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Early Stages of In Situ Bladder Regeneration
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Surgical removal of ~70% of the bladder (subtotal cystectomy [STC]) was used as a model system to gain
insight into the normal regenerative process in adult mammals in vivo. Female F344 rats underwent STC, and at
2, 4, and 8 weeks post-STC, bladder regeneration was monitored via microcomputed tomography scans, uro-
dynamic (bladder function studies) pharmacologic studies, and immunohistochemistry. Computed tomography
imaging revealed a time-dependent increase in bladder size at 2, 4, and 8 weeks post-STC, which positively
correlated with restoration of bladder function. Bladders emptied completely at all time points studied. The
maximal contractile response to pharmacological activation and electrical field stimulation increased over time
in isolated tissue strips from regenerating bladders, but remained lower at all time points compared with strips
from age-matched control bladders. Immunostaining of the bladder wall of STC rats suggested a role for
progenitor cells and cellular proliferation in the regenerative response. Immunostaining and the presence of
electrical field stimulation-induced contractile responses verified innervation of the regenerated bladder. These
initial studies establish the utility of the present model system for studying de novo tissue regeneration in vivo and
may provide guidance with respect to optimization of intrinsic regenerative capacity for clinical applications.

Introduction

IN LOWER VERTEBRATES such as the axolotl and the newt,
regeneration of body parts, including limbs, jaws, tail,
skin, spinal cord, brain, apex of the heart, and so on, has been
well documented."” These amphibian kings of regeneration
provide an excellent model for studying the true upper limit
of regenerative capacity. However, adult mammals have a
much more restricted repertoire for repair and functional
replacement of damaged tissues/organ systems, which is
generally thought to be largely restricted to epidermis,
muscle, bone, and liver.! In this regard, a much less well-
known example is the considerable regenerative capacity of
the urinary bladder. The regenerative capacity of the bladder
has been known for over a century, with an early report by
Schwarz in 1891 describing a normal-sized bladder that had
grown after subtotal cystectomy (STC; removal of a majority
of the bladder) in dogs.> More recent studies in dogs have
confirmed these initial observations,*® and similar findings
were made in rats, where STC without augmentation
showed that bladder capacity (B..p) returned to approxi-
mately half of the original size at 2 weeks postsurgery.®” The
capacity for the human bladder to regenerate has also been
clearly demonstrated, starting with the work of Sisk and Neu

in 1939, showing that organ growth ensued after removal of
the entire bladder except 3 cm of the posterior bladder wall.®
Studies by Bohne and Urwiller in the 1950s and Liang in the
1960s supported the conclusions by Sisk that bladder re-
generation can occur in humans without the use of molds or
scaffolds.®”” In this scenario, perhaps it is not surprising that
after many years of preclinical work, Atala and colleagues
have leveraged the regenerative capacity of the bladder and
extended it to the clinic, utilizing a collagen/polyglycolic
acid scaffold seeded with autologous cells implanted in
patients with myelomeningocele.'” Despite the unequivocal
importance of this seminal clinical study, the implanted
neobladders lacked the normal innervation required for
micturition and thus provided a neoreservoir, rather than a
functional bladder.

In light of the aforementioned considerations, and given
the less than optimal alternative methods currently available
for bladder repair in humans (e.g., detubularized bowel
segments), it is clear that an improved understanding of the
naturally occurring regenerative process in the urinary
bladder would point toward novel and more effective re-
generative therapies for urologic conditions. To this end, we
have begun detailed investigations of the morphological and
functional characteristics of bladder regeneration in adult
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rats following STC. The information gained from these
studies undoubtedly has important implications for urologic
tissue engineering, but likely also has much broader clinical
applications as well, as these investigations also provide
another important step toward improved understanding of
organ regeneration in adult mammals.

Materials and Methods
Animals

A total of 78 female Fisher F344 rats weighing 170-200g
underwent STC (Fig. 1), with 9 animals dying postopera-
tively from urine leakage into the peritoneum (11.5% mor-
tality rate) after STC. Additionally one rat was removed from
the study because of the formation of stones, which was seen
on computed tomography (CT) scans and confirmed when
opening the bladder.

All protocols were approved by the Animal Care and Use
Committee, Wake Forest University.

