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Abstract

The field of regenerative medicine encounters different challenges. The success of

tissue-engineered implants is dependent on proper wound healing. Today, the pro-

cess of normal urinary bladder wound healing is poorly characterized. We aspired to

explore and elucidate the natural response to injury in an in vivo model in order to

further optimize tissue regeneration in future studies. In this study, we aimed to char-

acterize histological and molecular changes during normal healing in a rat model by

performing a standardized incisional wound followed by surgical closure. We used a

rodent model (n = 40) to follow the healing process in the urinary bladder for

28 days. Surgical exposure of the bladder without incision (n = 40) was performed in

controls. Histological characterization and western blot analyses of proteins was car-

ried out using specific staining and markers for inflammation, proliferation, angiogen-

esis, and tissue maturation. For the molecular characterization of gene expression

total RNA was collected for RT2-PCR in wound healing pathway arrays. Analysis of

histology revealed distinct, but overlapping, phases of healing with a local inflamma-

tory response (days 1-8) simultaneous with a rapid formation of granulation tissue

and proliferation (days 2-8). We also identified significant changes in gene expression

related to inflammation, proliferation, and extracellular matrix formation. Healing of

an incisional wound in a rodent urinary bladder demonstrated that all the classical

phases of wound healing: hemostasis, inflammation, proliferation followed by tissue

maturation were present. Our data suggest that the bladder and the skin share similar

molecular signaling during wound healing, although we noted differences in the dura-

tion of each phase compared to previous studies in rat skin. Further studies will

address whether our findings can be extrapolated to the human bladder.

1 | INTRODUCTION

Congenital or acquired bladder defects, both in pediatric and adult

patients, are common causes for urological interventions. Successful

outcome is highly dependent on local wound healing and tissue matu-

ration. Although the wound healing response has been described as

universal in most tissues throughout the body, local differences

regarding the molecular mechanisms and the extension of each phase

have been demonstrated in different tissues.1

The epithelial layer of the bladder, the urothelium, has a remark-

able plasticity regarding proliferation and turnover rate.2,3 Under nor-

mal conditions in rodents, the epithelial turnover is low, around once
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every 200 days,4-6 however, upon injury, the turnover rate may

increase to 48 hours.7-9 Several animal models have been used for

studying the process of neoregeneration for bladder augmentation.10-12

These show a high potential for neoregeneration of the all layers of the

bladder wall. The urinary bladder in humans, canine, and rodent species

possess a remarkable regenerative capacity of restoring both anatomy

and functionality even after subtotal cystectomy.13,14 The similarities

between species regarding bladder regeneration have made a small ani-

mal rodent model relevant for studying the molecular mechanisms

involved in tissue repair and regeneration.

Given the importance of understanding the wound healing pro-

cess for regenerative medicine, we may also identify changes related

to healing in diseased bladders, such as in bladder exstrophy, in blad-

ders with neuropathic alterations,15 in inflammation of the bladder

wall after irradiation therapy for cancer diseases, and in conditions

with chronic bladder pain, which would be interesting for future tissue

engineering initiatives.16,17

We hypothesized that by describing normal bladder healing in a

healthy rodent model, we would be able to identify important steps and

regulatory factors for successful bladder regeneration that could be vali-

dated in the human bladder wound healing models in vitro and, later,

in vivo. This knowledge could be essential for bringing regenerative

medicine in urology closer to clinical applications, by stimulating bladder

growth and maturation. In our present study, we therefore aimed at

identifying important molecular factors related to inflammation, regen-

eration, and tissue maturation in normal bladder wound healing.

2 | MATERIALS AND METHODS

2.1 | Animals

The study was performed after review by the National Ethics Board

for animal experiments and followed institutional regulations on ani-

mal studies. We used 80 rats (male, Sprague Dawley, Charles River,

approx. 200 g) divided into two groups: bladder wounded (n = 40) and

sham-operated animals (n = 40) as controls, with eight animals at each

time point (four bladder wounded and four controls). The animals

were euthanized at 6 and 12 hours and then at 2, 3, 4, 5, 6, 8, 14 and

28 days postintervention and the bladders collected for both gene

expression analyses and histological characterization.

2.2 | Surgical intervention and postoperative care

The rats were anesthetized by inhalation of isoflurane (Virbac, Carros,

France) for induction and kept on isoflurane by mask inhalation during

the whole procedure. Abdominal hair was removed by shaving, and

the skin was disinfected using successive applications of 70% ethanol.

