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Summary 
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I. Summary 

Urinary incontinence (UI) is a significant medical challenge affecting more than 

200 million people worldwide. It will become even more significant due to the improved 

life expectancy in modern populations. Stress urinary incontinence (SUI) is the overall 

most common form of UI, defined as a “complaint of involuntary loss of urine on effort or 

physical exertion including sporting activities, or on sneezing or coughing”. The major 

problem with this condition is that the quality of life of those affected deteriorates. Current 

treatment options of conservative treatments or surgical procedures often fail to result in 

permanent healing because they do not address the underlying pathology of urethral 

sphincter deficiency. Therefore, cell therapy emerged as a new treatment option for SUI, 

with adipose-derived mesenchymal stromal cells (ADSCs) and myogenic progenitor cells 

(MPCs) being the most investigated cell types.  

In the first project, a novel cell injection technology, the waterjet technology, was 

investigated and compared to the state-of-art technology of needle injections. Two 

different experiments were conducted. Publication 1 analyzed the influence of the waterjet 

technique on several cell characteristics. It demonstrated that injection via waterjet did not 

affect the cells’ viability, surface markers, differentiation, and attachment capabilities. 

However, the biomechanical properties were significantly reduced after injection, possibly 

requiring further development. Publication 2 focused on injecting MPCs into the urethra of 

porcine cadaveric tissue and living healthy pigs. This study showed that viable MPCs were 

delivered more precisely, rapidly, and with a wider distribution by waterjet than needle 

injections.  

The second project focused on comparing well-characterized MPCs to ADSCs injected 

into a urethral sphincter insufficiency in large animal models. For this purpose, MPC 

isolation, production, and characterization were optimized in Publication 3. Furthermore, 

in Publication 4, the urethral sphincter insufficiency in the large animal model pig was 

validated over a follow-up period of five weeks in landrace pigs. The transfer of the 

incontinence induction via balloon dilatation and electrocautery to Göttingen minipigs 

failed due to their rapid recovery after incontinence induction. In Publication 5, the 

regeneration potential of the improved MPCs and ADSCs was investigated by needle 

injection into incontinent landrace pigs. After five weeks, MPCs improved the sphincter 

function, while ADSCs fully recovered the defect.  
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Taken together, new data for the approval of the waterjet technology were provided and 

displayed its feasibility as an improved cell injection method. Furthermore, the promising 

therapeutical aspects of cell therapy were demonstrated, indicating its potential for the 

treatment of UI. 
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II. Zusammenfassung 

Harninkontinenz ist eine große medizinische Herausforderung, von der weltweit mehr als 

200 Millionen Menschen betroffen sind. Aufgrund der gestiegenen Lebenserwartung der 

Bevölkerung wird sie sogar noch an Bedeutung gewinnen. Belastungsharninkontinenz 

(SUI) ist die insgesamt häufigste Form der Harninkontinenz und wird definiert als 

"Beschwerden über unfreiwilligen Urinverlust bei Anstrengung oder körperlicher 

Belastung, einschließlich sportlicher Aktivitäten, oder beim Niesen oder Husten". Das 

Hauptproblem bei dieser Erkrankung ist, dass sich die Lebensqualität der Betroffenen 

verschlechtert. Die derzeitigen konservativen oder chirurgischen 

Behandlungsmöglichkeiten führen häufig nicht zu einer dauerhaften Heilung, da sie die 

zugrunde liegende Pathologie der Harnröhrenschließmuskelschwäche nicht angehen. 

Daher hat sich die Zelltherapie als neue Behandlungsoption für SUI herauskristallisiert, 

wobei aus Fettgewebe stammende mesenchymale Stromazellen (ADSCs) und myogene 

Vorläuferzellen (MPCs) die am meisten untersuchten Zelltypen sind.  

Im ersten Projekt wurde eine neuartige Technologie zur Zellinjektion, die 

Wasserstrahl-Technologie, untersucht und mit dem Stand der Technik, der Nadelinjektion, 

verglichen. Es wurden zwei verschiedene Studien durchgeführt. Publikation 1 analysierte 

den Einfluss der Wasserstrahltechnik auf verschiedene Zelleigenschaften. Es zeigte sich, 

dass die Injektion mit dem Wasserstrahl keinen Einfluss auf die Lebensfähigkeit, die 

Oberflächenmarker, die Differenzierung und die Anheftungsfähigkeit der Zellen hatte. 

Allerdings waren die biomechanischen Eigenschaften nach der Injektion deutlich reduziert, 

was möglicherweise eine weitere Entwicklung erfordert. Publikation 2 befasste sich mit 

der Injektion von MPCs in die Harnröhre von Schweinekadavern und lebenden gesunden 

Schweinen. Diese Studie zeigte, dass lebensfähige MPCs mit dem Wasserstrahl präziser, 

schneller und mit einer breiteren Verteilung als mit einer Nadelinjektion eingebracht 

werden konnten.  

