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Ultrastructural basement membrane topography
of the bladder epithelium
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Abstract The basement membrane underlies epithelium
and separates it from deeper tissues. Recent studies
suggest that nanoscale topography of the surface of
basement membrane may modulate adhesion, migra-
tion, proliferation and differentiation of overlying
epithelium. This study was performed to elucidate
nanoscale topographic features of basement mem-
brane of the bladder. Bladder tissues were obtained from
three adult female rhesus macaques. A process was
developed to remove the epithelium while preserving the
underlying basement membrane, and tissues were eval-
uated by immunohistochemistry and scanning electron
microscopy (SEM). Detailed measurements were made
of stereo SEM images to quantitatively define topo-
graphic features. Measurements made from multiple
SEM images of bladder basement membrane provided
the following values for topographic features: mean
feature height, 178±57 nm; mean fiber diameters,
52±28 nm; mean pore diameter, 82±49 nm; and mean
interpore distance (center to center), 127±54 nm. These
dimensions are similar to those reported previously for
basement membranes of other species and anatomical
locations. This information provides a rational basis for
design of nanostructured biomaterials to produce com-
posite grafts for repair or replacement of segments of the
urinary tract.
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Basement membranes are unique extracellular matrices
that underlie a variety of epithelial cells and are gener-
ally composed of a complex mixture of constituents
including collagen IV, laminin, entactin/nidogen, and
sulfated proteoglycans [1, 2]. Cells attach themselves to
the underlying stroma through the basement membrane,
and it anatomically separates the epithelium from deeper
tissues. It is clear from numerous studies that basement
membranes modulate key cellular processes of the
overlying epithelium, including adhesion, migration,
proliferation and differentiation through biochemical
interactions [3, 4, 5].

Synthesis of basement membrane by endothelial cells
during capillary formation is essential to orderly
assembly of blood vessels, and interference with this
process disrupts formation of capillary tubes [6]. Pro-
teins under the control of capillary morphogenesis genes
are differentially regulated during formation of capil-
laries, and a subset of these proteins has a distinct
affinity for the basement membrane [6]. The basement
membrane may also serve to focus growth factors and
their receptors as is the case for fibroblast growth factors
and their cognate receptors during early epithelial
morphogenesis in embryonic stem cell-derived embryoid
bodies [7]. Signaling between the basement membrane
and epithelium appears to occur in a reciprocal manner.
Synthesis and assembly of the basement membrane is
regulated to some degree by cytokines, particularly
TGF-b1 [8], but excessive production of TGF-b1 by
nascent epithelial cells results in defects within the
basement membrane, and TGF-b1 may in part be
responsible for damage to the basement membrane
observed in conditions such as renal fibrosis [9, 10].

It has been observed that basement membranes have
distinguishing topographical features, but prior studies
have done little to quantify the characteristics of surface
topography of the basement membrane at the nanoscale
level [11, 12, 13]. Previous reports characterizing base-
ment membranes indicate that a similar morphology
exists from tissue to tissue, and it appears highly likely
that basement membrane topography represents a
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fundamental means by which the extracellular matrix
modulates cellular functions [12, 13, 14, 15, 16, 17], be-
cause multiple investigators have reported that topo-
graphical features of the extracellular matrix (including
the basement membrane) can influence cell behaviors
[18].

The purpose of this investigation was to quantita-
tively define the nanoscale topography of the bladder
basement membrane and to compare this to our pre-
vious observations of the basement membranes
underlying the anterior and posterior corneal epithe-
lium and of the basement membrane-like complex
Matrigel� (Collaboration Research, Bedford, MA)
[18, 19, 20].