Surgery was performed under sterile conditions. An abdominal inci-

sion was made in the lower midline using a scalpel, and the peritoneal

cavity was exposed. Subsequently, the bladder was mobilized and

externalized and a 1-cm long longitudinal full-thickness bladder wall

incision was performed in the direction from the bladder neck up to the

dome using a scalpel. Thereafter, the incision was closed with a one-

layer continuous 7-0 Nylon suture (Ethicon, Somerville, New Jersey).

Local anesthesia with bupivacaine (Marcaine) (Astra Zeneca, Södertälje,

Sweden) was applied in the subcutaneous tissue before closure of the

abdominal wall. The rectus muscle and skin were closed sequentially

with continuous 4-0 absorbable Vicryl suture (Ethicon, Somerville, New

Jersey). Sham operations included an equivalent incision of the lower

abdominal midline with exposure of the peritoneal cavity, without incis-

ing the bladder and subsequent closure of the abdominal wall.

Postoperative care took place in individual cages until full recov-

ery was assured regarding awareness and analgesia.

All the rats were terminated using carbon dioxide. Bladders from

four animals with wounded bladders and four shams were collected at

each time point, and the bladders were divided transversally into two

parts with a scalpel, each part containing approximately half of the

wounded area (Figure 1A).

2.3 | Hematoxylin and eosin staining

For histological characterization, one half of the bladder was fixed in a

4% buffered formaldehyde solution (Histolab, Gothenburg, Sweden)

before dehydration in an ascending series of ethanol and finally

embedded in paraffin. Using a microtome, 4 to 5 uM thick sections

containing the wounded area were prepared and mounted on glass

slides for microscopy (SuperfrostTm Plus slides, Thermo, Waltham,

Massachusetts).

Deparaffinized slides from each group were stained with hema-

toxylin and eosin (H&E) by standard procedures (8 minutes hematoxy-

lin and 1 minute eosin) before morphological assessment in an EVOS

XL Core, transmitted light, and inverted microscope (Life Technology,

Bothell, Washington) using 4-40 X magnifications.

2.4 | Immunohistochemistry

After removal of paraffin by rehydration, the glasses were washed

once with (hydroxymethyl) aminomethane (Tris)-buffered saline (TBS)

with 0.1% polyethylene glycol sorbitan monolaurate (Tween 20). Anti-

gen retrieval was performed with citrate buffer at 95�C for

20 minutes and nonspecific endogenous peroxidase activity quenched

by immersing in 3% H2O2 (Sigma, St Louis, Missouri)/methanol for

10 minutes. Nonspecific binding was blocked by incubation with 4%

of normal serum (Vector Laboratories Burlingame, California) in TBS

for 30 minutes at room temperature. All the slides were thereafter

incubated overnight with specific primary antibodies (Table 1) at 4�C.

Alternating sections were incubated with the absence of the primary

antibody and used as negative controls. The final dilutions for the

primary antibodies were prepared in TBS with 1% bovine serum albu-

min (BSA) (Sigma). The slides were then washed with TBS and

incubated with either horseradish peroxidase (HRP)-conjugated

goat anti-rabbit (Vector Laboratories, Burlingame, California) or rat-
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absorbed (HRP)-conjugated goat anti-mouse IgG secondary antibody

(Vector Laboratories) diluted in TBS 1% BSA for 1 hour at room tem-

perature. Antibody binding was viewed after the incubation of slides

with AEC (3-amino-9-ethylcarbazole) or DAB (3,30-diaminobenzidine)

HRP substrate (V Vector Laboratories) for 5 minutes, and color devel-

opment was terminated with running distilled water. The slides were

then counterstained with hematoxylin, dehydrated in graded alcohol,

cleared in X-TRA-Solv (J.T. Baker, Burgdorf, Germany) and mounted

with mounting medium, X-TRA-Kitt (J.T. Baker).