Das zweite Projekt konzentrierte sich auf den Vergleich von gut charakterisierten MPCs 

mit ADSCs, die bei einer Harnröhrenschließmuskelinsuffizienz in Großtiermodellen 

injiziert wurden. Zu diesem Zweck wurden in Publikation 3 die Isolierung, Produktion und 

Charakterisierung von MPCs optimiert. Darüber hinaus wurde in Publikation 4 die 

Harnröhrenschließmuskelinsuffizienz im Großtiermodell Schwein über einen 

Nachbeobachtungszeitraum von fünf Wochen an Landschweinen validiert. Die 
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Übertragung der Inkontinenzinduktion mittels Ballondilatation und Elektrokauterisation 

auf Göttinger Minischweine scheiterte an der schnellen Erholung dieser Tiere nach 

Inkontinenzinduktion. In Publikation 5 wurde das Regenerationspotenzial der verbesserten 

MPCs und ADSCs durch Nadelinjektion in inkontinente Landschweine untersucht. Nach 

fünf Wochen verbesserten die MPCs die Schließmuskelfunktion, während die ADSCs den 

Defekt vollständig wiederherstellten.  

Insgesamt wurden neue Daten für die Zulassung der Wasserstrahltechnik vorgelegt, die 

ihre Machbarkeit als verbesserte Zellinjektionsmethode belegen. Darüber hinaus wurden 

die vielversprechenden therapeutischen Aspekte der Zelltherapie aufgezeigt, die auf ihr 

Potenzial für die Behandlung von Harninkontinenz hinweisen.  
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V. Introduction 

1. Urinary System 

The urinary system consists of the upper urinary tract, comprising the kidneys and ureters, 

and the lower urinary tract, comprising the bladder and urethra. As one of its primary 

functions, the urinary system produces urine and excretes toxic substances and 

metabolites 1. The urine with its waste products is built by the kidneys in the upper urinary 

tract 1,2. The ureters, which connect the kidneys with the bladder in the lower urinary tract, 

are responsible for transporting urine between these two organs 2. The bladder, a hollow 

organ, primarily stores urine (continence) coming from the ureters until it gets excreted 

(micturition) through the urethra. The length of the urethra differs significantly between 

the sexes 1,2. While the male urethra measures 20–25 cm with an average of 22.3 cm 2,3, the 

female urethra only ranges from 2 cm to 5 cm with an average of 3.1 cm 4 (Figure 1). The 

male urethra can be classified into the prostatic, membranous, and spongy urethra 

(Figure 1A). The prostatic urethra originates at the bladder neck and runs approximately 

3 cm through the center of the prostate gland. At the end of the prostate gland, the 

membranous urethra proceeds for approximately 2–2.5 cm through the pelvic floor 

muscles. When the urethra enters the urethral corpus cavernosum, it is called the spongy 

urethra. The spongy urethra ends at the external urethral orifice 1,2,5. The female urethra 

originates at the bladder neck as well, runs directly through the pelvic floor muscles, 

proceeds diagonally along the anterior vaginal wall, and ends at the external urethral 

orifice above the vaginal opening (Figure 1B) 1,2,5.  

The musculature of the organs of the lower urinary tract has a key function in micturition 

and maintaining continence (Figure 1). The detrusor muscle which surrounds the bladder 

consists of smooth muscle cells. At the transition of the bladder to the urethra, the detrusor 

muscle continues to form longitudinal and circular muscle layers of smooth muscle cells. 

These muscle layers build the internal urethral sphincter 2,5,6. The external urethral 

sphincter, also known as the rhabdosphincter, is located in the region where the urethra 

passes through the pelvic floor muscles. It is formed by skeletal striated muscle fibers that 

split off from the pelvic floor muscles 1,6. Especially the two urethral sphincters build the 

fundament of urinary continence in the urethra 5. Pelvic floor muscles also contribute to 

continence 7,8. Especially in women, the supportive layers of pelvic floor muscles provide 
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additional compression of the urethra against these layers, ensuring complete continence, 

particularly with increased intra-abdominal pressures (e.g., by coughing) 7,9,10. The levator 

ani muscle, which belongs to this supportive layer of pelvic floor muscles, plays an 

essential role because of its connection to the external urethral sphincter 7,8. However, this 

anatomical fixation to the levator ani muscle is absent in men, suggesting that only the 

external urethral sphincter provides continence 8. 

 

Figure 1: Urethral sphincter muscles of the bladder and urethra by sex. (A) The male bladder and urethra with the 

detrusor muscle, the internal urethral sphincter, the external urethral sphincter, and the pelvic floor muscles are 

schematically displayed. Alongside the male urethra, the prostate gland is located. The three parts of the urethra are 

marked in color: prostatic urethra (yellow), membranous urethra (green), and spongy urethra (blue). (B) The female 

bladder and urethra are schematically displayed with the same muscles. The female urethra is about one-seventh of the 

length of the male urethra. Figure adapted with modifications2. 