Trigone-sparing cystectomies

Animals were anesthetized with 2% isoflurane, and the
abdominal wall was shaved. Pivodine-iodine was used as
an antiseptic to decontaminate the surgical site. A low-
midline abdominal incision was made, the bladder was
identified, and the dome was delivered outside of the body.
Two stay sutures were made on either side of the bladder,
just above the ureteric orifices, using 6-0 polyglycolic acid.
The dome portion of the bladder (60%-70%) was removed,
leaving the trigone and ureters intact (trigone-sparing cy-
stectomy). The remaining portion of the bladder was then
sutured in a continuous fashion using one of the original stay
sutures. The abdominal wall and skin were closed in two

FIG. 1. Subtotal cystectomy
(STC). (a) Cartoon depiction
of STC. After dissection of
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layers using 3-0 vicryl sutures. Animals were followed for up
to 8 weeks post-STC.

CT imaging

CT scans of the animals were taken with a Siemens Mi-
croCATII at 70kV and 500 pA (BIN factor of 4, 200° rotation,
500 steps, 73 pm cuts), and the scans were centered on the
bladder. Contrast medium (288 mg/mL iothalamate meglu-
mine, diluted 1:3) was applied via transurethral catheteri-
zation and injected until bladder was full. All images were
reconstructed using COBRA EXXIM version 4.9.52 and
converted to DICOM images with Amira version 3.1. Ana-
lysis was done after transfer of images to TeraRecon
Aquarius Workstation. Briefly, the entire image except the
bladder was removed using the erase function. A bladder
template was optimized with the following parameters:
window width of 1116, window level of 657, and 11%
opacity. Finally, the bladder circumference from the anterior
view was selected with the freehand lasso tool, and the
volume measurement tool was used for quantification.

Bladder catheter implantation

Catheters were implanted as described previously.''?

Briefly, rats were anesthetized with 2% isoflurane, and the
bladder was dissected from ensuing adhesions caused by
the previous surgery. The dome was delivered outside of the
body as described earlier, a small incision was made, and a
PE-50 intramedic polyethylene catheter (Becton-Dickinson)
with cuff was inserted and anchored with a 5-0 purse string
silk suture. The catheter was then tunneled subcutaneously,
brought out through the nape of the animals, and held in
place with cloth tape anchored to the skin via a 3-0 Vicryl

the bladder, the bladder body
is excised (~60%-70% of the
total bladder), leaving the tri-
gone and uretero-vesical
junction (asterisk) intact. (b)
Photographs of STC showing
the bladder held in place with
stay sutures before excision.
Color images available online
at www liebertonline.com/ten.
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IN SITU BLADDER REGENERATION IN A RODENT MODEL

suture. The abdominal wall and skin were closed in two
layers with 3-0 vicryl sutures, and the free end of the catheter
was thermally sealed.

Cystometric analysis

All cystometric studies were performed at 3 days after
catheter implantation in conscious, freely moving rats as
previously described.''™ Briefly, the bladder catheter was
connected to a two-way valve that was, in turn, connected to
a pressure transducer and an infusion pump. The pressure
transducer was connected to an ETH 400 (CD Sciences)
transducer amplifier and subsequently connected to a
MacLab/8e (Analog Digital Instruments) data acquisition
board. The pressure transducers and acquisition board were
calibrated in cm H,O before each experiment. Room-
temperature saline was infused at a rate of 10mL/h.
Micturition volumes (MVs) were measured with a silicone-
coated funnel leading into a collection tube that was con-
nected to a force-displacement transducer. All analyses were
conducted after a stable voiding pattern of at least 20 min
was established. The following cystometric parameters were
investigated: basal pressure (BP; lowest pressure between
voids), micturition pressure (MP; the maximum pressure
seen during a micturition cycle), threshold pressure (TP;
pressure at which voiding is initiated), intermicturition
pressure (mean bladder pressure between voids), Be,p (re-
sidual volume [RV] after last micturition plus amount of
saline infused), MV (volume of expelled urine), RV (Bep — MV),
and bladder compliance (defined as Bc.p,/[TP — BP]).