2.5 | Collagen content

Collagen fibers were analyzed in bladder sections at each time as

described by Segnani et al. previously reported.18 Briefly, 4-μm sec-

tions were de-paraffinized, hydrated, and incubated in 0.04% Fast

Green (Sigma) for 15 minutes, washed with distilled water and then

incubated in 0.1% Fast Green and 0.04% Sirius Red (Sigma) in satu-

rated picric acid (Sigma) for 30 minutes. The sections were then

dehydrated and mounted with X-TRA-Kit (J.T. Baker). Collagen fibers

F IGURE 1 In vivo bladder wound healing experiment setup. A, Cartoon representing the in vivo rat model of bladder wound healing: from
bladder incision to retrieval of the bladder at the indicated time points. At the time of harvesting, the bladder was divided horizontally into two
halves for histological characterization after fixation and for RNA extraction and screening of 84 genes related to wound healing. B, For
morphological characterization, overlapping high magnification pictures (40×) from sections were taken (I) and thereafter combined in to a single
picture using the PTGui Program (II). To quantify staining of alpha-smc and vimentin, the wounded area was identified and the area 90� at each
direction from the wound was analyzed in respect to intensity of the staining (III)
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appeared red and noncollagen proteins green. For quantification of

the total collagen composition, we used the public domain image-

processing program ImageJ, version1.5.1 (Wayne Rosban, National

Institutes of Health). For evaluating mature vs newly formed colla-

gens, Herovici staining was performed with modifications to the pro-

tocol as described by Turner et al.19 As previously described, 4 μm

embedded paraffin tissue was prepared for subsequent staining.

The Herovici polychrome staining was prepared as a mixture of 0.1%

Van Gieson stain and 0,05% w/v methyl blue (Sigma-Aldrich, Cat.

No. M5528) at a 5:1 ratio, slides were incubated for 2 minutes

in 0.01% van Gieson staining followed by 3 minutes incubation in the

Herovici solution and, thereafter, the slides were washed for 1 minute

in 1% acetic acid solution, followed by 5 minutes washing in 100%

ethanol. The slides were then dehydrated through an alcohol-series

and xylene before mounting. For further image processing, control

slides were prepared by staining specimens with 1% acid fuchsin and

0.05% methyl blue. These control slides served to prepare a color

library in Image J and used to extract the contribution of each color in

all the images as previously described.20 In brief, the color information

in the images was calculated by using an algorithm for color

deconvolution and then quantified using color thresholding function

(Image J version1.5.1 Wayne Rosban, National Institutes of Health).

2.6 | Estimation of the collagen I:III ratio

High magnification pictures (40X) from each animal were obtained

until the whole bladder section was included and stitched together

using the Graphical User Interface for Panorama (PTGui Pro) software

program (New House Internet Service B.V; the Netherlands). The

fraction of image pixel for blue (newly formed collagen type III) and

red areas (mature collagen type I) were recorded form each time point.

The fractions (percentages) were presented as the collagen type I:III

ratio. Data were reported in means and SD. Student's t-test or analy-

sis of variance with Tukey's post hoc test were used to identify statis-

tical significance. Values of P ≤ .05 were considered significant.

2.7 | Quantification of immunostaining

For the quantification of the immunostaining, all the sections were evalu-

ated by obtaining several high-magnification images using an EVOS XL

Core microscope (Life Technology, Bothell, Washington) until the whole

bladder section was included. The images were thereafter stitched

together using the Graphical User Interface for Panorama (PTGui Pro)

software program (NewHouse Internet Service BV, Rotterdam, the Neth-

erlands). The wounded area was identified and the area 90� at each direc-

tion from the wound was analyzed in respect to intensity of staining. For

control bladders, a random area was analyzed in the same way. The esti-

mation of alpha-smooth muscle actin (alpha-SMA) and vimentin intensity

of the staining cells was assembled in a blinded manner by six individual

observers (CC, XL, GRE, MF, JC, AS, see acknowledgements). (Figure 1B).

An intensity score running from: absent (−), minimal (+), mild (++), moder-

ate (+++), and marked (++++) was used. The number of positive Ki67,

CD68, CD163, and PECAM/CD31 cells (representing proliferating cells,

leucocytes, and vascular structures, respectively) were quantified with

the counting function of ImageJ 1.5.1. Three replicates per time point

were evaluated and presented as means with SD.

