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Abstract In this work, we reevaluated long standing

conjectures as to the source of the exceptionally large

compliance of the bladder wall. Whereas, these conjec-

tures were based on indirect measures of loading mech-

anisms, in this work we take advantage of advances in

bioimaging to directly assess collagen fibers and wall ar-

chitecture during biaxial loading. A custom biaxial me-

chanical testing system compatible with multiphoton

microscopy (MPM) was used to directly measure the

layer dependent collagen fiber recruitment in bladder

tissue from 9 male Fischer rats (4 adult and 5 aged). As

for other soft tissues, the bladder loading curve was ex-

ponential in shape and could be divided into toe, transi-

tion and high stress regimes. The relationship between

collagen recruitment and loading curves was evaluated

in the context of the inner (lamina propria) and outer
(detrusor smooth muscle) layers. The large extensibility
of the bladder was found to be possible due to folds in
the wall (rugae) that provide a mechanism for low re-

sistance flattening without any discernible recruitment

of collagen fibers throughout the toe regime. For more

extensible bladders, as the loading extended into the

transition regime, a gradual coordinated recruitment of
collagen fibers between the lamina propria layer (LP)
and detrusor smooth muscle layer (DSM) was found.
A second important finding was that wall extensibil-

ity could be lost by premature recruitment of collagen

in the outer wall that cut short the toe region. This
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change was correlated with age. This work provides,

for the first time, a mechanistic understanding of the

role of collagen recruitment in determining bladder ex-

tensibility and capacitance.

Keywords bladder compliance, collagen recruitment,

multiphoton, extracellular matrix

1 Introduction

The human bladder is a highly compliant organ that

can expand from an empty state to store 450 ± 64.4

ml of urine at relatively low pressures of 43.5 ± 7.3

cm of H2O in young adults (18 yrs) (Kershen et al.

2002). This is quite remarkable given the low extensi-

bility of the collagen fibers that make up the bulk of the

extracellular matrix in the bladder wall. However, the

compliance of the bladder wall can decrease with age
and disease (Ameda et al. 1999; Kohan et al. 2000).
This increased stiffness not only diminishes the bladder
capacity but also results in increased filling pressures

that are transmitted to the kidney and can cause re-

current infection, abdominal pain and, in severe cases,

reflux nephropathy or chronic kidney failure (Anders-

son and Wein 2011; Zeidel 2016). Hence, it is of great

importance to understand the mechanical source of the

bladder extensibilty and how this functional property

is changed during aging and disease.

Structurally, the bladder wall is a layered compos-
ite with passive components (elastin, collagen fibers
and smooth muscle cells) as well as active components

(smooth muscle cells). The components are distributed

in laminated structures within the bladder wall that

are typically grouped into three layers, Fig. 1. Mov-

ing from the lumen, these are the mucosa, the muscu-

laris propria (herein referred to as the detrusor smooth
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Fig. 1 Schematic of a cross section of the bladder wall show-
ing the three major layers (mucosa, detrusor smooth muscle
layer and adventitia). The folds (rugae) of the mucosa layer
involve both the urothelium and LP layers. Smooth muscle
bundles are shown aligned in two layers within the DSM.

muscle (DSM) layer and the adventitia. The mucosa

is composed of an urothelium, a basement membrane

and a lamina propria (LP). The LP contains a densely

packed, interwoven network of collagen I and III fibers
(Ewalt et al. 1992; Chang et al. 1999). The DSM is a
composite of smooth muscle bundles intermixed with

type III collagen fibers and elastin fibers. The collagen

fibers are believed to interconnect the smooth muscle

cells (SMC) within the bundles (Ewalt et al. 1992) and

are less densely packed than in the lamina propria layer.

The outer surface of the bladder is formed of loose con-
nective tissue commonly termed the adventitia.

Even though it is generally accepted that bladder

compliance is of tremendous clinical importance, a small
number of studies performed nearly two decades ago are
the main source of information on the physical source

of bladder wall extensibility. In 1992, Ewalt et al. pub-

lished what appears to be the first conjecture as to

the source of bladder compliance, attributing bladder

extensibility to folds in the LP collagen fibers, (Ewalt

et al. 1992). They conjectured the wavy LP fibers have

little resistance to straightening, enabling the bladder

to undergo large changes in volume with small increases
in pressure. They attributed the bladder filling capacity
entirely to the LP layer, and in particular to the volume
at which the LP collagen fibers are engaged.

Chang et al. (1999) explored the conjecture of Ewalt

et al. by analyzing the collagen fibers in bladders filled
to 0%, 25%, 50%, 75% and 100% of their total capac-

ity. They similarly attributed bladder capacity entirely

to the lamina propria and made a second conjecture

that the mechanical role of the detrusor layer is to sim-

ply serve as “the limiting or girding layer to prevent

over-distension of the bladder wall”. This emphasis on

the LP layer as the limiting factor for wall compliance

was primarily supported by a comparison of estimates

of the maximum tension of the lamina propria and de-

trusor layer (G. Susset, Jacques, H. Regnier 1981) and

their change in thickness during filling (Chang et al.
1999). These conjectures, while often referenced, have
not been reevaluated, (e.g. (Aitken and Bägli 2009; An-

dersson and McCloskey 2014)) with the exception of re-

cent uniaxial work on mouse bladder (Hornsby 2016).

Hence, there is a need for further direct evidence to

prove or disprove these conjectures.

While there is a lack of direct measurements of the

varied mechanical roles of the LP and DSM layers dur-

ing bladder filling, changes to the extracellular matrix

have been associated with altered mechanical function.