In vitro studies

After cystometric analysis, animals were sacrificed with
CO; inhalation and bilateral thoracotomy, and the bladders
were harvested and immediately placed in ice-cold Krebs
buffer. The bladders were cut into strips along the longitu-
dinal axis. The strips were denuded of the urothelium and
were attached to tissue holders at one end and force trans-
ducers at the other in an organ bath system (Danish Myo
Technology) containing 15mL of Krebs buffer aerated with
95% O,/5% CO, at 37°C. Bladder strips were subjected to a
resting tension of 2g and allowed to stabilize for at least
60min. They were then primed using 5pM carbachol and
subsequently 60puM KCl. Contractions were recorded as
changes in tension from baseline in response to both carba-
chol and electrical field stimulation (EFS). Carbachol dose—
response curves were generated by adding increasing
concentrations of carbachol at 0.5 log increments starting at
3nM up to 100 pM. For EFS, strips were placed between two
platinum electrodes in the organ chamber, and electrical
pulses (0.1 ms pulse width, 20V in the bath) were delivered,
lasting 30s at increasing frequencies (1, 2, 4, 8, 16, and 32 Hz),
using an S88 stimulator (Grass Instruments). All tissue re-
sponses were normalized to grams of tissue weight.

Histological analysis

Bladders not subjected to pharmacological analysis were
preserved for histology. After removal of the most superior
part of the dome (~0.2mm), bladders were fixed in 10%
buffered formalin and processed. Serial 7 pm cross-sections
were sliced along the upper part of the bladder wall (above
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the uretero—vesical junction). At least six sections were ex-
amined from the proximal and distal ends of the bladder.
Slides cleared in xylene and rehydrated were used for
staining. Staining with standard hematoxylin and eosin, and
Gomori’s one-step trichrome stain (Newcomer Supply cata-
log no. 9176A) was performed. For measurement of bladder
wall thickness, at least five measurements were taken from
three different sections of the bladder.
Immunohistochemistry was performed as follows: en-
dogenous peroxidase activity was blocked with Dual En-
dogenous Enzyme Block (Dako; ref. no. S2003) for 10 min at
room temperature, followed by 10min incubation with
Serum-Free Protein Block (Dako; ref. nox0909). Then sam-
ples were incubated with the following primary antibody
dilutions/incubation times: c-kit (Santa Cruz; sc-168, rabbit
polyclonal, 1:20 dilution) for 60 min, p63 (Lab Vision; no. MS-
1081-P, mouse monoclonal, 1:200 dilution) for 30min,
PGP9.5 (Abcam; ab8189, mouse monoclonal, 1:20 dilution)
for 60 min, and UP3 (Lifespan biosciences; LS-C40107, mouse
monoclonal, 1:10 dilution) for 60 min. A heat-mediated an-
tigen retrieval step was also used for PGP9.5 staining. Fol-
lowing primary antibody incubation, slides were treated
with 30min each of Biotinylated Universal Link and
Streptavidin-HRP (Dako; ref. no. K0690). Finally, staining
was completed with 5-10min incubation with ImmPACT
DAB (diaminobenzidine) from Vector Laboratories (catalog
no. SK-4105). Immunohistochemistry probing proliferating
cell nuclear antigen (PCNA) was performed similarly, without
blocking endogenous peroxidase activity and without using
diaminobenzidine as a chromogen. The primary antibody
used was against PCNA (Abcam; ab29, mouse monoclonal,
1:3000 dilution) and the secondary antibody was conjugated
with Texas Red (Vector Laboratories; catalog no. TI-2000).

Statistical analysis

Statistical evaluations were performed using GraphPad
Prism software. For pharmacological analyses, individual
response curves were placed in GraphPad software, and a
mean curve was fit to the family of curves. The generated
values were analyzed via one-way analysis of variances.
One-way analysis of variances were also performed on cy-
stometric evaluations and CT calculations. A p-value of less
than 0.05 was considered significant. All results were ex-
pressed as the mean =+ standard error of the mean.

Results

Rats that successfully recovered from surgery did not
show any difference in weight gain compared with non-
cystectomized animals (data not shown).

CT imaging

CT imaging of the bladder after STC revealed a progres-
sive increase in bladder size. Figure 2 depicts subsequent
images taken in two representative animals, and the average
values for bladder volume at 1, 2, 4, 6, and 8 weeks post-STC
as determined by TeraRecon analysis are graphed in Figure
3a. The morphology of the regenerated bladder was noted to
change after regeneration, becoming more spherical in shape
at 8 weeks post-STC when compared with the original more
pear-shaped bladder.
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Control (pre-
STC)

1 week post-
STC

4 weeks post-
STC

8 weeks post-
STC

FIG. 2. Representative computed tomography (CT) images
of the rat urinary bladder in two individual animals. Images
are shown at 1, 4, and 8 weeks post-STC. Scale bars: 1cm. All
images are taken with a Siemens MicroCAT II, with recon-
struction on TeraRecon software.

