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Abstract

Vaginal delivery is a risk factor for stress urinary incontinence (SUI). Mesenchymal stem cells 

(MSCs) home to injured organs and can facilitate repair. The goal of this study was to determine if 

MSCs home to pelvic organs after simulated childbirth injury and facilitate recovery from SUI via 

paracrine factors. Three experiments were performed. Eighteen female rats received vaginal 

distension (VD) or sham VD and labeled intravenous (IV) MSCs to investigate if MSCs home to 

the pelvic organs. Whole-organ imaging and immunofluorescence were performed 1 week later. 

Thirty-four female rats received VD and IV MSCs, VD and IV saline, or sham VD and IV saline 

to investigate if MSCs accelerate recovery of continence. Twenty-nine female rats received VD 

and periurethral concentrated conditioned media (CCM), VD and periurethral control media, or 

sham VD and periurethral control media to investigate if factors secreted by MSCs accelerate 

recovery from VD. Urethral histology and function were assessed 1 week later. Significantly more 

MSCs were observed in the urethra, vagina, and spleen after VD compared to sham VD. 

Continence as measured by leak point pressure (LPP) was significantly reduced after VD in rats 

treated with saline or control media compared to sham VD but not in those given MSCs or CCM. 

External urethral sphincter (EUS) function as measured by electromyography (EMG) was not 

improved with MSCs or CCM. Rats treated with MSCs or CCM demonstrated an increase in 

elastin fibers near the EUS and urethral smooth muscle more similar to that of sham-injured 

animals than rats treated with saline or control media. MSCs homed to the urethra and vagina and 

facilitated recovery of continence most likely via secretion of paracrine factors. Both MSCs and 

CCM have promise as novel noninvasive therapies for SUI.
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INTRODUCTION

Stress urinary incontinence (SUI) is a significant medical problem, with prevalence rates of 

4–35% among women (24). Vaginal delivery has been correlated with SUI development 

(29), likely via injury of the muscles, organs, and extracellular matrix (ECM) responsible for 

continence (34). Treatments include physiotherapy, continence pessaries, injectable bulking 

agents, and surgery—the mainstay for cases that are nonresponsive to conservative measures 

(2). Although surgery can improve SUI, it does not necessarily repair the underlying 

pathophysiology.

Clinical trials have utilized autologous muscle-derived progenitor cells injected directly into 

the urethra of women with SUI and have demonstrated that adult stem cells are safe and can 

improve urethral function (4,5). Preclinical studies hypothesized that the stem cells act by 

differentiating into smooth and or striated muscle (6). Alternatively, it has been proposed 

that paracrine mechanisms may explain improvements with stem cell therapy (14,23).

Hematopoetic and mesenchymal stem cells (HSCs and MSCs) circulate in the bloodstream 

and home to sites of injury following chemokine gradients (32). Animal studies have 

demonstrated MSC homing and benefit in several disease models, including cardiac injury 

(3,20), renal failure (26), and skin wounds (30), highlighting the clinical potential of these 

cells.

Preclinical studies demonstrated that simulating the second phase of labor via vaginal 

distension (VD) in rats results in decreased leak point pressure (LPP), taken to be indicative 

of SUI (13,22). Previously, chemokine (C-C motif) ligand 7 [CCL7; the homing factor for 

MSCs, formerly known as monocyte-specific chemokine-3 (MCP-3)] was shown to be 

upregulated in the urethra and vagina after VD, suggesting that MSCs will home to these 

organs and facilitate recovery (37,38). The goal of this study was to determine if 

intravenously infused MSCs home to pelvic organs after VD and facilitate recovery via 

secreted paracrine factors.

MATERIALS AND METHODS

Age-matched virgin female Sprague–Dawley rats (Harlan Laboratories, Indianapolis, IN, 

USA) weighing 225–250 g were utilized in three experiments as approved by the Cleveland 

Clinic Institutional Animal Care and Use Committee.