2.8 | Protein detection by Western blot

The levels of the proliferating cell nuclear antigen PCNA and for the

structural protein vimentin in the rat bladder were measured by west-

ern blot. In brief, frozen bladder tissue, (20-50 mg) was lysed and

homogenized in 20 ul/mg of RIPA buffer (Sigma-Aldrich) containing

protease (Thermo Scientific, Rockford, Illinois) and phosphatase inhibi-

tors (Thermo Scientific) using a Tissuelyser LT (Quiagen, Venlo, the

Netherlands). In total, three cycles, 3 minutes at 50 Hz each, were

used to homogenize the tissue. The proteins were quantified using

the bicinchoninic acid assay (BCA (Thermo Scientific). Twenty micro-

grams of total protein were used and separated in 5% to 15% gradient

SDS page electrophoresis gels (Bio-Rad, Laboratories, Hercules, Cali-

fornia) and transferred into polyviniyllidene difluride (PVDF) mem-

branes (Bio-Rad Laboratories) and after blocking in 5% nonfat milk,

the membrane was incubated overnight 4�C with specific primary

antibodies for PCNA (Santa Cruz Biotechnology, Dallas, Texas) and

beta actin (Cell signaling Technology, Frankfurt, Germany). Thereafter,

HRP-secondary antibodies were incubated for 2 hours room tempera-

ture. To detect the proteins, the enhanced chemiluminescence system

(Bio-Rad Laboratories) was used according to the manufacturer's

instructions. In each sample, the protein levels were normalized with

control beta-actin.

TABLE 1 Information on antibodies with catalog number, sources,
targets, and concentration used

Antibody Detection Dilution

Actin αlpha−SMA

Sigma (A5228)

Myofibroblasts in blood

vessels

1:20000

Beta Actin

Cell signaling (#4967)

Housekeeping/loading control 1:10000

CD68

Abcam (ab31630)

Macrophages (type I) 1:100

CD163

Abcam (ab182422)

Macrophages (type II) 1:100

Ki67

Abcam (ab16667)

Proliferative cells 1:100

Myeloperoxidase

Abcam (ab9535)

Neutrophils 1:100

PCNA (pc10)

Santa Cruz (Sc-56)

Proliferative cells 1:200

PECAM/Cd31

Santa Cruz

(SC376764)

Endothelial cells 1:200

Vimentin

Abcam (ab92547)

Activated fibroblasts 1:200
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2.9 | RNA expression in wounded rat bladder

Quantitative RNA expression analysis of 84 genes related to the

wound healing response was carried out using rat RT2 ProfilerTm PCR

array (Qiagen, cat nr PARN-121Z) following the manufacturer's

instructions. Briefly, total RNA was isolated using the RNA extraction

kit (Qiagen, Foster City, California). The RNA was then reversely tran-

scribed using the cDNA conversion kit (Qiagen). The cDNA was then

used on the real-time PCR (RT-PCR) profile array in combination with

SYBRTm Green qPCR Master Mix (Qiagen). Total mRNA from the

wounded and control animals after 6 hours, 3- and 8-days post-

intervention was separately applied to each PCR template and the

threshold cycle number for each of the 84 genes was normalized to

five built-in housekeeping genes, Actb, Ldha, Hprt1, B2m, and Rplp1,

using the RT2 Profiler Array Data Analysis web-based software

tool (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php-

F IGURE 2 Histological analysis of the acute phase
(6 and 12 hours) of bladder healing. Photomicrographs
of (A-E): H&E staining with high magnification in
(A) control bladder, showing intact epithelial layer (e),
basal membrane (*), and muscular (m) layers. (B-C)
Bladder 6 hours postwounding showing significant
hemorrhage and fibrin formation (arrows) in the
bladder lumen (L) in (B) and in the bladder wall (C). (D-
E) Bladder 12 hours post-wounding demonstrating
neutrophil infiltration (dark purple cells, arrows), and
(E) positive immune-reactivity towards neutrophil
myeloperoxidase (brown/DAB staining). The wound is
shown with broken lines [Color figure can be viewed at

wileyonlinelibrary.com]
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SABioscience Corp, Qiagen). Two animals per time point were

analyzed from the wounded and the control group, respectively. The

normalized value for each gene per rat was measured, and the mean

value was calculated for each condition and reported as fold changes.

The results were then compared, wounded to controls.

2.10 | Validation of the PCR array

Validation experiments of specific genes, which were differentially

expressed in the rat array, was performed using RNA from all the rats

included in the study (n = 80). Nine of the genes with significant differ-

ences in the PCR array were selected for validation: Actc1, Csf2, Igf1,

Itgb5, Fgf2 Col4a4, Col1a1, Mmp9, and Timp1, and their expression

was further analyzed (days 3-28) using S-green qPCR (Qiagen) or

Taqman qPCR (Applied Biosystems, Foster City, California). The primers

used were: Actb (PPR06570, Qiagen) as house keeping control gene;

Csf2 (cat nr.PPR49732A Qiagen); Igf1 (PPR06664F, Qiagen); Itgb5

(PPR57596C, Qiagen): Fgf2 (PPR06641B, Qiagen); Act1(RN01426628,

Applied Biosystems); Col4a4 (RN01400250 Applied Biosystems);

ColA1(RN01463848, Applied Biosystems); Mmp9 (Rn00579162

Applied Biosystems); Timp1 (RN00587558 Applied Biosystems).