Materials and methods

Bladder specimens were obtained from animals outside our labo-
ratory that were euthanized in the course of other investigations
and in accordance with the NIH guideline on the Care and Use of
Animals in Research. Three bladders were obtained from female
adult (7, 10, and 14 years old) rhesus macaques immediately after
euthanasia. Initial experiments were performed using multiple
bladder segments to optimize removal of the urothelium with
minimal disturbance to the underlying basement membrane.
Mechanical dissection of the mucosa from the underlying tissues
was unsatisfactory due to the amount of damage to the basement
membrane. Infusion of the bladders with EDTA followed by
flushing with phosphate buffered saline (PBS) failed to adequately
remove the epithelium. The technique that was found to be optimal
was similar to that described by Spurr and Gibson [21]. Bladders
were removed at the time of euthanasia, flushed with PBS, and
placed in a beaker containing PBS for transport to the laboratory.
Within 30 min, 1-cm2 full-thickness sections of the body of the
bladder were removed, stretched until increased in size by
approximately 50%, and fixed to metal frames with suture mate-
rial. Stretched tissues were incubated in 2.5 mM EDTA in Hepes
buffer (Sigma, St. Louis, MO) at room temperature for 30 min,
after which they were subjected to sonication (Crest Ultrasonic
Cleaner, WI) in a beaker of PBS at 2 amps for 3 min. Specimens
were then fixed (2% glutaraldehyde -Fisher, Pittsburg, PA; in
0.1 M pH 7.4 phosphate buffer for 12 at 8�C) and transferred to
fresh phosphate buffer for preparation for scanning electron
microscopy (SEM) or 4% paraformaldehyde for immunohisto-
chemistry (IHC).

Immunohistochemistry

Immunohistochemistry was performed using antibodies to laminin
and collagen IV to confirm that the basement membrane was still
present after removal of the urothelium. Intact bladder specimens
were also evaluated by IHC for comparison purposes. Samples of
intact bladders and bladders from which the urothelium had been
removed were fixed in 4% paraformaldehyde overnight at 4�C.
Tissues were cryoprotected with 30% sucrose and frozen in
embedding solution on dry ice. Sections (10 mm) were cut using a
cryostat (Microm Laborgerate GmbH, Walldorf, Germany), then
air-dried and rinsed in PBS several times. Slides were then treated
with 10% normal goat serum for 2 h at room temperature in a
humid chamber. Sections were incubated overnight at 4�C with
each specific antibody. To reveal staining, sections were incubated
with a FITC-conjugated goat anti-rabbit IgG (1:250; Sigma, St.
Louis, MO) for 90 min at room temperature. Sections were rinsed,
coverslipped using an anti-fading solution (Vectashield, Vector
laboratories Inc., Burlingame, CA), and examined with a Nikon
E600 microscope. Images were captured using a digital camera

(Diagnostic Instruments, Sterling Heights, MI). For negative con-
trols, tissue sections were incubated with normal rabbit IgG instead
of specific antibodies. The following antibodies (rabbit origin) were
used: laminin (anti-mouse; 1:200, Sigma-Aldrich, St. Louis, MO)
and collagen IV (anti-human; 1:1000, Sigma-Aldrich, St. Louis,
MO).

SEM

Bladders were prepared for SEM by dehydration through an eth-
anol series and critical point dried with CO2 [22]. Samples were
then ion-beam coated with 2–4 nm of platinum (Ion Tech, Tedd-
ington, England). Scanning electron microscopy was performed
with a low-voltage, high-resolution scanning electron microscope
(Hitachi S-900, Japan) at 1.5 keV. Stereo pair images were ob-
tained at ±5.0-degree tilt angles from the horizontal. For quanti-
fication of the matrix feature height, the parallax shift in stereo
pairs was measured and the height was calculated using the formula
Z=(P/2sin(alpha/2)), where Z= height P= parallax shift, and
alpha is the half angle of the stereo pair [22, 23]. A minimum of ten
random height measurements were calculated from each stereo pair
image. The fiber and pore diameters were measured at 30,000·
magnification using NIH Image (Automatix, Billerica, MA). Pore
diameters were determined by measuring the greatest diameter of
the pore (edge to edge) and the length of the pore diameter per-
pendicular to this line. These two values were averaged for each
pore measured, and pore diameter was determined for a minimum
of ten pores from each field to derive the mean pore diameter.
Interpore distance was measured from center to center of adjacent
pores for a minimum of ten pairs of pores in each field. Fiber
diameter was determined at three separate locations for each fiber
measured, and these values were averaged to determine individual
fiber diameter. Diameters were determined for at least ten fibers in
each field.