To investigate if MSCs home to pelvic organs after VD, rats were randomized into two 

groups and underwent ex vivo whole organ fluorescence imaging (n = 10) or 

immunofluorescence (n = 8) 1 week after either VD (n = 9) or sham VD (n = 9) followed by 

intravenous (IV) infusion of 2 million green fluorescent protein-labeled MSCs (GFP+) in 1 
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ml saline via the lateral tail vein 1 h after VD. Three additional animals that did not receive 

cells were used as negative controls in each outcome.

To determine if IV-infused MSCs accelerate recovery of continence after VD, rats were 

randomized into three groups and underwent IV infusion of MSCs 1 h after VD (VD + 

MSC; n = 11) as noted above, IV infusion of 1 ml saline via the lateral tail vein 1 h after VD 

(VD + saline; n = 12), or sham VD (sham VD + saline; n = 11). Five animals in each group 

underwent histological assessment of the urethra 1 week after injury. The others underwent 

LPP and external urethral sphincter electromyography (EUS EMG) recording 1 week after 

injury.

In order to ascertain if factors secreted by MSCs accelerate functional recovery after VD, 

rats were randomized into three groups and underwent periurethral injection of 300 μl 

concentrated conditioned media (CCM) 1 h after VD (VD + CCM; n = 10) via a low midline 

incision to expose the urethra, periurethral injection of 300 μl concentrated control media 

(CM) 1 h after VD (VD + CM; n = 9) or sham VD (sham VD + CM; n = 10). Five animals 

in each group underwent histological assessment of the urethra 1 week after injury. The 

others underwent LPP and EUS EMG recording 1 week after injury.

Stem Cell Harvest and Culture

Bone marrow from a donor female Sprague–Dawley rat was used to create cultured MSCs 

as previously reported (9). In brief, marrow was aspirated from the femur and tibia by 

flushing the bone with saline. Cells were cultured in a normoxic incubator with 5% CO2 at 

37°C. At passage 3 (P3), cells were incubated and sorted for intracellular adhesion molecule 

I [ICAM-1; 100 μl/ml of provided stock solution (Abcam, Cambridge, MA, USA)] to select 

for MSCs via flow cytometry using a BD FACAria II (BD Biosciences, San Jose, CA, 

USA). The MSCs were transfected with pCCLsin.ppt.hPGK.GFP.wpre [donated by Giulio 

Cossu’s Laboratory (San Raffaele Hospital, Milan, Italy) to Dr. Marc Penn’s laboratory], 

which uses a human phosphoglycerate kinase (PGK) promoter to constitutively express 

GFP. Transfection was performed by adding the lentivirus vector containing the plasmid and 

6 μg/ml of polybene (Sigma-Aldrich, St. Louis, MO, USA) to the cells at least 10 days 

before sorting. Transfection was done in a manner approved by the Institutional Biosafety 

Committee of Cleveland Clinic. After reaching confluence, cells were resorted, and GFP-

positive (GFP+) cells were collected. Cells were cultured until P14, then cryopreserved in a 

freezing media consisting of 90% fetal bovine serum (FBS; Life Technologies, Grand 

Island, NY, USA) + 10% dimethyl sulfoxide (DMSO) solution (Sigma-Aldrich). The cells 

were then stored overnight at −80° in a cryofreezing container and were transferred to liquid 

nitrogen the following day where they were stored until used. At that point, the cells were 

thawed by pre-warming 9 ml of media, which was added drop by drop to the freezing media/

cells solution. The solution was then centrifuged at 300 × g for 2 min, supernatant was 

removed, the cells resuspended in media, and the cells were then plated. Media was changed 

every 3 days until the cells were ready for injection. Cells were injected into rats at P16, 

which was used to consistently ensure a sufficient number of passages for thawing, sorting, 

and transfection.
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MSC Characterization

To confirm expression of cell surface markers, MSCs at P8 and P15 were stained with 

cluster of differentiation 29 (CD29 at 5 μg/ml; Cat. No. 102218, Biolegend, San Diego, CA, 

USA), CD90 (at 2 μg/ml; Cat. No. 561404, BD Biosciences), CD54 (100 μl/ml; Cat. No. 