For example, Ewalt et al. (1992) found that, in the

non-compliant bladders of children (≤ 14), the inter-
fascicular space (between SMC bundles) accumulates

type III collagen fibers and elastin. They postulated

these changes prevent normal expansion of the detru-

sor layer and thereby affect bladder compliance. Non-
compliant bladders have also been studied in the con-
text of spinal cord injured and partial bladder obstruc-

tion (Chen et al. 2013). In these settings, non-compliant

bladders were found to have increased density and vol-

ume of smooth muscle cells (Hald and Horn 1998),

increased quantities of elastin, and decreased collagen

fibers in the detrusor layer (Nagatomi et al. 2004; Kim
et al. 1991). The ratio of collagen types I and III as
well as collagen fiber orientation were also found to

be significantly different in the detrusor layer of the

non-compliant bladder relative to the compliant (Kim

et al. 1991; Chang et al. 1999; Ewalt et al. 1992). These

changes were speculated to directly or indirectly cause

the loss of bladder compliance.

In this work, we make use of advances in bioimag-

ing coupled with mechanical testing to revisit these two

conjectures. In particular, the purpose of the current

study is to investigate the relationship between blad-

der wall structure and compliance during loading using
recently developed imaging tools that enable concur-
rent imaging of collagen fibers and mechanical testing
in intact, unfixed bladder samples (Hill et al. 2012).

We developed a planar biaxial system compatible with

multiphoton imaging (MPM) that enables imaging of

collagen fiber recruitment during simulated bladder fill-

ing - approximated as a planar biaxial deformation.
The structural and mechanical data were quantified and
used to evaluate the mechanisms responsible for com-

pliance and loss of compliance in rat bladders. Atten-

tion was given to changing roles of the wall layers dur-

ing loading from zero strain through supraphysiological

levels.

An enhanced understanding of the structural mech-

anisms responsible for bladder compliance will guide

the development of novel medical treatments of blad-
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der dysfunction, and provide design objectives for tissue

engineered bladders aimed at mimicking the remarkable

compliance of the bladder (Pokrywczynska et al. 2015).

Furthermore, this study will identify the structural mi-

lieu of the intramural cells, knowledge that is essential

for understanding the growth and remodeling process

in health and disease (Aitken and Bägli 2009).

2 Methods

2.1 Tissue preparation

Nine male Fischer rats (Species F344, adult and aged

rats from National Institute on Aging of the NIH) were

used in this study, separated by age with 4 adult rats

(12 months) and 5 aged rats (21-24 month). The un-

loaded meridional length (ho) and diameter (wo) were

measured in the explanted bladder. The bladders were

then cut open longitudinally and trimmed into square

pieces with widths of 6mm ± 1mm such that the sides

of the samples were aligned with the in situ longitu-

dinal and circumferential directions, Fig. 2a. To inhibit

smooth muscle cell contraction, samples were immersed

in Hanks Buffer Salt Solution (HBSS) containing, (in

mM) NaCl 138, KCl 5, KH2PO4 0.3, NaHCO3 4, MgCl2

1, HEPES 10, glucose 5.6, with pH 7.4, 310 mOsm/l)

without calcium and with added EDTA (0.5mM). The

voltage calcium channel blocker nifedipine (5uM; Sigma)
and the SERCA pump inhibitor, thapsigargin (1uM;
Tocris Biosciences), which prevents the reloading of in-

tracellular calcium stores, were also added.

2.2 Mechanical testing and constitutive modeling

Mechanical testing was performed using a custom bi-

axial system specifically designed for testing bladder

tissue concurrent with imaging under a multiphoton

microscope, Fig. 2. This design enabled imaging of col-

lagen fibers in intact specimens without staining or fix-

ation. In the biaxial system, displacement can be inde-
pendently controlled by four actuators (Aerotech, Inc.,
linear actuator ANT-25LA) and force measurements
are performed using load cells on two of the actuators

(Transducer techniques, nonrepeatibility 0.05% of R.O.,

capacity 5 lbs), Fig. 2b. Tissue is mounted on the de-

vice using biorakes (World Precision Instruments, Inc.).

The biaxial system includes a CCD camera and a 45 de-

gree offset mirror to enable imaging of strain markers

from beneath the mounted tissue, Fig. 2d,e. This imag-

ing system enables MPM imaging at prescribed biaxial

strains.

Prior to testing, the unloaded thickness to of each

sample was measured in 5 positions using a 0-150mm

digital caliper (Marathon watch company Ltd) and av-

eraged. Fiducial strain markers (Basalt microspheres,

425-500 µm, Whitehouse Scientific) were attached to

the abluminal side of each sample for strain calculation.

During testing, the square sample was first loaded lu-

men side up on the biorakes, Fig. 2b. FollowingWognum

et al. (2009), a tare-load was applied to the sample af-
ter which it was preconditioned, then unloaded, then
loaded to the tare-load, then mechanically tested. Five

consecutive equibiaxial loading cycles to a stretch of
1.8 were used for preconditioning with a tare-load of

0.02N. The post-precondition tare-loaded state is used

as reference configuration. The lumen surface was im-
aged under MPM at stepwise increases in strains, Fig.

2c, (Section 2.5). To avoid tissue damage while obtain-

ing a large range of strain, loading was stopped at a

strain where the collagen fibers were visibly straight-

ened (recruited) defined as the maximum strain. Hence,
an individual maximum strain was identified for each

sample. After lumen side imaging, 5 equibiaxial load-
ing cycles to the maximum strain were performed at a

strain rate of 1% s−1. The strain marker locations were

recorded by a CCD camera using the 45 degree mirror

block beneath the sample (Fig. 2d,e) and used to obtain

the loading curves. The sample was then flipped and the

imaging was repeated from the abluminal, once again

until collagen recruitment was observed. The compo-
nents of the Green-Lagrange strains were calculated
from the fiducial marker locations using a finite ele-

ment interpolation method (Sacks 2000). Components

of the Cauchy stress tensor were calculated using load

measurements with estimates of current cross sectional

area obtained from the strain measurements under the

approximation of isochoric motion.