2.11 | Statistical analyses

Gene expression levels were analyzed using the RT2 Profiler PCR Array

Data web-based analysis tool (http://pcrdataanalysis.sabiosciences.

com/pcr/arrayanalysis.php, SABioscience Corp, Qiagen). P-values were

calculated based on Student's t-test of the replicate 2 -̂delta CT values

for each gene in the wounded and control groups. P-values ≤0.05 were

considered significant.

To analyze the statistical significance of the differences in gene

expression of the nine validated genes from the array, average nor-

malized gene expression values from each biological replicate and

time point were imputed in the Prism 5.0 software program

(GraphPad, San Diego, California). The nonparametric Mann-Whitney

U-test was used to test the significance of gene expression changes

of wounded vs control groups.

3 | RESULTS

3.1 | Histology

All the animals completed the study protocol. No surgical complica-

tions related to abdominal skin incision, laparotomy, or bladder inci-

sion were detected. Characterization of the histological preparations

from wounded bladders during the early time points (6 and

12 hoursours) postwounding showed: infiltration of erythrocytes and

platelets into the injured site (Figure 2B,C), the presence of elastase

positive neutrophils (Figure 2D,F), and an early general infiltration of

CD68-positive cells (macrophages) (Figure 3A,B).

F IGURE 3 Analysis of the inflammatory phase of healing (8 to
12 days). A, Representative photomicrographs of whole bladder
sections including inserts with higher magnification from control
bladders (a-b) and after 3, 8, 14-, and 28-days postwounding (c-j)
Sections were incubated with CD68-specific antibody in left column
(identification of macrophages type I stained with DAB) (a, c, e, g, i) and
with CD163 in right column (macrophage type II, stained with AEC) (b,
d, d, f, h, j). Hematoxylin was used to identify cell nuclei. Filled arrows
pointing at suture material from wound closure. B, Bar chart showing
the number of CD68 and CD163 positive cells from three biological
replicates (R1-R3) in wounded bladders and controls per time point
[Color figure can be viewed at wileyonlinelibrary.com]
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Type 1 macrophages (M1) (CD68-positive cells) peaked day

3. Their number decreased after one and two weeks and was mainly

localized around the wounded area and sutures in later observations

(Figure 3B). In control bladders, we identified a population of cells in

the rat bladder expressed type 2 macrophages (M2) (CD163-positive

cells). Upon injury, CD163-positive cells increased in number and

where mainly detected under the mucosa layer indicating a role in tis-

sue repair.

Proliferative cells (Ki67) were observed in both urothelial and sub-

urothelial layers of the bladder wall (Figure 4A). The urothelial layer was

mitotically active in both the basal and supra-basal layers from day 2 to

4 postwounding (Figure 4A upper panel). Cells-expressing Ki67 could

also be observed in the submucosal layers (Figure 4A, indicated by *).

The number of ki67 cells decreased to control values after 14 days

(Figure 4B). Western blot measurements using the using antibodies for

PCNA, confirmed immunohistochemistry results (Figure 4C).

During the first week of healing, the presence of activated fibro-

blasts was characterized by an increased staining for alpha-SMA in

addition to vimentin expression surrounding the wounded area, which

is typical for granulation tissue (Figure 5A-C). Increased vimentin and

alpha-SMA staining could be detected around the wounded area dur-

ing the whole healing process, peaking the first week, and with a

decreased intensity 14 and 28 days postwounding.

By day 2, the number of vessels (PECAM/CD31 expression)

increased compared to the control bladders and reached a peak after

the first week of healing (Figure 5E). At day 28, the levels of proliferat-

ing CD163 and CD68-positive cells (Ki67-positive) had decreased to

the same level as seen in the control bladders.

F IGURE 4 Analysis of proliferative phase of bladder healing. A, Representative photomicrographs of wounded bladder sections in control
bladders and after 2, 4, 8, 14-, and 28-days postwounding showing proliferative Ki67-positive cells (*). Arrows pointing at suture residuals from
wound closure. B, Column chart showing the total number of Ki67-positive cells/section in three biological replicates. C, Western blot analysis from
three biological replicates (R1-R3) on the proliferative marker PCNA at the indicated times [Color figure can be viewed at wileyonlinelibrary.com]
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In order to test the dynamics of tissue maturation upon injury, we

measured total collagen deposition using Sirius Red/Fast Green stain.