Results

Immunohistochemistry demonstrated the presence of
the basement membrane in bladder samples from which
the urothelium had been removed (Fig. 1). The base-
ment membranes stained positively for both laminin
(Fig. 1) and collagen IV (not shown).

Scanning electron microscopy revealed the surface
topography of the urothelial basement membrane to be
composed of intertwined fibers and pores of varying si-
zes (Fig. 2A). Multiple SEM images of three samples
from each of the three bladders were reviewed to
determine urothelial basement membrane feature
heights and pore and fiber diameters. Mean feature
height was 178±57 nm. Mean fiber diameter was
52±28 nm, and mean pore diameter was 82±49 nm.
The mean interpore distance was 127±54 (Table 1).

Discussion

The appearance and dimensions of the topographic
features of the urothelial basement membrane of the
rhesus were very similar to those observed for human
cornea (Fig. 2B), non-human primate cornea, dog cor-
nea and Matrigel� (Collaborative Research, Bedford,
MA), a commercially available basement membrane-like
complex employed as a substitute for basement
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membrane in cell culture (Fig. 2C, Table 2). In a pre-
vious study, we determined the dimensions of topo-
graphical features of the human corneal basement
membrane and Descemet’s membrane using the com-
plimentary techniques of SEM, transmission electron
microscopy (TEM), and atomic force microscopy
(AFM), and a close correlation was observed among
measurements obtained with these techniques [19]. TEM
in this previous study was performed on tissues in which
the epithelium had not been removed and verified that
confounding artifacts had not been introduced into

Fig. 2 A Scanning electron micrograph of the basement membrane
of the urothelium in the rhesus macaque. The surface topography is
comprised of intertwining fibers and pores, and appears very
similar to the basement membrane of the cornea (B), and the
surface of Matrigel� (From [19], with permission) (C), a commer-
cially available basement membrane-like complex. Collaborative
Research, Bedford, MA. (From [20], with permission) (Magnifica-
tion 30,000·; scale bar =500 nm

Fig. 1 A Immunohistochemical staining for laminin in the bladder
wall of the rhesus macaque. The basement membrane (solid arrow)
found immediately below the urothelium (U) stained positively for
laminin and collagen IV (not shown). The basement membrane of
the blood vessels also stained positively for laminin (arrowhead).
B Removal of the urothelium left the basement membrane intact,
and the basement membrane stained positively for both laminin
(arrow) and collagen IV (not shown). C Substitution of normal
rabbit IgG for antibody to laminin or collagen IV resulted in an
absence of staining of the basement membrane. (Magnification 40·;
scale bar =50 lm)

343



tissues processed for SEM and AFM. Furthermore,
these observations documented that there is a consistent
pattern of surface topography of the basement mem-
brane underlying various epithelial surfaces and that the
features of basement membrane topography can be
accurately determined using SEM alone.

This study did not determine the effects of stretching
on the topographical features of the bladder basement
membrane. However, we did attempt to stretch each
sample to a similar degree. It is possible that stretch
could significantly impact the quantitative aspects of
basement membrane topography. However, it is inter-
esting to note that quantitative analysis of the bladder
basement membrane topography was strikingly similar
to those of the basement membrane of a relatively non-
elastic tissue (i.e., cornea).

The basement membrane underlying the glomerular
and tubular epithelia within the kidney has been studied
extensively using SEM and TEM [1, 14, 15, 16, 17]. In
general, descriptions of the glomerular and tubular base-
ment membranes are very similar to our observations of
the bladder basement membrane. However, estimates of
pore size in the glomerular and tubular basement mem-
branes within the kidney have ranged from 5–30 nm and
5–50 nm, respectively [16, 17]. This is significantly smaller
than our estimations of pore size in the bladder or corneal
basement membranes andmay reflect either differences in
technique or functional differences of the respective or-
gans. It has been suggested that the basement membrane
acts as a sieve to selectively allow the passage of small-
diameter molecules, and pore size of the glomerular
basement membrane may relate to the physiological need
to retain protein within the plasma [12]. The function of
pores within the bladder basement membrane is unclear,
but these probably serve as channels for passage of

small-diameter molecules as well as expanding the po-
tential surface available for interfacing with cells.