22389, Abcam, Cambridge, MA, USA), and CD45 (at 5 μg/ml; Cat. No. 559135, BD 

Biosciences) and sorted using a LSR Fortessa cell analyzer (BD Biosciences). To confirm 

the ability of MSCs to differentiate into mesenchymal cell types, MSCs at P16 were plated 

at a starting density of 50,000 cells/well and given regular MSC media, adipogenic 

differentiation media (A10070-01; Gibco, Gaithersburg, MD, USA), or osteogenic 

differentiation media (A10071-01; Gibco) every 3 days once confluent for 20–35 days. Cells 

in osteogenic media were fixed with 4% formaldehyde (Electron Microscopy Science, 

Hatfield, PA, USA) and stained with alizarin red S (Sigma-Aldrich). Cells in adipogenic 

media were fixed and stained with oil red O (Sigma-Aldrich) and hematoxylin (Dako, 

Carpinteria, CA, USA).

Preparation of Concentrated Conditioned Media (CCM)

CCM was obtained by incubating 100% confluent MSCs at P16 in serum-free Dulbecco’s 

modified Eagle’s medium (DMEM; Cat. No. 11885, Life Technologies) for 24 h in a 

normoxic incubator with 5% CO2 at 37°C. Cultured MSC supernatant was extracted and 

centrifuged at 2,933 × g for 45 min (50× concentrated; 300 μl) and filtered with a sterile 

0.22-μm filter (Millipore, Darmstadt, Germany). CM was created by processing serum-free 

DMEM that had not been utilized to culture cells though all the above steps. CCM was 

sampled and validated by a cell count and cell proliferation assays before being used. After 

concentrating the CCM, it was sampled to determine if there were any cells present. The 

CCM was also reconstituted and added to the MSC culture, and the growth rate was 

compared with adding reconstituted CM. These validation tests showed no cells in the CCM 

and demonstrated that MSCs proliferated significantly faster in CCM than in CM.

Vaginal Distention (VD)

VD was performed as previously described (37). The vagina was dilated under isoflurane 

anesthesia (Piramal Healthcare, Mumbai, India) by sequentially inserting increasing sized 

(24–32) Otis Bougie a Boule urethral dilators (NovoSurgical, Oak Brook, IL, USA) 

lubricated with surgilube (Savage Laboratory, Melville, NY, USA). A modified 10-Fr Foley 

catheter (Bard Medical, Covington, GA, USA) was then inserted into the vagina and the 

balloon inflated to 3 ml for 4 h. Sham VD consisted of vaginal accommodation and catheter 

insertion for 4 h without balloon inflation.

Leak Point Pressure (LPP) and External Urethral Sphincter Electromyography (EUS EMG) 
Recording

LPP was recorded simultaneously with EUS EMG 1 week after injury, as previously 

described (33). Rats were anesthetized with 1.2 g/kg intraperitoneally administered urethane 

(Sigma-Aldrich) and the urethra exposed by bluntly opening the pubic symphysis. Bipolar 

parallel platinum electrodes (30-gauge needles 2 mm apart) were placed on the outside of 

the midurethra at the location of the EUS and connected to an amplifier (Model P511 AC 
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Amplifier, Astro-Med, Inc., Providence, RI, USA; band pass frequencies: 3 Hz to 3 kHz) 

and electrophysiological recording system (DASH 8X, Astro-Med; 10 kHz sampling rate). 

A PE-50 polyethylene catheter (BD, Franklin Lakes, NJ, USA) was inserted into the bladder 

via the urethra and connected to both a pressure transducer (Astro-Med, Inc.) and syringe 

pump (KD Scientific, Holliston, MA, USA). Bladder pressure was referenced to air pressure 

at the level of the bladder. Bladder pressure and EUS EMG were recorded while the bladder 

was filled with saline (5 ml/h).

