produced by the urothelium in
the lateral wall.

The present data also show that the COX I-IR cells in the base
of the urothelium also express nNOS. Like PG, NO is known to be
produced by the urothelium in response to stretch [50]. It is also
known, on other cell systems, that PG production is influenced by
NO and, conversely, that NO production is influenced by PGs
[51, 52]. Other signals also originate in the urothelium in response
to stretch. Specifically, ATP has been shown to be released [53]
and one of its actions is to influence afferent nerve firing [54].
Also, there are reports that acetylcholine is released from the
urothelium [55]. Thus, we conclude that there is a complex and
inter-related release of signalling substances from the urothelium
in response to mechanical deformation.

To add to this complexity, the cell layer immediately below the
urothelium, the sub-urothelial interstitial cell (su-ic) layer, can be
a possible location for further integration of urothelial derived sig-
nals. These su-ics, in the guinea pig and human, respond to both
exogenous and endogenous NO demonstrating a rise in cGMP
[30, 32]. These cells are also immuno-reactive for antibodies to
the type 3 muscarinic receptor (Ms) (unpublished observation),
purinergic receptor [56] and the type 2 prostaglandin receptor
(EP2) (unpublished observation). Thus, the integrated output of
PG, NO, ATP and cholinergic stimuli from the urothelium can be
further integrated and modulated on the su-ics. The specific func-
tion of the su-ics cells is, at present, not known.

Indeed, there is indirect support for such a possible integra-
tion on the sub-urothelial cells. The su-ics are in close relation
with the network of interstitial cells of the lamina propria and on

© 2008 The Authors

the surface of the inner muscles. The autonomous bladder
hypothesis suggests that, based on the observations of Lagou
et al. [34] that the muscle interstitial cells are involved in the acti-
vation and co-ordination of complex phasic activity (autonomous
activity) within the smooth muscle [57] and it is this activity that
is the motor component of the motor sensory system [30]. The
amplitude and frequency of the autonomous activity are
increased by cholinergic agonists [58, 59] and ATP [60]. If this
type of activity is generated within a network of interstital cells
this points out that there are M3/ATP-activated pacemakers linked
to a distributed network [59].

It has also been shown that bladder distension alters
autonomous activity: an increase in bladder volume increases
autonomous activity, whereas a decrease in bladder volume
inhibits it [61]. The complex scheme outlined above might pro-
vide an explanation for these volume-related events.
Mechanical deformation of the urothelium in the lateral wall
triggers a complex cascade of interacting signals within the
urothelial epithelium resulting in the release of signals into the
sub-urothelial space. There, these urothelial signals are further
integrated on the su-ics. Activity in the su-ics is then distrib-
uted to the muscle via the vimentin positive interstitial cell net-
work resulting in the excitatory and inhibitory effects on the
phasic activity (see Fig. 11).

Prostaglandin synthesis has been associated with the
smooth muscle [24]. The precise cell types and their location
have not been considered in detail; it was simply assumed that
it originated in smooth muscle cells. The present observations
put forward a new idea that, at least in the guinea pig, it is the
COX I-IR cells associated with the network of vimentin positive
interstitial cells on the surface of the muscle bundles that are
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responsible for synthesizing PG in this layer. As already dis-
cussed, one of the possible roles of this network of muscle
interstitial cells is to generate and distribute signals leading to
phasic contractions in the bladder wall [34, 57, 62]. Thus, the
micro-anatomical arrangement of cells in the muscle layer
appears to involve COX I-IR (PG producing) cells contacting
vimentin interstitial cells in close apposition to smooth muscle.
Functionally, it can be hypothesized that this arrangement
involves a PG regulation of activity in the vimentin network and
consequently an input to the muscle. The actions of PG on the
muscle would thus be indirect being interceded by the network
of interstitial cells (see Fig. 11).

The present observations also demonstrate a difference in the
interstitial cells in the outer and inner muscle layers of the bladder

wall, specifically the reduction in number of COX I-IR cells in the
outer layers. Differences have been noted before [31, 34].
However, the functional roles for these apparently different types
of muscle interstitial cell are not known. What is clear is that the
network of interstitial cells is complex and may sub-serve several
different functions.

In conclusion, it is now quite clear that there are several
complex signalling systems operating within the bladder wall. In
addition, it is clear that these signals act within cell-systems that
interact between the urothelium, interstitial cells, muscle, sensory
fibres and intra-mural ganglia. It is a major challenge for the future
to unravel this complexity not only in relation to the physiology
and pharmacology of the bladder but also in relation to the origins
and treatment of bladder pathology.

Ther. 1982; 259: 31-9.
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