Cystometric analysis

All cystometric parameters from cystectomized and age-
matched control animals are shown in Table 1. Age-matched
controls were treated as one group because no age-dependent
differences were noted in any of the cystometric parameters
among the three time points (2, 4, and 8 weeks post-STC).
Consistent with CT image analysis, cystometric studies also
illustrated the progressive increase in bladder size (0.46 &
0.03,0.72 £0.05, and 0.85 £0.08 mL at 2, 4, and 8 weeks post-
STC, respectively). Moreover, B, at the 8 weeks time point
was not statistically different from controls (0.96 & 0.05mL).

MPs generated in animals at 2 weeks post-STC were re-
duced (30.5£587cm H,O) compared with controls
(49.24 £+ 3.72 cm H,0). However, MPs were not significantly
different from controls at 4 weeks (38.15 +4.95 cm H,0) and
8 weeks (37.31 £3.33 cm H,0) post-STC. Importantly, at all
time points the bladder was able to empty completely as
evidenced by similar RVs between age-matched control and
post-STC animals (Table 1). There was no significant differ-
ence in either the threshold or BP. In addition, statistical
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analysis also revealed significant differences in the calculated
parameter (TP/MP). TP/MP nominally denotes the rela-
tionship between the pressure at which micturition is initi-
ated relative to the maximal pressure at which micturition
occurs. As indicated in Table 1, TP/MP was significantly
different at all time points post-STC.

CT and cystometric regression

One of the goals of this initial investigation was to deter-
mine if noninvasive imaging could provide guidance re-
garding bladder regeneration and function. Figure 3a
demonstrates that the rate of bladder volume increase is very
comparable to that determined by urodynamic studies,
which is evidenced by comparable linear regression slopes.
Although the actual values of bladder volume may be lower
than that obtained via functional methods, the progress of
bladder regeneration can be illustrated, and the technique is
consistent. Moreover, as illustrated in Figure 3b, there was a
statistically significant positive correlation observed between
MP determined by cystometric techniques and the bladder
circumference determined by CT analysis (r=0.634,
p < 0.05). These data are consistent with the supposition that
the observed increase in bladder size correlates well with the
observed increase in bladder function.

In vitro studies

Steady-state concentration response curves were obtained
for carbachol-induced contractile responses in bladder strips
from both age-matched control and post-STC animals. Mean
values for logistic parameter estimates are shown in Table 2,
and the data are graphically depicted in Figure 4. In short,
logistic analysis revealed a significant reduction in the cal-
culated maximal steady state response (Enax) values in iso-
lated detrusor strips from the regenerating bladder at all time
points (Fig. 4). However, evidence for functional recovery
over time was noted as, for example, the E .y at 8 weeks
post-STC was significantly greater than that observed at both
2 and 4 weeks post-STC. As illustrated in Figure 4 and
summarized in Table 2, there was no detectable difference in
either pEC5¢ (the —log of the agonist concentration that re-
sults in 50% of the maximum response) or hill slope pa-
rameters among the groups.

The maximum contractions of regenerating detrusor
smooth muscle strips induced by EFS was also significantly
lower than native tissue at all frequencies tested, and the
ratio of native responses to experimental responses was
similar across all frequencies (Fig. 5). Moreover, there was
again functional recovery in that responses generated in
bladders at 8 weeks post-STC were greater than those at
2 weeks post-STC.

Histological analysis

The wall of regenerating bladders apparently retains the
architecture of the native bladder. Consistent with this sup-
position, Figure 6 shows representative examples of hema-
toxylin and eosin staining of both native and 8-week
regenerated bladder samples from the same animal. As
illustrated, the urothelial, suburothelial, and smooth muscle
layers are evident in the regenerating bladders. Similar
staining of these layers was also seen with trichrome staining
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FIG. 3. Linear regression involving cystometric and imaging parameters. (a) Bladder volume averages for animals studied
via cystometry (triangles) and CT imaging (squares). (b) Regressional analysis of micturition pressure (MP) determined by
cystometry and anterior bladder circumference determined by Tera Recon CT image analysis. Only animals from the 4 and 8
weeks time points, with CT and cystometry data, were used (n=9). A positive correlation was found between the two

parameters (r=0.634, p < 0.05).