For LPP testing, intravesical pressure was increased when the bladder was approximately 

half full by gradually applying external pressure with a cotton swab until leakage at the 

meatus occurred. At the moment of leakage, the cotton swab was rapidly removed. If a 

bladder contraction was induced by LPP testing, the results were not analyzed, and the test 

was repeated. The test was repeated six to eight times in each animal. Values of bladder 

pressure just prior to LPP testing (tonic activity) and at the peak pressure (peak value) of 

LPP testing were determined. Quantitative assessment of EUS EMG signals was performed 

by determining the mean rectified amplitude and the mean firing rate of tonic activity during 

bladder filling and at the pressure peak of the LPP test, as previously described (10).

Ex Vivo Fluorescent Imaging

Seven days after VD or sham VD, rats were euthanized, and the bladder, urethra, vagina, 

rectum, lungs, and spleen were harvested. Each organ was imaged using a Xenogen IVIS 

100 System (PerkinElmar, Waltham, MA, USA). Net total fluorescent flux (photons/s/cm2/

steridian) in a region of interest selected to include each organ was calculated by subtracting 

background flux from a negative control.

Immunofluorescent Staining

To investigate engraftment of MSCs in the urethra and vagina, rats underwent intracardiac 

perfusion with heparinized saline (Sagent Pharmaceuticals, Schaumburg, IL, USA) with 4% 

formaldehyde (Electron Microscopy Science) 1 week after injury. The urethra and vagina 

were harvested en bloc and immersed in 20% sucrose (Sigma-Aldrich). Tissues were 

cryosectioned (10 μm) on a Leica CM 1950 (Leica Biosystem, Buffalo Grove, IL, USA) and 

stained with a smooth muscle α-actin mouse monoclonal antibody (1:50; SC1306, Santa 

Cruz, Inc., Santa Cruz, CA, USA) followed by goat anti-mouse Texas red conjugated 

secondary antibody (1:400; SC2781, Santa Cruz, Inc.). Slides were coverslipped with 

mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, 

Southfield, MI, USA) and imaged on a confocal microscope.

Histology

To assess anatomical recovery of the urethra, it was harvested en bloc with the anterior 

vagina 1 week after injury and immersion fixed, paraffin embedded, transversely sectioned 

(5 μm), and stained with Masson’s trichrome and elastin von Giesson stains (both from 

Newcomer Supply, Middleton, WI, USA). Masson’s trichrome-stained slides of EUS and 

urethral smooth muscle were graded independently by two blinded investigators using a 

semiquantitative scale, in which grade 1 represented significant disruption and grade 4 

indicated normal findings. Grade 4 EUS had contiguous muscle fibers, striations, and little 
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ECM infiltration. Grade 1 EUS demonstrated disruption of muscle fibers, no striations, and 

ECM infiltration. Grade 4 smooth muscle had large muscle bundles and little ECM 

infiltration. Grade 1 smooth muscle demonstrated very small muscle bundles and marked 

ECM infiltration. Grades 2 and 3 were scaled between 1 and 4. Elastin von Giesson-stained 

slides were analyzed for the presence or absence of elastin fibers.

Data Analysis

Mean values of each of the quantitative variables were calculated for each animal and were 

used to calculate a mean and standard error of the mean for each group. Results are 

presented as mean ± standard error of the mean of each group. Student’s t test was used to 

compare quantitative variables in Experiment 1 (Sigma Stat, Systat, Inc., San Jose, CA, 

USA). One-way ANOVA followed by a Holm–Sidak post hoc test was used to compare 

functional outcomes in Experiments 2 and 3. Kruskal–Wallis one-way ANOVA on ranks 

followed by a Dunn’s post hoc test were used to compare semiquantitative grading of 

histology. Data were still presented as mean ± standard error of the mean for consistency. 

For all statistical tests, p < 0.05 indicated a statistically significant difference between 

groups. Immunofluorescence and elastin von Giesson stain results were evaluated 

qualitatively by a blinded observer.