The proportion of newly formed and older collagen was evaluated

with the histological stain Herovici. Newly formed collagen was

stained blue and older collagen red. We found an increase in the total

collagen content in the wounded areas of the bladder already after

the second day of wounding (Figure 6A,B). These levels remained high

after 28 days. The percentage of blue staining corresponding to newly

F IGURE 5 Analysis of granulation tissue. A, Immunostaining with anti-α−SMA; anti-PECAM/CD31and anti-vimentin antibodies illustrating
fibroblast activation during bladder healing and the formation of new blood vessels at representative time points (Control, 8d and 28d). B, Column
chart showing the number of PECAM/CD31-positive blood vessel structures per section in tree biological replicates (R1-R3) under the wounded
area at 6 h, 12 h and 2, 5, 8, 14, and 28 days after wounding. C, Evaluation of vimentin and alpha-actin expression levels in
immunohistochemistry staining (C) and of vimentin by Western blot (D) using beta-actin as loading control. Bars represent independent
measurements from three animals per time point [Color figure can be viewed at wileyonlinelibrary.com]
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formed collagen fibers (type III) was higher relative to control samples

after 2 days of wounding. The ratio of collagen I to collagen III signifi-

cantly decreased from day 2 to 5, indicating new collagen type III

being produced). At later time points, this ratio was not statistically

different relative to control bladders (Control ratio 2.7 ± 0.5)

(Figure 6C,D).

3.2 | Molecular changes

We analyzed gene expression profiles of 84 genes related to response

to wounding of rat skin (Table S1). The analyses showed that several

genes, represented in the array, were significantly upregulated

(Figure 7) at the time points we analyzed. Nine of these upregulated

F IGURE 6 Histochemical detection of
collagen fibers. Representative photomicrographs
of bladder sections at different time points
stained with Sirius red/Fast green and Herovici
staining. A, Sirius red/fast green staining to
determine the total amount of collagen at each
time point. B, Bar chart showing the percentage
of pixels positive for collagen obtained from
three biological replicates per time point (R1-R3)

Arrows pointing at the suture areas, the wound is
shown with broken lines. C, Herovici staining in
low- and high-magnification micrographs for
analyses of newly formed (blue-Type III collagen)
and older collagen (red-Type I collagen) and
(D) Bar chart showing ratios between collagen
Types I and III of three biological replicates per
time point (R1-R3)
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F IGURE 7 Legend on next page.
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genes: Actb, Csf2, Igf1, Itgb5, Fgf2, Col4a4, Col1a1, Mmp9, and

Timp1, were selected for validation of gene expression by RT-PCR

(Figure 8).

3.3 | Gene expression changes related to wound
healing

Inflammation: in the first 6 hours postwounding, we found an increase

in the gene expression of mediators of inflammation such as:

prostaglandin-endoperoxide synthase (Ptgs), interleukins 1, 6, and

10 (IL-1b, IL-6 and IL-10), and members of the chemokine (C-X-C

motif) family, Cxcl-1, Cxcl-3, and Cxcl-6 (Figure 7).

Growth factors and integrin receptors: Several growth factor

genes from both the epidermal growth factor family and the fibro-

blast growth factor family showed an early temporary upregulation,

including the transforming growth factors alpha (TGF-α and beta

(Tgf-β), the fibroblast growth factor 2 and 7 (Fgf-2 and Fgf-7), and

the vascular endothelial growth factor (Vegf ). Additionally, the insu-

lin growth factor 1(Igf-1) gene, the human growth factor (Hgf) gene,

and the heparin-binding epidermal growth factor (Hb-Egf) gene had

increased expression during the first week of healing. The same

F IGURE 7 Wound-healing-related mRNA gene expression. Results from RT2-PCR rat wound healing array in triplicates at 6 h, 3-, and 8-days
postwounding. A, Heat map visualizing the fold changes expression between the wounded and control bladders. The bar indicates the average
ratio of fold change. B,C, Venn diagram visualizing (B) significantly upregulated and (C) downregulated genes at 6 hours and 3 and 8 days
postwounding [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 8 Validation of gene expression of selected genes. Nine of the significantly upregulated genes in the PCR-array were selected and
further analyzed at 6 hours, and 3, 8, 14- and 28-days postwounding. The bar chart showing the values of three biological replicates (R1-R3) per
time point (*P < .05, **P < .01, ***P < .001)
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could be observed for several genes of the extracellular matrix

receptors from the integrin family, such as integrin alpha (Itga) sub-

units 2, 4, and 5. Finally, gene members of the colony stimulation

factors 2 and 3 (Csf-2 and Csf-3) also presented increased

expression.