(data not shown). Importantly, bladder wall thickness at the
8 weeks time point (581.7 +19.11 pm) was not significantly
different from control bladders (558.7 & 8.68 pm) as shown in
Figure 6b.

To gain some preliminary insight into the mechanistic basis
for bladder regeneration in this animal model, we compared
fluorescent immunostaining with PCNA in post-STC and

age-matched control bladder strips. As shown in Figure 7,
there was an increased number of PCNA-positive prolif-
erating cells in regenerating bladders at 2, 4, and 8 weeks
post-STC. In another attempt to begin to characterize the
proliferating cell population, immunohistochemical staining
was performed for the presence of CD117 (c-kit)-positive cells
in the bladder wall/detrusor muscle at all time points after

TABLE 1. URODYNAMIC PARAMETERS AS DETERMINED BY IN Vivo CYSTOMETRY

Beap (mL) MV (mL) RV (mL)  BP (cm H,O) TP (cm H,0) MP (cm Hy0) TP/MP
Controls, n=16 0.96+0.05 0.90+£0.05 0.05+£0.01 1292+0.89 28.14+171 49.24+3.72 0.59£0.13
2 weeks, =10 0.46+0.03*"¢ 042+0.03*"° 0.05+0.02 11.17+248 22.36+3.66 30.5+5.87* 0.75+0.07°
4 weeks, n=9 0.72+0.05% 0.67 +0.07% 0.06+£0.03 14.01+2.64 27.08+£328 3815+4.95 0.724+0.11%
8 weeks, n=8 0.85£0.08 0.76 £0.06 0.09+£0.04 10.83+1.18 2592+2.6 37.05+3.36 0.7 £0.07%

Age-matched controls revealed no differences and were subsequently grouped together as controls.

“Significant compared with controls.
PSignificant compared with 8 weeks animals.
“Significant compared with 4 weeks animals (p < 0.05).

Bcap, bladder capacity; MV, micturition volume; RV, residual volume; BP, basal pressure; TP, threshold pressure; MP, micturition pressure.
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TABLE 2. PARAMETERS OBTAINED FROM CARBACHOL DOSE-RESPONSE CURVES

E,ax (/8 tissue) Log [EC50] (log [carbachol]) Hill slope
Control, n =230 strips, 20 animals 183.2+5.97 —5.854+0.25 1.34+0.30
2 weeks, n =14 strips, 10 animals 30.91 +4.49? —5.61£0.25 0.91+0.44
4 weeks, n =15 strips, 9 animals 35.94 +3.37% —-5.62+0.15 1.33+0.15
8 weeks, n =23 strips, 12 animals 54.03 + 5.36*P —6.05+0.21 1.01+£0.46

*Emax at all time points is significantly lower than control (p < 0.001).

PEax values at the 8 weeks time point is significantly higher than those found at 2 and 4 weeks post-STC (p <0.05). There was no
difference between groups for either the EC50 or the hill slope values.

STC, subtotal cystectomy; En.x, maximal effect; EC50, carbachol concentration producing 50% of the maximal response.

surgery. As shown in Figure 8, c-kit-positive staining was
much more prominent in regenerating bladder strips at all
time points post-STC. Additionally, in an attempt to evaluate
the extent of innervation, immunohistochemistry against
protein gene product PGP9.5 was performed. As illustrated,
the presence of nerves in the regenerating bladder was clearly
demonstrable including the presence of both nerve ganglia
and bundles 4 weeks post-STC (Fig. 9). Finally, to evaluate the
extent of regeneration of the bladder urothelial lining, stain-
ing was performed using antibodies to uroplakin 3. Once
again, as illustrated, these studies revealed a mature ur-
othelium as early as 1 week post-STC (Fig. 9).