RESULTS

Characterization and Differentiation of Bone Marrow-Derived MSCs

MSCs in this study expressed CD29, CD54, and CD90, but not CD45, similar to previous 

work with undifferentiated MSCs (15). Cells that were CD45−, CD29+, CD54+, and CD90+ 

accounted for 93.4% of the MSC population (Fig. 1A). Adipogenic-induced cells contained 

intracellular lipid droplets, stained orange by oil red O (Fig. 1B). Cells cultured under 

noninductive conditions did not accumulate lipid droplets. MSCs cultured in osteogenic 

differentiation medium changed their spindle-shaped morphology to stellate and irregular 

shaped (Fig. 1B). In control cultures, the cells preserved typical fibroblast morphology. 

These results demonstrate that the cells were predominately MSCs with multilineage 

differentiation potential.

Homing of IV-Infused MSCs

Rats that did not receive cells had only nominal total fluorescent flux. The urethra, vagina, 

and spleen of rats that underwent VD and received MSCs IV had significantly higher mean 

total fluorescent flux than rats that underwent sham VD, indicating that MSCs preferentially 

home to these organs after VD (Fig. 2A, B). More GFP+ cells were evident in the smooth 

muscle of the urethra and vagina after VD than after sham VD, suggesting that IV-infused 

MSCs could preferentially home to these smooth muscle layers (Fig. 2C).

IV-Infused MSCs and Local Injection of CCM Accelerate Functional Recovery

The VD + saline group demonstrated LPP and EUS EMG firing rates and amplitudes 

significantly lower than those after sham VD (Fig. 3A–C), similar to previous work with 

untreated animals in this model (19). There was no significant difference in LPP between 

rats in the VD + MSC and sham VD groups, indicating that MSCs facilitated urethral 
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recovery. In contrast, EUS EMG firing rate and amplitude were significantly lower in the 

VD + MSC group than in the sham VD group, suggesting that MSCs had not facilitated 

EUS electrophysiologic recovery by 1 week after VD (Fig. 3A–C).

LPP in the VD + CM group was significantly decreased compared to the sham VD group. In 

contrast, LPP in the VD + CCM group was not significantly different from that of sham VD 

rats, indicating facilitation of urethral recovery by CCM. Similar to the results with MSC 

treatment, EUS EMG firing rate and amplitude were significantly decreased in all rats that 

received VD compared to rats that received sham VD, regardless of treatment, suggesting 

that CCM, like MSCs, did not facilitate EUS electrophysiologic recovery 1 week after VD 

(Fig. 3D–F).

Effects of MSCs and CCM on Urethral Anatomy

Sham VD rats had contiguous but thin EUS and urethral smooth muscle cells separated by 

ECM. VD caused disruption of smooth and striated urethral muscle as well as infiltration of 

ECM. The urethra of rats in the VD + MSC and VD + CCM groups appeared to have more 

complete smooth muscle layers than those in the VD + saline group (Fig. 4A, B).

Urethral tissues from rats in the VD + MSC group were not significantly different in smooth 

muscle histology grade compared to sham VD rats but had a significantly higher smooth 

muscle histology grade than urethral tissue from the VD + saline group. Smooth muscle 

histology grade was not significantly different in the VD + CCM group compared to sham 

VD rats, while rats in the VD + CM and VD + saline groups had significantly lower 

histology grades than sham VD rats (Fig. 4C, D). Rats in the VD + MSC group had 

significantly lower EUS histology grade compared to sham VD rats, but those in the VD + 

CCM group did not. These results indicate that both MSCs and CCM have positive effects 

on urethral smooth muscle, while MSCs have little effect on the EUS, and CCM has a 

partial effect on the EUS at this time point (Fig. 4C, D).

There were few to no elastin fibers in the urethra after sham VD or VD + saline. In contrast, 

aggregations of disorganized elastin fibers were identified near the EUS 1 week after VD + 

MSC (Fig. 5A). Similarly, VD + CM demonstrated little to no elastin, but aggregations of 

disorganized elastin fibers were identified near the EUS 1 week after VD + CCM, 

suggesting that MSCs facilitated production of elastin, likely by a paracrine effect on 

urethral smooth muscle cells and fibroblasts (Fig. 5B).