For the purpose of analyzing the loading regimes

and motivated by prior studies of the bladder wall Gloeck-

ner et al. (2002), the rat bladder was modeled as an in-

compressible, hyperelastic, isotropic material with Cauchy

stress tensor

T = −pI+ µ eγ(I1−3)B (1)

where p is the Lagrange multiplier associated with in-

compressibility, I1 is the first invariant of the left Cauchy-

Green deformation tensor B, µ is the shear modulus

and material constant γ controls the exponential de-
pendence on I1. An exponential dependence on stretch

was proposed by Fung (1967) and the form in (1) is

commonly used for soft biological tissues. Data sets for

the planar biaxial loading studies were combined for the

longitudinal and circumferential directions and used to

obtain the material constants in (1).
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Fig. 2 Schematic of experimental system developed for mechanical testing and bioimaging of bladder samples. Yellow arrows
indicate input (one) and output (three) for the system. (a) Bladder and schematic of of square tissue sample (input), (b) Biaxial
testing system under MPM lens with insert showing magnification of tissue loaded on biorakes, (c) Representative projected
stack of images showing second harmonic generation signal from MPM imaging (output), (d) Image from 45o mirror showing
underside of loaded sample, (e) Image from CCD camera showing strain markers imaged using mirror system (output), (f)
Representative loading stress strain curve showing toe, transition and high stress regimes of curve obtained using mechanical
testing system (output).

2.3 Calculation of bladder compliance and capcity

The International Continence Society (ICS) defines blad-

der compliance C as

C =
∆V

∆P
(2)

(given in units of ml per cm of H20) where ∆P is the
change in intraluminal pressure between two different

loading states and ∆V is the corresponding change in
volume (Abrams et al. 2002). The initial loading state

is chosen as the start of filling while the second and

higher loading state is either the cystometric capacity

or the state immediately before any muscular bladder

contractions have started (that would lead to substan-

tial bladder leakage). Cystometric capacity is defined

as the bladder volume when the patient has a normal
desire to void, (Abrams et al. 2002).

In this work, consistent with the ICS definition for
compliance, we consider the two states to be the zero
pressure state (Po) and the cystometric pressure (P1)

set equal to 45 mmHg for rats, (Alexander 1971). The
corresponding volumes are denoted Vo and V1, respec-

tively so the compliance is (V1 − V0)/(P1 − P0). The

bladder capacity is simply V1, namely, the amount of

urine the bladder can hold at the cystometric pressure.

In estimating the volume at the zero pressure state,

the bladder was approximated as an ellipsoid (Vo =

πw2h/6), using animal specific values for wo and ho.

An effective unloaded spherical radius ro was then cal-

culated from

ro =
1

8
(w2

oho)
1/3. (3)

The corresponding loaded volume was estimated from
the analytic solution for pressure inflation of a spherical
membrane Beatty (1987) with bladder specific material
constants obtained from the planar biaxial studies. In

particular, the intraluminal pressure for the exponential

model as a function of stretch λ

P (λ) =
2to
λro

[1−
1

λ6
]µeγ(I1−3) (4)

where λ is the ratio of the current radius to ro.

2.4 Assessment of regimes of the loading curve

Following the approach of Sacks (2000), when the rat

bladder is at maximum filling pressure, the intramural

stress in the bladder wall is 100 KPa, estimated from

an equilibrium balance for a sphere (Laplace’s law). For

this reason, we consider loading curves up to 100 KPa.



Layer dependent role of collagen recruitment during loading of the rat bladder wall 5

Using the exponential fit, loading curves were extrapo-

lated to this maximum stress with corresponding maxi-

mum strain, (ǫmax), where ǫ = (λ2 − 1)/2. The average

curve for each of the principal directions was calculated

and divided into three regimes: toe regime, transition

regime, and high stress regime as follows. To determine

the strain defining the end of the toe regime, first a

linear fit of the data starting from the origin was per-
formed with an R2 of 0.99. The toe regime, or low stress

regime was then defined by strains in the range [0,ǫ1),

where ǫ1 is the strain at which the loading data deviates

from the linear fit by 450 Pa. The high stress regime was
defined as ǫ ∈ (ǫ2, ǫmax], Fig. 2f. Here ǫ2 was similarly
defined relative to a linear fit to the data with an R2

of 0.98, in this case, beginning with the maximum of
the high stress data rather than the origin. The tran-
sition regime was defined as the intermediate regime,

ǫ ∈ [ǫ1, ǫ2 ], Fig. 2f.

2.5 Multiphoton imaging

Tissues were scanned with multiphoton imaging us-

ing a Z step size of 2 µm, following methods in (Hill

et al. 2012). Briefly, a multiphoton microscope (Olym-

pus FV1000 MPE) equipped with a Coherent Chameleon

TiSapphire pulsed Laser was used to image collagen

fibers. An excitation wavelength of 800 nm and 1.12

NA 25 x MPE water immersion objective were used for

all samples. Signals from second harmonic generation

(SHG) were collected using a 400 nm emission filter

with a ±50 nm spectral bin.

2.6 Evaluation of fiber recruitment from multiphoton

images

Multiphoton image stacks were used to obtain 3D re-

constructions of the collagen fiber architecture that were

mapped to the corresponding point on the loading curve

by matching the loading level. Collagen fibers could be

clearly imaged up to depths of approximately 200 µm

in unloaded samples. Collagen fibers were traced in 2D

slices through the depth of the 3D reconstructed model

(Filament function in Imaris, Bitplane, Switzerland),

Fig. 3, (Hill et al. 2012).