Discussion

Chronic bladder disease can be the result of many patho-
logical conditions (i.e., infections, congenital disorders, and
inflammation), ultimately reducing bladder function and
adversely affecting the quality of life. As noted in the In-
troduction section, currently available treatment options have
both limited efficacy and untoward side effects."** To cir-
cumvent the side effects associated with these treatments,
matrix grafts have recently been used. Animal studies with
both bladder acellular matrix grafts and small intestinal
submucosa have shown that urothelium, smooth muscle,
nerves, and vasculature have the ability to infiltrate the graft.
Atala and colleagues have even extended this to the clinic,
utilizing a collagen/polyglycolic acid scaffold seeded with
autologous cells implanted in patients with myelomeningo-
cele.'” Despite the importance of this seminal clinical study,
the implanted neobladders lacked normal innervation
required for micturition, thus limiting the functionality of the

FIG. 4. Carbachol dose—

response curves from both 250+
control animals and at 2, 4, and 8 T
weeks post-STC. Responses have 7 200-
been normalized to strip weight. @

Total area under the curve values "&',

were 312.8 for controls, 54.65 at 3 150+
2 weeks, 61.86 at 4 weeks, and el

119.7 at 8 weeks post-STC. Max- % 100+
imal steady state (*Enax) Values S

for all STC animals are signifi- % 50
cantly lower than control tissue &

(p <0.001). Epax values at 8

weeks post-STC are significantly Os o 3

higher than 2 and 4 weeks time
points (p <0.05).
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implanted construct. Moreover, this study was performed on
otherwise healthy patients (young patients with spinal cord
injuries), whereas older patients or those with compromised
health (cancer, diabetes) generally have a far less regenerative
capacity.’>?* Because of the less than optimal methods
currently provided for bladder repair, an improved under-
standing of the naturally occurring regenerative process
would clearly help extend the applicability of this technology.

In this regard, Frederiksen et al. showed that after STC the
newly formed detrusor had pharmacological properties
similar to the supratrigonal region from which it had
developed.”® A later study by this group demonstrated that
the nerves of the well-innervated regenerated bladder
had originated from preexisting nerves in the detrusor.*
Although these studies do provide some insight into the re-
generation of the bladder following STC, the process remains
not fully understood. To this end, we report herein our use of
a rodent model to examine the early stages of in situ bladder
regeneration that occurs following STC. The rationale for the
use of the rodent model was twofold: (1) the overall similarity
between the lower urinary tracts in rats and humans, and
(2) the consistent evidence that bladder regeneration occurs
in both.

Consistent with previous studies, our current uro-
dynamic investigations confirmed a rapid increase in size of
the bladder following STC. Of importance is that, over the
time frame of these investigations, the B.., of the regene-
rating bladder did not exceed the value observed for that
same animal prior to STC. The mean values for MP post-STC
were decreased at 2 weeks (x40%), but similar at 4 and
8 weeks (x80% of control values in both cases) post-STC
(Table 1). To our knowledge, this is the first demonstration of

25,26
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= Control n=30 strips,
20 animals

2 weeks n=14 strips, 10
animals
v 4 weeks n=15 strips, 9
animals
+ 8 weeks n=23 strips, 12
animals

6
log[CCh]



IN SITU BLADDER REGENERATION IN A RODENT MODEL

2547

responses for control tissue at each
frequency. *All groups are differ-
ent from each other as determined

EFS
309 327+ (569+ (883t (132.2:+ (1582t (1726t .

n 1.85)  4.16)  4.14) 14.09) 11.91) 12.83) B 2 weeks n=7 strips, 5 FIG. 5. Tissue responses to elec-

] animals trical field stimulation (EFS) for

c

8 4 weeks n=9 strips, 6 blad%e;é aﬁz’ 4 and iweetl)( N
—— post-STC. Responses have been

S AR normalized to strip weight and are

- Bl 8 weeks n=15 strips, 9 shown as percent control. Values

o . . .

._E animals in parentheses are normalized

©

|

i

c

=]

o

1 2 4 8 16 32
Frequency (Hz)

in vivo pressure recovery following STC alone. Moreover,
this functional recovery in MP is positively correlated with
the increased bladder size detected using noninvasive micro-
CT imaging techniques (Figs. 2 and 3). In the future, this
latter observation may be of particular importance for
monitoring the success of the regenerative process in pa-
tients. Interestingly, even in the presence of diminished MP,
the bladder was able to empty completely (RV was the same
at all time points). The precise reason for this observation is
not clear, but may be related to, for example, a reduction in
urethral outlet resistance. Certainly, this will be the subject of
future investigation.