DISCUSSION

Stem cell-based therapy has recently gained attention as a promising treatment for SUI 

(5,12,36). Preclinical investigations have focused on determining if stem cells differentiate 

and engraft in the tissue after direct injection into the urethra (12). However, successful 

clinical application of stem cell-based therapy may be more feasible with less invasive 

delivery methods. The current study demonstrates a potentially novel noninvasive MSC-

based therapy for SUI after childbirth injury and suggests a mechanism for its effect.
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This study confirmed our previous results that MSCs delivered IV will preferentially home 

to the urethra and vagina after simulated childbirth in female rats (9). The current study 

extends the results of our previous study and demonstrates homing to the spleen after VD, 

suggesting that MSCs could have a beneficial effect via immunomodulation and the 

systemic release of trophic factors, as has been demonstrated previously in other animal 

models (39).

Consistent with our urethral smooth muscle results, confocal imaging suggests that IV 

MSCs preferentially engraft in the smooth muscle of the urethra and vagina. In addition, our 

functional results demonstrated that while LPP recovered 7 days after VD with either MSC 

or CCM treatment, the EUS EMG did not recover at this time point. Therefore, 

improvement of urethral function 1 week after VD treated with either MSCs or CCM could 

result from facilitated recovery of smooth muscle and/or improved biomechanical properties 

of the urethra. The ratio of type I to type II striated muscle in rat EUS differs from that of 

human (27,31), which may reduce application of this conclusion to humans. Nonetheless, 

this study could provide rationale to justify a clinical investigation.

An alternative rat model of SUI that involves vaginal delivery and ovariectomy has been 

utilized to demonstrate that stem cells increase elastin fibers in the urethra and have a 

therapeutic effect even when the majority of the transplanted cells remained undifferentiated 

(23), suggesting the therapeutic actions of stem cells on the urethra are likely mediated by 

secreted factors from the cells. Although our animal model of VD does not involve the 

hormonal changes of pregnancy and delivery, our study supports the prior result since 

treatment with CCM after VD improved SUI recovery and altered the morphology of the 

elastin fibers in the urethra. Both studies therefore highlight the likely paracrine actions of 

MSCs as a potential mechanism of action and, although neither model is a perfect 

simulacrum of human delivery, together they suggest this mechanism may provide 

therapeutic benefit clinically.

Functional improvements from stem cell-based therapy in other fields have been shown to 

be due in part to paracrine actions in the host tissue rather than differentiation, repopulation, 

or fusion (1). CCM does not exactly replicate the paracrine actions of MSCs in vivo since 

local environmental factors affect cell function (25). Nonetheless, it remains the best 

estimate of such secreted factors. Therefore, CCM was used in this study as an 

approximation of the secretome of MSCs in vivo and had an effect similar to that of the 

MSCs.

Both MSCs and CCM likely improve continence via multiple mechanisms, including trophic 

effects on smooth muscle, angiogenesis, neuroregeneration, and promotion of ECM repair 

(18,28). Increased elasticity of the urethra could potentially account, in part, for improved 

LPP in the absence of improved EUS function 1 week after injury. However, the elastic 

fibers observed in this study were not highly organized and therefore probably contributed 

little in this regard. In contrast to previous work (23), we did not observe elastin fibers in 

urethras of sham-treated rats. This may be due to the more distal location at which we 

studied the urethra, since elastin in the urethra peaks proximally, near the vesicourethral 

junction (11). Furthermore, we assessed the animals 1 week after VD and treatment with 
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MSCs or CCM, which is insufficient time to develop fully organized elastin fibers (17). 