There is currently significant interest in bioengineered
materials for augmentation or replacement of portions
of the urinary tract [25]. Current strategies for devel-
opment of bioengineered materials for use in the urinary
tract typically entail the production of composites con-
sisting of urothelial cells grown on natural or synthetic
materials [26, 27]. Composite grafts comprised of
urothelium and detrusor muscle seeded onto opposing
sides of biodegradable polymers have been used effec-
tively to restore bladder function after partial cystecto-
my in adult dogs and fetal sheep [28, 29].

While the biocompatibility of urothelial cells with a
variety of natural and synthetic substances that might
serve as scaffolds for this purpose has been evaluated
[30, 31], the influence of surface characteristics on
urothelial cell growth and function are unknown. It is
clear that the basement membranes perform a variety of
functions beyond simply acting as a point of attachment
for epithelial cells, but the nature of interaction between
epithelial cells and basement membranes, as well as the
manner in which the physical properties of basement
membranes may influence or direct epithelial cell func-
tion, remain unknown. For example, basement mem-
branes play a critical role in corneal wound healing, and
the absence of basement membrane delays corneal
wound healing for months while a new basement is
formed [3, 32]. Cellular responses to changes in the
nanoscale topography of underlying surfaces have been
evaluated using fabricated materials, and these studies
have shown that cellular migration and adhesion is
critically affected by the size and orientation of fibers
and the depth of grooves between fibers [18]. Cells tend
to attach to the tops of ridges, align themselves with the
direction of fibers, and migrate along the course of these
fibers [33, 34]. Similarly, pore size may critically affect
cellular migration and adhesion [35, 36, 37]. The addi-
tion of serum to cell culture media facilitates alignment
of epithelial cells with nanoscale fibers [18], and it has
been suggested that surface characteristics may augment
protein localization and presentation to overlying cells
[33]. It has been observed that molecular cues that direct
cellular organization during embryogenesis are lost in
the adult, and it is possible that optimization of the
function of bioengineered materials may require simu-
lation of structural and compositional aspects of the
embryonic basement membrane [38].

This report provides a detailed description of the
nanoscale topographical features of the rhesus macaque
urothelial basement membrane. These features are sim-
ilar to those reported for corneal basement membranes,
as well as features found in Matrigel�, a solubilized
basement membrane-like matrix obtained from the EHS
mouse tumor, which contains components reported for
other basement membranes such as collagen, proteo-
glycans, and laminin. Differences in the concentration of
these basement membrane components may explain the
subtle differences noted in the appearance and size of

Table 1 Feature dimensions of the rhesus macaque urothelial
basement membrane (nm)

Height Pore
diameter

Fiber
diameter

Interpore
distance

Mean ± SD 178±57 82±49 52±28 127±54
Median 180 67 49 120
Range 72–287 13–222 13–153 35–349

Table 2 Feature dimensions (mean ± SD) of the corneal basement
membranes of the rhesus macaque (macaque), human, and
Matrigel�(nm)

Features Corneal epithelial basement membrane

Macaquea Humanb Matrigela

Elevations 190±72 182±49 162±52
Pores 71±44 92±34 105±70
Fibers 77±39 46±16 69±35
Interpore distance 87±36 159±72 117±41

aData from [20]
bData from [19]
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surface features among basement membranes. These
finding also indicate that the topographical features of
epithelial basement membranes are conserved across
species and anatomical locations. We hypothesize that
the surface topographical features of basement mem-
branes, in addition to biochemical components of the
basement membrane, are important for proper cell sig-
naling to occur and suggest that optimization of the
nanoscale surface properties will facilitate development
of bioengineered composites for use in urological
surgery.
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