In addition, the observed functional recovery occurred
despite the significant differences detected for the calculated
parameter TP/MP at all time points post-STC. This finding is

a Bladder Wall Thickness

n=4 animals

Microns

Regenerated

by one-way analysis of variance
(p <0.001).

consistent with the presence of a perturbation in the rela-
tionship between the pressures required to initiate micturition
(i.e., TP) relative to the maximal pressure generated during
micturition (i.e., MP). Although the mechanistic basis for this
observation in unknown, it does provide further evidence of
the apparent physiological adaptability of the regenerated
bladder, which is able to maintain normal bladder emptying
despite the occurrence of such alterations in cystometric pa-
rameters, at least up to the 8 weeks time point. We believe that
these observations, along with the changes in detrusor con-
tractility described below, point toward to the plasticity/
accommodation of the bladder regeneration process with re-
spect to maintenance of bladder function post-STC.

Of note, these studies also documented a greatly re-
duced contractile response to carbachol (a muscarinic receptor

FIG. 6. Histological com-
parison between native and
regenerated bladders at 8
weeks post-STC using hema-
toxylin and eosin staining. (a)
Average bladder wall thick-
ness of native and 8 weeks
regenerated tissue. Values are
mean =+ standard error of the
mean of five measurements of
two sections from four
animals in each group.
Representative images of
native tissue (b) and 8 weeks

% . . _ . regenerated tissue (c) are

shown at 10x magnification.
+* 4 Color images available

LR Y online at www.liebertonline
.com/ten.




2548 BURMEISTER ET AL.

FIG. 7. Fluorescent immunostaining to proliferating cell nuclear antigen shows proliferating cells in the regenerating
bladder at 2 weeks (b), 4 weeks (c), and 8 weeks (d) post-STC in greater abundance compared with control tissue (a). It is
noticeable that the number of proliferating cells is decreasing over time, which is more evident at the 8 weeks time point
when compared with the 2 weeks. Proliferating cell nuclear antigen staining is shown with Texas Red, and nuclei are stained
with 4',6-diamidino-2-phenylindole (blue). All images are shown at 40x magnification. Color images available online at
www liebertonline.com/ten.
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FIG. 8. Positive immunostaining for CD117 (c-kit)-positive cells in the smooth muscle during bladder regeneration. Staining
is demonstrable in the detrusor at 2 weeks (Column b), 4 weeks (Column c), and to a lesser extent, 8 weeks (Column d) post-
STC, but not prevalent in control tissue (Column a). All top images are shown at 20 x magnification with scale bars of 50 um,
middle images are shown at 63x magnification with scale bars of 50 uM, and bottom 2 images are 100x with scale bars of
10 pM. Color images available online at www liebertonline.com/ten.
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Innervation of regenerated bladders is shown using immunohistochemistry to PGP9.5 at 2 weeks (a), 4 weeks

(ganglia, b; nerve bundles, c) and 8 weeks (d) post-STC. Uroplakin (UP3) staining reveals a mature urothelium as early as 1
week post-STC (f), which is maintained 4 weeks post-STC (g), which closely resembles control tissue (e). All images are
shown at 40x magnification. Color images available online at www.liebertonline.com/ten.

agonist), at all time points examined, albeit with a gradual
improvement at 8 weeks post-STC (Table 2, Fig. 4). The ob-
served decline in muscarinic contractility is consistent with
an earlier study by Saito et al.>® An even more marked re-
duction in detrusor contractility was observed in response to
EFS (80%—90%; Fig. 5) As such, the decline in detrusor con-
tractility is clearly much more pronounced than the initial
decline in MP. The reason for this is unclear. Qualitatively,
there was no difference in smooth muscle bundles (Fig. 6),
and others have reported no change in smooth muscle actin
content or the myosin/actin ratio.”” Frederiksen et al. (2004)
demonstrated that 15 weeks post-STC there was no differ-
ence in the contractile response to carbachol between con-
trols and STC animals, and that a small contractile response
remained after simultaneous adrenergic, muscarinic, and
purinergic receptor blockade.” This led to the conclusion
that the newly formed detrusor had pharmacological prop-
erties similar to the region from which it had developed
(supratrigonal rim). It is important to keep in mind that
Frederiksen et al. (2004) used transverse strips, whereas we
have chosen longitudinally cut preparations. Thus, our re-
sults involving reduced carbachol contraction following STC
could be explained by differing receptor populations, spe-
cifically those more closely related to the trigone and urethra
(i.e., a-adrenergic).