Collagens and matrix remodeling enzymes: collagen-dependent genes

showed expression pattern changes over time. During the first 6 hours,

there was a decrease in the mRNA expression of both collagens I and

III. However, RT-PCR analysis at later time points (8-28 days) showed a

discrete increase of collagen I mRNA expression (Figure 8). The expres-

sion levels of collagen 4 and 5 genes had a five- to seven-fold

upregulation during the first week of healing. The gene for the extracel-

lular matrix modulating enzyme metalloproteinase 9 was upregulated at

the beginning of the wound healing process and decreased during later

time points (14-28 days), although never reaching the same levels as

controls at 28 days. At the same time, the tissue inhibitor of

metalloproteinase-1 (Timp1) was rapidly upregulated and maintained

high level during the first week of wound healing (Figure 8). At day

14, the levels of this gen returned to control levels.

3.4 | Discussion

We used a small animal model for studying the process of normal tis-

sue healing upon wounding. Our standardized surgical wounding pro-

cedure in the rodent model was reproducible and well tolerated and

we were able to document the classical phases of healing in the uri-

nary bladder.

To our knowledge, this is the first study to examine histological

changes in parallel to protein and gene expression markers related

to normal bladder wound healing in vivo. We identified growth fac-

tors and cytokines relevant in the context of urinary bladder healing.

Previous studies have mainly focused on specific molecules and,

therefore, have not described the entire process per se.7 Compared

to normal skin and urethra healing in rats,21 the urinary bladder dem-

onstrated similar consecutive histological and molecular events but

with different timing and duration of the four classical phases of

wound healing: hemostasis, inflammation, regeneration, and matura-

tion (Fig S1).

The urinary bladder in humans and rodents is similar in respect to

structure and function, with basically the only differences residing in

the size and the intraabdominal position of the bladder in rats com-

pared with humans. Molecular and developmental processes in

rodents are one of the best characterized, and high similarities with

humans have been shown regarding genetic signaling and functions.22

In comparison to normal rat skin, both the duration of the inflam-

matory and proliferative phases of healing were relatively longer in

the urinary bladder. Our findings were consistent with the results of

wound healing in the rat urethra by Hofer and collaborators, where

longer inflammatory and proliferative phases were observed.21 Other

studies have demonstrated that in skin wounds, the inflammatory

phase ceases after removal of the inflammatory stimulus,23 thus, the

interaction between the immune system and the urinary microbiota,

as well as chemical contents in the urine, could explain a prolonged

inflammatory phase in the urinary bladder.24,25

By looking at the transition from inflammation to proliferation in

the urinary bladder, we demonstrated that it was mediated through

the same macrophage phenotypic switching as previously described in

skin wound healing.26-28 We showed that the inflammatory response

decreased significantly after two weeks and was almost completely

absent after 28 days. We could also demonstrate that there were

CD163 positive macrophages resident in the bladder wall and that

CD68 positive cells, were recruited to the bladder after the injury.

Upon injury, both populations of macrophages increased dramatically

and almost in parallel. The levels of CD68 macrophages were slightly

higher during the peak of inflammation (day 5-8). However, the

number of both CD163 and CD68 positive cells per analyzed

section decreased almost to the control levels after the second week.

The origin and role of tissue-resident CD163 macrophages in the

bladder is unknown and need further investigation, but it is possible

that, like in the skin and other organs, these cells acts as tissue senti-

nels of injury and modulate tissue repair through paracrine signals.29

We demonstrated that along with the histological changes char-

acteristic of the inflammatory phase, several genes coding for

proinflammatory mediators were upregulated during the first week,

such as IL-1beta and IL-6, while the resolution of the inflammation

coincided with an increase on mRNA of antiinflammatory cytokines

such as IL-10 and IL-4. The formation of tissue granulation, which in

histological preparations was visualized with the typical increase of

myofibroblasts (alpha-SMA and vimentin positive fibroblasts), coin-

cided with an upregulation of genes responsible for extracellular

matrix synthesis and degradation, such as genes for collagens and

metalloproteinase (Mmp2 and Mmp9) and its inhibitor (Timp1).