Thus, it is possible that a bulking or inflammatory effect accounts for improved continence 1 

week after MSC treatment; likewise, a similar bulking effect, although unlikely, could occur 

with periurethral CCM treatment that produced a similar extent of recovery. However, 

bulking does not explain improved smooth and striated muscle. Therefore, longer term 

quantitative studies should be done to fully investigate the mechanism of therapeutic benefit 

and anatomical changes with MSC or CCM treatment.

We did not identify which secreted factors play an important role in the improvement of 

urethral function; however, MSCs secrete a number of factors that could have a therapeutic 

effect, including angiogenic and cytoprotective factors, such as vascular endothelial growth 

factor (VEGF), and factors that inhibit fibroblasts and can remodel the ECM, such as TIMP 

tissue inhibitor of metalloproteinase 1 (TIMP-1), TIMP-2, and matrix metalloproteinase 

enzymes (MMPs) (28). Prior work has shown that CCM can inhibit breakdown of elastin by 

MMPs, which may indicate a role for TIMP-1 and/or TIMP-2 in our model (18). Since 

inflammatory processes may account for improved LPP 1 week after injury in the absence of 

improved EUS EMG, MSC-secreted factors may play a significant role. Future studies will 

be aimed at investigating which cytokines have a therapeutic effect with the goal of 

developing a clinical therapeutic strategy.

We used an acute injury model of SUI in female rats where VD simulates childbirth injury. 

Our results suggest a potential therapy for persistent postpartum SUI. Furthermore, if an 

MSC- or CCM-based therapy is free of adverse effects, it could serve as a prophylactic 

therapy for women at risk for later development of SUI. This work also has potential to 

develop into a clinical therapy for older women with SUI at a time remote from delivery, 

where injection of CCM or its key components may induce elastogenesis or other reparative 

effects.

Autologous muscle-derived progenitor cells have demonstrated therapeutic potential for SUI 

both in animal models (21) and in clinical trials (4,5). Adipose-derived stem cells delivered 

IV can also improve urethral function after simulated childbirth injury in rats (23). Stem 

cells from different tissue sources have been shown to display similar, although not 

identical, properties, such as their capacity for differentiation toward adipogenic, osteogenic, 

and chrondrogenic lineages (7). Therefore, the therapeutic effect of these cells and their 

secreted factors might be similar to each other. MSCs have been found to be immune 

privileged (35), suggesting their potential for use as an off-the-shelf therapy. To this end, a 

recent clinical trial has demonstrated safety and efficacy of non-type-matched MSCs as a 

therapy for ischemic heart disease (16).

Since rat MSCs were used in this study, the results of this study can only be applied to a rat 

model of injury treated with rat cells. Adult human stem cells need to be investigated in 

future studies, which can hopefully build upon this work. We used P16 cells to allow time 

for thawing, sorting, and transfecting in our laboratory. Lower passages of MSCs have been 

demonstrated to have greater tissue-protective effects (8). Therefore, our investigation could 

represent a worst case scenario, which nonetheless, demonstrated a significant therapeutic 
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effect. As lower passage MSCs may have an even greater effect, future research should test 

this idea.

In conclusion, MSCs delivered IV facilitate recovery of the urethra after simulated childbirth 

injury, likely via secreted paracrine factors. In addition, local application of these paracrine 

factors stimulated an equivalent recovery to MSC treatment. These findings have the 

potential to increase the range of therapeutic applications of MSCs and hold promise as a 

novel, noninvasive therapy for SUI. Further investigations are needed to determine the long-

term effects of MSC and CCM therapy, to identify those secreted factors responsible for the 

observed results and the mechanisms by which they act, as well as to determine if these 

findings also apply to humans.
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Figure 1. 
Characterization of mesenchymal stem cells (MSCs). (A) Example flow cytometry results 

showing positivity for cluster of differentiation 29 (CD29), CD90, and CD54, as well as 

negativity for CD45. Blue represents MSCs at P8, 0.0139% of which were green fluorescent 

protein positive (GFP+), since this was prior to GFP labeling. Red represents MSCs at P15, 

90.1% of which were GFP+, after GFP labeling. Green and orange are negative controls; 