Fiber arc length (s) was determined for each fiber
tracing. Cord length (L) was defined as the length of a

best linear fit line to the same segment. Fiber straight-

ness was defined as the ratio of chord length to arc

length L/s (Hill et al. 2012). A fiber was designated as

recruited to load bearing when its straightness reached

0.98 (Hill et al. 2012; Hill 2011). Careful attention was

given to assuring the fiber straightness results for each

sample at each load were independent of the number of

fiber tracings. In particular, a mean value of straight-
ness of the first j tracings was defined as,

m(j) =
1

j

j∑

i=1

L(i)

s(i)
j = 1, 2, 3, · · ·n (5)

Fig. 3 Collagen fiber tracings shown in white in a 2D projec-
tion of a representative 3D reconstructed model formed from
2D multiphoton stacks. MPM signal from collagen fibers seen
in red.
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Fig. 4 Residual e(j) as a function of number of fibers con-
sidered in calculating fiber straightness. Definition of residual
is given in Eq. 6
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The difference between the calculated straightness

for j+1 tracings and j tracings was defined as a residual
of m(j):

e(j) =
m(j + 1)−m(j)

m(j + 1)
, j = 1, 2, 3, · · ·n− 1 (6)

When the residual satisfied abs[e(j)] < 0.005, the num-

ber of fiber tracings was deemed sufficient to evalu-

ate fiber straightness. A representative plot for e(j) is
shown in Fig. 4 and illustrates how the bounds on the

residual diminish with increasing number of fiber trac-

ings, tending toward zero.

2.7 Quantification of the flattening of the lamina

propria

The mucosa of the unloaded bladder wall is wavy, Fig. 1,

and gradually flattens under load. The flatness/waviness

of the LP was assessed in 3D reconstructions of the

MPM images by calculating the vertical position of the
surface. The lamina propria was defined to be flat when
the standard deviation of the vertical position was less

than 20 microns.

2.8 Immunohistochemistry

Immunofluorescent (IH) staining was performed to iden-

tify regions of smooth muscle cell bundles and loca-

tion of cell nuclei, following established protocols from

the Center for Biologic Imaging (CBI), (details can be

found at www.cbi.pitt.edu/Protocols.htm). Briefly, af-

ter preparing the square sample for mechanical testing,
a portion of the remaining tissue was fixed in 4% PFA
(paraformaldehyde). Cross sections were obtained by

freezing the specimen in OCT and 2 µm thick slices

were cut using a cryostat (HM 50SE, Microm). The

sample was incubated (diluted by 1% NGS) with pri-

mary antibody for αSMA (Sigma C6198). To stain cell

nuclei, the slices were then washed with 1X PBS 3 times

and incubated without illumination in DAPI (4′,6-diamidino-

2-phenylindole, 1:1000, Life Technologies). All sections

were then imaged using Olympus Fluoview 1000 con-

focal microscopy (Olympus Imaging America, Melville,

NY). A neighboring section similarly stained with DAPI

but without antibody for αSMA was imaged using mul-

tiphoton microscopy.

3 Results

3.1 Overview of collagen fiber and cellular distribution

across the wall layers

To provide context for discussions of the enface images

of collagen fibers, a cross section of the rat bladder
is provided in Fig. 5, with IH staining imagined un-
der confocal microscope and a neighboring section im-

aged using MPM. Fig. 5(a) shows cell nuclei (blue) and

αSMA positive regions in red whereas Fig. 5(b) shows

the cell nuclei (yellow) and collagen fibers (red). In Fig.

5(a), moving from the lumen downwards, the cell den-
sity diminishes as one moves through the mucosa from
the urothelium to the lamina propria. The adjacent de-
trusor layer has large regions of αSMA positive stain-

ing indicating areas of smooth muscle bundles. Sparse
cell nuclei can be seen in the adventitial layer. In Fig.
5(b), consistent with Fig.5(a), the urothelium layer has

a dense display of cell nuclei. Under MPM, the colla-
gen within the lamina propria can be seen. Moving into
the detrusor layer, regions of dense collagen fibers are
interspersed with regions populated with cells corre-

sponding to regions of smooth cell bundles in Fig. 5(a).

Further outwards, the collagen within a thin adventitial

layer can be seen. This sample has been gently flattened

before fixation, so waviness is not seen in the mucosa
layer.

3.2 Mechanical response of the bladder wall

The raw data for the biaxial testing for each sample
are shown in Fig. 6, averaged for the longitudinal and
circumferential directions. This data was well fit by the

exponential model (1) with an R2 > 0.94 for all sam-

ples, Table 1.

Table 1 Mechanical properties for each bladder sample. Ma-
terial constants µ, γ and corresponding R2 for fit of constitu-
tive model in Eq. 1 to data shown in Fig. 6. Strains ǫ1 and
ǫ2 separate the low strain, transition and high strain regimes
of the loading curve.

Sample µ (Pa) γ R2 ǫ1 ǫ2 Type

Adult01 4635 2.2 0.95 0.13 0.40 II
Adult02 22 4.2 0.98 0.40 0.63 I
Adult03 625 2.0 0.94 0.24 0.64 I
Adult04 90 3.3 0.98 0.34 0.64 I
Aged01 11,015 1.4 0.99 0.15 0.34 II
Aged02 1814 2.9 0.98 0.16 0.44 II
Aged03 4050 2.2 0.98 0.13 0.38 II
Aged04 7720 3.7 0.96 0.11 0.28 II
Aged05 1500 1.8 0.98 0.20 0.57 I
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Fig. 5 Bladder cross section imagined using (a) Confocal microscopy and (b) Multiphoton Microscopy. In (a), cell nuclei are
shown in blue (DAPI), while red shows regions positive for αSMA. Cell nuclei are yellow in (b) with collagen fiber signal in
red. The y-z plane corresponds to the longitudinal and transmural directions, respectively. Lumen side is on the top of the
image.

Fig. 6 Mechanical loading curves for bladder tissue showing Cauchy stress as a function of strain (ǫ) with biaxial raw data
(red) and curve obtained from fit of the exponential model in Eq. 1 (blue) to the averaged data.. Material parameters shown
in Table 1. The transition regime for each curve is delineated by a colored rectangle.

3.3 Two bladder wall types identified based on wall

extensibility.