At the RNA level, we found that the levels for collagen 1 and

4 did not change significantly during the time course of the experi-

ment. However, total collagen detected in histological preparations

increased in wounded tissue and the increase of collagen type I, dur-

ing the first week of healing. These results indicate a complex balance

between protein synthesis and collagen fibril assembly and matrix

degradation and organization.30

Our results confirm the high regenerative capacity of the

urothelium in the urinary bladder, which was induced rapidly upon

injury. A marked difference occurred at the epithelial layer of the blad-

der wall when compared with previous results from wounded skin. In

the skin, reepithelialization starts with migrating keratinocytes at the

wound edge, followed by proliferation of the cells at the wounded

area.23,31 In the urinary bladder, we observed the complete bladder

urothelial layer actively proliferating between the second and the

third day postwounding. It remains to be evaluated whether, besides

the proliferation observed in the urothelial layer, reestablishment of

the urothelial integrity also occurs by initial migration of cells into the

wounded areas before proliferation, as occurs in other epithelial tis-

sues.32 Since such migration of cells may be difficult to detect in our

model, an alternative study design including biological scaffolds could

facilitate the analyses of cell migration. Nevertheless, our gene

expression analyses indicated the up-regulation of different
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promigratory integrin members, such as Itga5 and Itgb5,33 immedi-

ately and during the first week after wounding.

So far, the molecular pathways involved in bladder wound healing

are only partially understood. Studies have previously been limited to

in vitro wound healing assays using cellular components isolated from

the bladder, or focused on the role of specific growth factors, such as

the keratinocyte growth factor (Kgf) and the transforming growth fac-

tor beta (Tgfb) known to be involved in the early phases of epithelial

injury.7 In our study, we demonstrated an upregulation of genes such

as EGF, Fgf7, Fgf10, Tgfa, and Vgfa that are previously known to reg-

ulate urothelial cell function.7,34 Here, we could also demonstrate

upregulation of Cfs2 and Cfs3, Ctgf, Vgfa, and Fgf10 during the early

phase of wound healing which, to our knowledge, has never been

reported before in the context of in vivo bladder wound healing.

Though muscle cell regeneration is not completely understood,

our histological evaluations demonstrated proliferative interstitial cells

along the detrusor muscle, and fewer cells inside the muscular com-

partment. There were also indications of fibrous scar formation in the

muscular layer. We have previously demonstrated that smooth muscle

regenerates from transplanted minced detrusor and forms new

smooth muscle, without contact with existing muscle fibers.35 In other

studies by Baskin and collaborators, epithelial-mesenchymal cell inter-

actions were shown to play an important role in the regeneration of

the detrusor muscle.36 This process has also been demonstrated in

in vivo models of bladder wall reconstructions using scaffolds.37

Under these conditions, smooth muscle regeneration occurred first by

the dedifferentiation and migration of mature smooth muscle cells

from the nonwounded edges into the wounded areas, followed by a

redifferentiation into new smooth muscular fibers. Smooth muscle

cells in other tissues, such as vasculature, are also regenerated upon

injury by vascular resident stem cells, and by bone marrow-derived

stem cells.38 Whether the increase in myofibroblasts observed in the

histological examinations originated from stem cells or from mature

smooth muscle cells needs to be investigated further.

Although in the clinical practice, an absorbable suture is preferred

and used in the urinary bladder surgery, in our study a nonabsorbable

suture (nylon) was chosen in order to localize the wound area after sev-

eral weeks, in addition, nylon sutures are less prone to cause inflamma-

tion compared to absorbable sutures.34 In our model, the inflammatory

response was limited to the wounded and sutured areas at later stages.

We did not perform functional studies on the bladder, however,

the animals were voiding normally, and no signs of malfunction were

evident throughout the study. For a long-term perspective on regen-

erative medicine regarding the urinary bladder, it would also be impor-

tant to follow bladder function and compliance for several months.

In summary, our rodent model captured the process of full thick-

ness bladder wall healing at a morphological and molecular level with

identification of all classical phases of the wound healing process

upon incisional wounding. We found that the bladder wound healing

was characterized by local inflammation, rapid regeneration of

urothelial integrity, and a steady increase in collagen content for the

whole study period (Figure S1). At the molecular level, we character-

ized the gene expression at each phase of wound healing. The

information generated in this study may be used to optimize therapies

aimed at decreasing excessive inflammation, reducing the degree of

fibroblast activation, and stimulating smooth muscle regeneration, by

targeting specific genes coding for growth factors and cytokines.

Details related to the response to wounding could have clinical impli-

cations related to the development of pharmacological substances

that could enhance healing in diseased bladders.
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