93.8% of P15 cells were CD29+, CD90+, CD54+, and CD45−. (B) Adipogenic and 

osteogenic differentiation of MSCs. Adipogenic-induced cells contained intracellular lipid 

droplets, stained orange by oil red O (scale bar: 10 μm). Osteogenic-induced cells are red as 

assessed with alizarin red staining (scale bar: 100 μm).
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Figure 2. 
Homing of mesenchymal stem cells (MSCs) to pelvic organs 1 week after vaginal distension 

(VD) and sham VD. (A) Example ex vivo whole organ imaging results. Yellow oval 

indicates region of interest inside of which fluorescent flux was calculated. Pseudocolor 

scale indicates the quantification of level of fluorescent flux, with red being the most intense 

and purple being the least intense. Rats that received no cells had only nominal total 

fluorescent flux and are not shown. (B) Fluorescent flux of organs 1 week after VD or sham 

VD. Each bar indicates mean ± standard error of the mean of organs from nine rats. *A 

statistically significant difference compared to the same organ from the sham VD group with 

p < 0.05. **A statistically significant difference compared to the same organ from the sham 

VD group with p < 0.005. (C) Example immunofluorescence from the urethra and vagina 1 

week after VD or sham VD. Blue indicates nuclei with 4′,6-diamidino-2-phenylindole 

(DAPI) stain; green indicates MSCs labeled with green fluorescent protein (GFP); red 

indicates smooth muscle with α-actin immunolabeling. Rows 1–4 are at the same 

magnification (scale bar: 100 μm). The last row shows an example immunofluorescence at 

higher magnification (scale bar: 10 μm) demonstrating dual labeling of blue and green to 
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show association of nuclei with MSCs. Rats that did not receive cells did not show 

fluorescence (data not shown).
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Figure 3. 
Functional testing after vaginal distension and treatment. Results of functional testing after 

vaginal distension (VD) or sham VD and treatment with mesenchymal stem cells (VD + 

MSC) or saline (A–C) or concentrated conditioned media (CCM) or control media (D–F). 

Bladder pressure during filling and leak point pressure (LPP) testing (A and D). External 

urethral sphincter electromyogram (EMG) firing rate during filling and LPP testing (B and 

E). External urethral sphincter EMG amplitude (C and F). Each bar indicates mean ± 

standard error of the mean of from five to seven rats. *A significant difference compared to 

the same outcome for the sham VD group with p < 0.05.
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Figure 4. 
Urethral histology 1 week after vaginal distension and treatment. Examples of urethral 

histology 1 week after vaginal distension (VD) or sham VD and treatment with 

mesenchymal stem cells (VD + MSC) or saline (A) or concentrated conditioned media 

(CCM) or control media (B). Results of semiquantitative grading of urethral histology after 

VD or sham VD and treatment with MSCs or saline (C) or CCM or control media (D). Each 

bar indicates mean ± standard error of the mean from five rats. Semiquantitative data was 

analyzed with a Kruskal–Wallis one-way ANOVA on ranks followed by a Dunn’s post hoc 

test. *A significant difference compared to the same outcome for the sham VD group with p 

< 0.05. +A significant difference compared to the same outcome for VD + MSC group with 

p < 0.05. sm, smooth muscle; EUS, external urethral sphincter.
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Figure 5. 
Histological staining of urethral sections after vaginal distension and treatment. Example 

urethral cross sections stained with Masson’s trichrome (upper panels) and near sections 

stained with elastin von Giesson stain (EVG; lower panels) 1 week after vaginal distension 

(VD) or sham VD and treatment with mesenchymal stem cells (VD + MSC) or saline (A) or 

concentrated conditioned media (CCM) or control media (B). Inset in upper panels indicates 

approximate area of higher magnification EVG example placed just below it. Note that 

anatomical structures do not align exactly in near sections. Masson’s trichrome scale bar: 

100 μm. EVG scale bar: 10 μm. Black arrows indicate disorganized elastin fibers in EVG 

examples.
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