The strains ǫ1 and ǫ2 at the interface between the three

loading regimes (toe, transition, and high-stress regimes)

are given in Table 1. Two different categories of blad-

der were defined based on these strains. In particular,

the method of k means clustering was used to parti-

tion the n = 9 observations into k = 2 clusters, where

each observation belongs to the cluster with the nearest

mean. Type I has mean values (ǫ1 = 0.29, ǫ2 = 0.62),

while Type II has means (ǫ1 = 0.14, ǫ2 = 0.37), Table 1.

A student T-test showed these groups were statistically

distinct, (p=0.039 for ǫ1, and p=0.00016 for ǫ2). Type I
wall is more extensible due to longer toe regimes (larger

ǫ1) and larger strains before the onset of the high stress

regime (ǫ2). These differences can be seen visually for

each bladder in Fig. 6 and for the combined data set in
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Fig. 7. The blinded separation of the samples into two

wall types is clearly seen in Fig. 7, where data for Type

I are shown in green and for Type II in red.

Strain
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Fig. 7 Cauchy stress as a function of strain for wall types
I (green) and II (red) corresponding to composite of curves
from Fig. 6. The strain at the end of toe regime (ǫ1) and
end of transition regime (ǫ2) are designated by “+” and “x’,
respectively.

3.4 Bladder compliance can be maintained despite

increased wall stiffness

The bladder capacity, defined here as the bladder vol-

ume at cystometric pressure, is an important variable

for the health of the animal since it determines how

much urine can be stored comfortably before voiding.

As noted earlier, bladder compliance and capacity are

proportional for a fixed cystometric pressure. It follows

from a simple equilibrium balance that reduced capac-

ity can arise due to increased stiffness (µ, γ), decreased

volume (Vo) and/or increased wall thickness to. The

average compliance (and hence capacity) of the more

extensible Type I bladders is nearly twice that of Type

II bladders and these groups are statistically distinct

(p=0.0038), Table 2 and Fig. 8.

Two of the (Type II ) bladders (Aged02 and Aged03)

maintained a relatively large capacity (compliance) de-

spite lower extensibility through increased Vo, Fig. 8
and Table 2. The wall thickness was within one stan-

dard deviation of the average for Type II walls and
therefore did not play a large role in maintaining a high
bladder capacity. These two bladders had the largest

unloaded volumes of the entire cohort and Vo was more

than 30% greater than the average volume of the Type

I bladders, Table 2. As a result, the capacities of these

Type II bladder were within 70% of the average for

Type I bladders. In contrast, the other three Type II

walls were not enlarged relative to the Type I bladders

and their capacities were reduced to less than 34% of

the average capacity for the type I walls.

Table 2 Comparison of the unloaded wall thickness to, un-
loaded volume Vo, volume expansion V-Vo, and compliance
C between the two wall types

Wall to Vo V −Vo C
Sample Type (mm) (mm3)(mm3) (ml/cmH2O)

Adult02 I 0.52±0.02 170 414 0.0069

Adult03 I 0.61±0.04 166 446 0.0074

Adult04 I 0.46±0.05 182 460 0.0077
Aged05 I 0.66±0.03 143 317 0.0053

Average I 0.56 165 409 0.0068

Std I 0.09 17 65 0.0011

Adult01 II 0.66±0.03 115 138 0.0023
Aged01 II 0.72±0.03 129 116 0.0019
Aged02 II 0.85±0.02 214 291 0.0048
Aged03 II 0.92±0.04 245 293 0.0049
Aged04 II 1.12±0.04 151 80 0.0013

Average II 0.85 171 184 0.0031

Std II 0.18 56 101 0.0017

Fig. 8 Compliance of Type I (green) and Type II (red) blad-
der walls.

3.5 Relationship between flattening of rugae and
bladder loading curves

A representative projected stack of MPM images as

viewed from the lumen side of the bladder wall in the

unloaded state is seen Fig. 9(a), The waviness of the

unloaded luminal surface (rugae) can be seen with the

undulated collagen fibers in red. Since the depth of the

stack is less than the depth of the unloaded LP layer,
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Fig. 9 Rugae of the unloaded bladder wall as seen in (a)
Projected stack of multiphoton images with collagen fibers
in red and (b) Corresponding contour plot of surface eleva-
tion with peaks of undulated surface (large z-value) shown in
yellow.

these undulations are truncated, leading to areas absent

of the red signal in this projected view. In Fig. 9(b), the

surface elevation of the luminal surface is shown as a

contour plot for the 3D reconstructed stacks in Fig.9(a).

The surface folds are clearly multi-dimensional, not, for

example, ridges running in the longitudinal direction.

3.5.1 Rugae are not flattened until transition regime

The regime in the loading curve where rugae were lost
for each sample is seen in Fig. 10. The two “x” marks
denote the strain (y-axis) at which the transition regime

begins and ends. The “o” denotes the strain at which
the luminal surface was flattened. Since the imaging was
done at discrete strain values, for each sample, there is a

bar, signifying the largest strain at which the tissue was

wavy and the smallest strain at which it was imaged as

flat. In all cases, the flattening occurred beyond the toe

region, within the transition regime, Fig. 10. We found

that LPs of Type II walls were flattened at lower strains

in general than Type I walls.

3.6 Collagen fiber recruitment across the bladder wall

Fig. 11 shows the fiber recruitment with increasing strain

as seen in projected stacks of MPM images from both

the luminal side (row 1) and abluminal side (row 2).

From the luminal side, both the flattening of the undu-

lations as well as the straightening of the collagen fibers

in the LP and onset of recruitment can be seen. From

the abluminal side, highly coiled fibers can be seen in

the DSM layer for the toe regime with gradual straight-

ening of the collagen fibers with increasing strain.