As illustrated in Figure 6, the regenerating bladder had all
layers characteristic of the native bladder. Specifically, a
serosal layer was present, along with a mature urothelium
and detrusor smooth muscle bundles. Importantly, prolifer-
ating cells were present in all layers of the bladder after STC,
which indicates an important role of hyperplasia/cellular
proliferation in the regenerative process (Fig. 7). Moreover,
the abundance of proliferating cells was present in sections
taken toward the distal end (dome) of the regenerating
bladder, especially in terms of the urothelium. The logical
implication of this finding is that the regenerative process
involves an outgrowth from the distal end of the bladder
(where the STC occurred). Moreover, it seems logical that
there would be a diminution in the proliferative cellular re-
sponse over the same time frame that the size of the re-
generated bladder first approximates (e.g., at 4 weeks) and

then achieves (e.g., at 8 weeks) the original bladder size in
the same animal.

Associated with these regenerating smooth muscle bun-
dles is a population of as yet unidentified stem/progenitor
cells expressing CD117 (c-kit; Fig. 8). This observation is
consistent with the supposition that stem/progenitor cells
are involved in the proliferation of the detrusor smooth
muscle in response to STC. Although the cell membrane
expression revealed by our staining is in agreement with that
previously reported for interstitial cell of cajal (ICC)-like cells
in the bladder wall, the localization and morphology of the c-
kit-positive cells in this study is distinct, possibly attributed
to a novel function of c-kit-positive stem/progenitor cells in
the regenerating urinary bladder.?®32 In this regard, c-kitis a
tyrosine kinase receptor whose endogenous ligand is a stem
cell factor.® Although most often associated with hemato-
poietic stem cells, there is recent evidence that CD117-positive
cells are the source of stem cells/progenitors in, for example,
cardiac regeneration.’*® In this scenario, it is conceivable
that the CD117-positive staining reported herein also iden-
tifies a bladder stem cell/progenitor capable of regenerating
lost or damaged bladder tissue. This is the first suggestion of
a bladder wall (detrusor) stem/progenitor cell per se that we
are aware of. Further evaluation of this exciting hypothesis, as
well as a more precise description of the identity of these cells,
is of high priority for future investigations with this model.

In addition, the population of progenitor cells involved in
urothelial turnover is also of interest, and several studies
have explored the possibility of identifying urothelial stem
cells.**° We found uroplakin 3 staining as early as 1 week
post-STC, indicating that the barrier function of the uro-
thelium is maintained throughout bladder regeneration
(Fig. 9). Our finding that the superficial cells of the uro-
thelium are terminally differentiated at the earliest time
point is, although important, not a surprising one. Normally,
urothelial turnover is very low, but in response to injury,
urothelial cells are known to rapidly proliferate.*!

The presence of nerves in the newly formed bladder after
STC was demonstrated functionally by the response to
electrical stimulation of nerves (Fig. 5), and morphologically
with PGP9.5 staining (Fig. 9). Evidence exists for the presence
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of intramural ganglia in the female rat bladder, similar to
what we observed in these studies.*”** The innervation
seen post-STC is in agreement with previous studies by
Frederiksen et al.**** in rats, describing innervation arising
from elongation and branching of existing nerves in the tri-
gone. Taking this into consideration, it is reasonable to as-
sume that nerve growth occurs in parallel to detrusor
growth, and not that one precedes the other. What affect this
nerve growth has on the development of other aspects of
regeneration (i.e., angiogenesis) and whether all types of
nerves have equal regenerative properties is also of interest
and will be considered in future investigations.

To summarize, in this pilot study, we have described
the early functional changes of an in vivo regenerating
bladder without the aid of scaffold or cells and suggested the
potential utility of noninvasively monitoring bladder re-
growth using micro-CT measurements. Further studies are
needed to evaluate the functional durability of the observed
regenerative response, that is, what happens after 8 weeks
post-STC. Nonetheless, our current observations indicate
that despite changes in key cystometric parameters (i.e.,
TP/MP) as well as detrusor contractility, the bladder regen-
eration process invokes sufficient plasticity /accommodation
to ensure maintenance of apparently normal bladder func-
tion post-STC.
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