Samples

Adult02 Adult03 Adult04 Aged05 Aged04 Aged01 Aged02 Aged03 Adult01

S
tr

a
in

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Fig. 10 Strain at which the undulations in the luminal sur-
face (rugae) were lost for each of the nine cases. The two “x”
marks for each case denote the strain (y-axis) at which the
transition regime begins and ends. The “o” denotes the strain
at which the luminal surface was flattened. Green, red and
black correspond to wall types I, II, and II′, respectively.

3.6.1 LP and DSM collagen recruitment is coordinated

in extensible bladder walls

In order to understand the relative role of collagen re-
cruitment in the DSM and LP layers during loading,

we quantified the percentage of recruited collagen fibers
from both the luminal (lamina propria) and abluminal
sides (detrusor layer) and considered these with respect
to the toe, transition and high stress regimes, Fig. 12. A

representative fiber tracing for the abluminal side was

shown in Fig. 3. The fraction of recruited fibers at 4 dif-

ferent strain points in each of the LP and DSM layers

is shown in Fig. 12. Since the MPM images were per-
formed independently on luminal and abluminal sides,
the data for the LP and DSM layers are obtained at

slightly shifted strains within each regime, and this is

reflected in the horizontal location of the recruitment

data within a regime.

No fibers were recruited in the toe regime for any of
the samples (n=9), Fig. 12. In Type I bladders, recruit-

ment of collagen fibers was coordinated in the LP and

DSM layers. In particular, collagen fibers from both the

lamina propria and detrusor layer began to be recruited

in the transition regime and most of the fibers were

straightened in both layers in the high stress regime.

For all Type II samples except one (Aged04), the re-

cruitment of collagen in the LP and DSM layers was

uncoordinated. Namely, few LP collagen fibers were re-

cruited in the transition regime and the recruitment of

DSM fibers dominated this regime. The premature re-
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Fig. 11 Projected stacks of MPM images showing Adult04 as viewed from the luminal (row 1) and abluminal (row 2) sides.
Panels one to three correspond to the toe, transition and high stress regimes, respectively. With increasing strain, undulations
(rugae) of the mucosa on the luminal side are flattened (row 1), followed by straightening (recruitment) of the collagen fibers
(column 3).

cruitment of the DSM collagen continued through the

high stress regime for these walls In contrast, the Type

II bladder (Aged04) showed a coordinated fiber recruit-

ment to Type I bladders and is referred to as Type II′

wall in further discussions and shown as dashed red

lines in Fig. 7. The Type II′ wall (Aged04) had the ear-

liest flattening of the LP layer, Fig. 10, and the shortest

toe regime with ǫ1(II
′) = 0.11, Table 1.

3.7 Aged versus adult bladder

The bladders from the adult rats were more likely to

be Type I (3 out of 4), whereas the aged bladders were

generally Type II (4 out of 5). The aged bladders were

thicker than the adult bladders (p=0.019) with aver-

ages of 0.89 ± 0.18 mm and 0.56 ± 0.09 mm. The Type

I and Type II walls had average thicknesses of 0.56 ±

0.09 mm and 0.79± 0.12 mm, respectively. The Type
II′ wall, an aged bladder, was substantially thicker than

the other walls, with a thickness of 1.12 mm. In addi-

tion, we found the wall thickness of adult samples are

negatively correlated (R2= -0.85) to their initial vol-

ume while the aged samples, except for the unusual

case Aged04 (Type II′), showed the opposite trend (R2

= 0.95).

4 Discussion

The bladder is one of the most compliant organs in the

body. For example, a normal rat bladder can expand to

about three times its initial volume. The same passive

components of the bladder wall, such as elastin and col-

lagen fibers, are also found in the walls of other biolog-

ical tissues. It is the wall architecture, or the way these

components are combined, that must be responsible for

its extensibility. In this work, we focus on the passive

properties of the rat bladder wall in the absence of SMC

active contraction. A custom designed planar biaxial

system compatible with multiphoton microscopy was

designed and used to directly investigate the relation-

ship between bladder wall structure and wall extensibil-

ity during loading in fresh bladder samples from adult

and aged rats.

To understand the changing roles of the wall layers

during loading, we defined three regimes for the blad-

der mechanical loading curves: the toe regime, transi-

tion regime, and high stress regime. Since the bladder

material stiffness increases so rapidly in the high stress
regime the bladder extensibility is largely determined

by the length of the toe and transition regimes, Fig.
7. Namely, the steep increase in wall stiffness in the
high stress regime inhibits further substantial bladder

expansion, essentially “locking in” the maximum blad-

der volume.
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Fig. 12 Percentage of recruited collagen fibers for the LP layer (red) and DSM layer (blue) at different strain levels during
biaxial loading for (a) Type 1 bladders, (b) Type II bladders. As in Fig. 6, the transition regime is delineated by a colored
rectangle. For Type II walls, collagen fibers from the LP layer largely remained unrecruited throughout this transition regime
while the DT fibers commence recruitment within the transition regime. Even in the high strain regime, the LP fibers showed
only little to moderate recruitment in Type II walls, with the exception of Aged 04,

Two wall types- classified by extensibility

Within 5 aged samples and 4 adult samples, we found

two types of bladders, defined by measures of their ex-

tensibility, ǫ1 and ǫ2. Type I walls have longer toe re-
gions and later onset of the high stress regime compared

with Type II and these differences reached statistical

significance. The increased extensibility of Type I walls

is mainly due to significantly longer toe regimes than

Type II bladders. The average length of the transition

regime is also longer, but it does not reach statistical

significance.

Mechanisms for long toe regimes

The high extensibility associated with longer toe regimes

is only possible if both the inner (mucosa) and outer

(DSM and adventitial) layers of the wall are both ex-

tensible. In this work, we showed the extensibility of

the LP layer is due to folds (rugae) in the bladder

wall. With increasing strain the LP gradually flattens

with little resistance to load. In parallel, the LP colla-

gen fibers become more planar and eventually begin to

straighten. Importantly, the rugae do not fully flatten,

nor does collagen recruitment commence until after the

end of the toe regime (in the transition regime). There-

fore, the bladder wall has two levels of undulations to

provide extensibility: wall undulations (rugae) on the
order of 100 microns, Fig. 9, as well as undulations in
the collagen fibers themselves, on the order of tens of

microns. This second level does not engage until the

after the first (rugae) are flattened.

Previous work has suggested the high extensibility

of the outer wall is provided by the architecture of the

SMC bundles and collagen fibers. In particular, that in

the unloaded bladder the SMC bundles are connected

by wavy collagen fibers, (Chang et al. 1999). Hence,

the reorientation and stretching of the SMC bundles

as well as straightening of the wavy collagen fibers are

mechanisms that provide high extensibility in the DSM

layer. Our results are consistent with this conjecture. In

particular, while we did not investigate the connection

between the SMC bundles and collagen fibers in this

work, we have shown the DSM collagen fibers were not

recruited until the transition regime was reached. This
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is consistent with the proposed mechanism for large ex-

tensibility of this layer. A schematic of mechanisms for

extensibility of the LP and DSM layers is shown in Fig.

14.

Mechanisms responsible for stiffening in the tran-

sition regime of Type I bladders

In the transition regime of Type I walls, the stress in-

crease is due to the gradual fiber recruitment of fibers in
both layers. The fiber recruitment in the LP and DSM
layers are coordinated in that both layers demonstrate
collagen recruitment that continues to substantial lev-

els in the high stress regime, Fig. 12 (a).

Physical mechanisms responsible for loss of blad-
der extensibility (Type II and Type II′ walls)

The central difference in the Type II and Type II′ walls
compared with the Type I walls was the shortened toe
regime. Since the toe regime is a region of high ex-
tensibility under low loads, even a small amount of

loading of stiff collagen fibers will end this regime and

force it to enter the transition regime. We found that

Type II bladders have a shorter toe regime because

the DSM fibers were straightened prematurely (lower
strains than Type I walls), ending the toe regime and
preventing extensive recruitment of LP collagen, Figs.
12 . In contrast, in the Type II′ wall, fibers from both

the LP and DSM layers were recruited prematurely, re-
sulting in the earliest flattening of the LP among all the
samples, Fig. 10. As result, this case had the shortest

toe regime.

In Type II walls the early recruitment of DSM col-

lagen fibers prevented the LP fibers from engaging and

straightening. In fact, large fractions of LP fibers re-

mained unrecruited even in the high stress regime, Fig.

12(b). In Type II walls, the DSM collagen fibers will

take a more dominant role than LP fibers in physiolog-

ical and supraphysiological load bearing. In one sample

(Aged01), we also saw a lack of coordination of fiber re-

cruitment even within the DSM layer itself with some

highly recruited fibers preventing continuing recruit-

ment of other still highly tortuous fibers, Fig. 13. This

is consistent with the unchanging fraction of recruited

DSM fibers over the transition regime in that sample,
Fig. 12(b).

These findings suggest the DSM layer of Type II

walls somehow lost one or more of the mechanisms
for structural transformation to accommodate exten-
sion before fibers are recruited. Mure and Galdo found

an increased ratio of type III to type I collagen in non-

compliant bladders (Mure et al. 2004). Chang found

that in normal bladder, type III collagen localization is

largely confined to the interfascicular regions (between

SMC bundles) of the detrusor while in non-compliant

bladder, type III collagen is found not only in the in-

trafasciular region, but also within the smooth muscle
bundles (Chang et al. 1999). The abnormal type III col-
lagen fibers in the SMC bundles may be the cause of

the earlier fiber recruitment because they could stiffen

the SMC bundles, forcing earlier recruitment of the in-

terfascicular fibers.

Overview of structure/function relationship

The relative roles of the collagen fibers in the LP and

DSM layers, including conjectures regarding the role

of the connection between SMC bundles and collagen

fibers are shown in a schematic in Fig. 14. In the toe

regime of all wall types, the LP is wavy and no fibers

are recruited to load bearing. The DSM layers colla-

gen fibers are drawn to shown an interconnection with

smooth muscle bundles (following the conjecture of Chang

et al. (1998) and further supported by recent work on
murine bladder using MPM (Hornsby 2016)). As shown
in the present work, during further loading of the Type I
wall, the LP layer becomes flattened and collagen fibers

in both layers are gradually recruited to load bearing.

For Type II walls, the toe regime ends earlier than for

Type I walls and the fiber loading is unsynchronized.

For Type II walls, some of the DSM collagen fibers be-

come load bearing prematurely inhibiting the strains

needed for the collagen in the LP layer to become load

bearing.

Elastin in bladder wall

Unlike arterial walls, there are no elastic layers (lamel-
lae) in the bladder wall. Rather the bladder elastin has

been reported as small quantities of fibers throughout
the lamina propria, and in a loose network around the
muscle fascicles (Murakumo 1995). This is consistent

with our own findings. The influence of elastin on the

mechanical function of the wall is an interesting topic

for future investigation.

Effects of aging

The heterogeneous aging process seen across species
(with some animals aging more rapidly than others,
for example, or in different ways), can confound anal-

ysis. For this reason, we looked for wall types based

on mechanical response, rather than trends with aging.

Despite the small numbers of samples in this study, a

high statistical significance was found, demonstrating a

propensity for aged walls to be Type II and of increased

thickness.

Extensibility, bladder capacity and bladder com-

pliance

In this work, we have emphasized the need to consider

bladder extensibility separately from bladder capacity

and bladder compliance. Like other soft tissues such as



Layer dependent role of collagen recruitment during loading of the rat bladder wall 13

Fig. 13 Collagen fibers in Type II wall (Aged01) as seen in projected stacks of abluminal MPM images (a) toe regime and
(b) transition regime. Unbalanced fiber recruitment is seen in the DSM where some fibers are fully straightened and others
are highly tortuous.

Fig. 14 Schematic of the conjectured roles of collagen fibers in the LP and DSM layers by wall type. The current work suggests
that in all wall types, extensibility in the toe regime is achieved by flattening of the rugae without collagen fiber recruitment.
In the toe regime, the extensibility of the DSM is conjectured by Chang et al. (1998, 1999) to arise from the wavy nature of the
collagen fibers connecting extensible SMC bundles (shown as ovals in the figure). Therefore, SMC bundles remain relatively
unloaded in this regime. The current work demonstrated that in the transition regime of Type I walls, fiber recruitment was
coordinated in the LP and DSM layers (both demonstrating gradual straightening). In contrast, in Type II walls, the toe
region is cut short by early recruitment of the DSM collagen which, based on the work of Chang et al., is conjectured to arise
from infiltration of fibers in the SMC bundles as well as other stiffening mechanisms (infiltrated collagen fibers schematically
shown in SMC in II and II’ walls). As a result, complete recruitment of LP collagen fibers in Type II walls is inhibited, even
in the high stress regime, as seen in the current study. and illustrated here. In Type II′ walls, although the LP and DSM fiber
recruitment is coordinated, the rugae are flattened prematurely, resulting in the earliest recruitment (not shown) . Nonetheless,
collagen fibers in both the DSM and LP layers are ultimately recruited in the high stress regime as found in this study and
illustrated here.

arteries, the relationship between local stress and strain is highly nonlinear and cannot be captured with a sin-
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gle measure of stiffness. This is particularly important

for the bladder, since the the bladder empties and fills

during normal filling/voiding cycles. This is in contrast

to, for example, an artery wall where the cyclic loading

takes place about a largely inflated state.

Bladder compliance, which is often used in the lit-

erature on the biology of the bladder wall, is a linear

approximation to the bladder pressure/volume relation-

ship. In particular, it is defined as the slope of in vivo

bladder volume versus pressure curves, from the un-

loaded bladder to the bladder capacity (near the leak

point). This is a very rough approximation to the me-

chanical response of the entire bladder. It does not sep-

arate out the three regimes of loading, nor consider

the wall properties independent of the response of the

bladder as a whole. While compliance may be the most

amenable measurement in vivo, there are some concerns

when it is used ex vivo for assessment of the bladder
wall. First, we have shown that the bladder capacity
is dominated by the length the toe regime, (not even

the stiffness in this regime). Secondly, we have found a

bladder with a shorter toe region can compensate for

low extensibility through an increase in bladder size.

Namely, two bladders can have roughly the same com-

pliance, yet one can have a shortened toe region due to
uncoordinated recruitment of collagen in the LP and
DSM layers.

Limitations and future directions

In this study, we focused attention on a population of
male Fischer rats. In future studies, it will be impor-
tant to extend this study to female rats as well as to

human bladders. While, we would have liked to have

increased the population size for this study even fur-

ther, we were limited by the challenges associated with

obtaining older rats as well as the time consuming as-

pects of the MPM analysis. Nonetheless, statistical sig-
nificance was achieved relating wall type to structure of
the extracellular matrix during loading.

The interconnection between layers is an interest-

ing topic in the bladder wall as well as in other soft
tissues, where it is also relatively unexplored. Recent
work has, for example, explored these interconnections

in the aortic wall in the context of delamination of wall

layers (e.g. Tsamis et al. 2014). We believe this inter-

connection will have only a secondary effect on loading

mechanisms during inflation, though this is certainly

of interest for future studies. The current work does

not assume any level of importance on the role of these

fibers during bladder filling.

To our knowledge, the rigorous approach used in

Section 2.6 for attaining results that are independent
of number of fiber tracings (similar to mesh indepen-

dence studies) is unprecedented in fiber analysis of soft

tissues. Furthermore, fiber length was found to have lit-

tle impact on the results (Supplemental Material). In
this regards, we would like to point out that the objec-
tive of fiber tracing in the current study is to identify
percentage of fibers that are straightened. This is a less

demanding challenge than identifying fiber tortuosity
as a function of strain, such as was done in Hill et al.
Hill et al. (2012).

Necessarily, this study was carried out ex-vivo. There

is currently no method for measuring collagen recruit-
ment across the wall layers in vivo. In the future, studies
could be performed to evaluate recruitment in fixed, in-
flated bladders to provide further evidence to support

the current findings. However, such studies would be
limited by the need to consider different bladders for
each loading level, rather than a single sample across

all loading levels, such as was done in the present work.

Future work could also explore the structural mech-

anisms behind bladder viscoelasticity and anisotropy

(Nagatomi et al. 2004; Parekh et al. 2010).

5 Conclusions

This work has taken advantage of advances in bioimag-
ing to directly assess collagen fibers and wall architec-
ture during biaxial loading. It was directly shown for
the first time, that the large extensibility of the blad-

der is determined largely by the length of the toe region

of the loading curve. which arises from gradual flatten-

ing of the folds in the bladder wall. These rugae pro-

vide a mechanism for low resistance flattening without
any discernible recruitment of collagen fibers through-
out the toe regime. We have shown that, in contrast

to prior conjectures on the bladder wall, that a coordi-

nated recruitment of collagen across the LP and DSM

layers is essential for the large extensibility of the blad-

der wall. In extensible bladder walls, the collagen fibers

in both the lamina propria and detrusor layers con-

tribute to limiting distension at higher filling pressures.

Furthermore, wall extensibility can be lost by prema-

ture recruitment of collagen in the DSM that cuts short

the toe region and prevents extensive recruitment of

collagen fibers in the LP. Loss of bladder extensibility

(Type II walls) was more common in the aged pop-

ulation. Knowledge of the mechanisms responsible for

bladder compliance is essential for providing targets for

improved diagnostics, developing novel medical treat-

ments of bladder dysfunction, and for understanding

the biomechanical environment of the intramural cells

that drive changes in the bladder wall in health and

disease.
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