The bladder is filled with approximately 50 ml urine per hour 11. In the filling state, the 

detrusor muscle of the bladder is relaxed, while the internal urethral sphincter is 

contracted, especially the circular muscle layers. This is regulated by the autonomous 

vegetative nervous system, which cannot be voluntarily controlled. The sympathetic 

innervation is responsible for maintaining continence 2,5,6,11. The voiding typically starts 

when the bladder contains 350–500 ml of urine 7,11. The fullness of the bladder activates 

the parasympathetic nervous system via the pelvic splanchnic nerves and inactivates the 

sympathetic one. This leads to detrusor muscle contraction and internal urethral sphincter 

relaxation by shortening the longitudinal muscle layers 5,6,11. The somatic nervous system 
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controls the external urethral sphincter through the pudendal nerve. Therefore, it maintains 

the continence or allows micturition voluntarily 5,11.  

Overall, for the urinary system to function correctly and to control the flow of urine, all 

components, including innervation and muscles, need to work correctly so that all 

mechanisms can interact with each other 5,6.  
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2. Urinary Incontinence (UI) 

Urinary incontinence (UI) is defined as a “complaint of involuntary loss of urine” 12,13. It 

poses a significant problem in the population because it can worsen the quality of life of 

each individual 5. More than 200 million people worldwide are affected by UI 7. 

Depressions, anxiety, decrease in physical activity, and social isolation are more common 

in people affected by UI than in nonaffected individuals 14,15. Additionally, UI 

economically impacts society and, particularly, health services 16,17. The economic aspects 

of UI include self-management (e.g., pads, laundry), treatment (e.g., doctor’s appointment, 

performed tests), and consequence-related costs (resulting illness, e.g., urinary tract 

infections) 18. A study in the United States estimated the annual cost for UI at 16.3 billion 

US dollars (in 1995 dollars) 19. UI also is associated with urinary tract infections, pressure 

ulcers, lower work productivity, and admission to long-term residential care 20.  

The prevalence of UI is reported by several population studies and ranges between 5–70%, 

with a mostly reported prevalence of 25–45% regarding occasional leakage 17,18. The 

overall prevalence of UI for women with leakage at least weekly is about 10% 17,18. In 

Germany, about 41% of women report uncontrolled urine leakage 21. In men, the 

prevalence is reported to be half of the prevalence in women (Figure 2) and studies state 

prevalences for men from 1–39% 18. The UI of men is often caused by radical 

prostatectomy as a main complication leading to a reported UI prevalence of 2–60% after 

the procedure 18. Overall, for both sexes, the prevalence increases with age (Figure 2) 12,21. 

Different study samples or participation rates and definitions of significant UI can explain 

the discrepancies among the prevalence rates 17,18.  
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Figure 2: Prevalence of UI distinguished by sex. The prevalence of UI increases in both, women and men, with age. 

However, the prevalence of UI in women is at least twice that of men in almost all age groups. The prevalence of women 

displays a plateau between the ages of 50 to 79 years. Data for the UI prevalence of women were obtained from Hunskaar 

et al. 2004 21; data for the UI prevalence of men were obtained from D’Ancona et al. 2019 12.  

The International Continence Society (ICS) differentiates between three prevalent subtypes 

of UI: urgency urinary incontinence (UUI), stress urinary incontinence (SUI), and mixed 

urinary incontinence (MUI) which is a combination of UUI and SUI (Table 1) 12,13. Other 

variants are also mentioned, but due to their low prevalence, they are not considered 

further 21. The three main subtypes generally differ in prevalence (Table 1) and 

age-dependent by sex 18.  

Table 1: Subtypes of urinary incontinence 

Subtype of UI Definition by ICS Prevalence 

Urgency urinary 

incontinence (UUI)  

“complaint of involuntary 

loss of urine associated with 

urgency”  12,13 

Women: 1–7% 18 

Men: 40–80% 18 

Stress urinary incontinence 

(SUI) 

“complaint of involuntary 

loss of urine on effort or 

physical exertion including 

sporting activities, or on 

sneezing or coughing” 12,13 

Women: 10–39% 18 

Men: <10% 18 

Mixed urinary incontinence 

(MUI) 

“complaint of involuntary 

loss of urine associated with 

urgency and also with effort 

or physical exertion or on 

sneezing or coughing”  12,13 

Women: 7.5–25% 18 

Men: 10–30% 18 
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In men, the prevalence of UI increases over age, with UUI being the dominant type in all 

age groups 18,22. In women, the overall predominantly reported subtype is SUI 18,21. 

Nevertheless, looking closer at the age groups, the predominant subtype shifts from SUI in 

women under 60 years to MUI in women 60 years and older, with UUI also increasing 

(Figure 3). In Germany, the prevalence of SUI was 47% in the 18–44 year-olds and 

decreased to 31% in those over 60 years of age 21. 

 

Figure 3: The prevalences of the subtypes of UI in women compared between two age groups. (A) The prevalence 

of the different subtypes of UI, especially SUI, MUI, and UUI, in women aged 18–44. (B) The prevalence of the different 

subtypes of UI, especially SUI, MUI, and UUI, in women over 60 years old. Data were obtained from Hunskaar et al. 

2004 21 

The pathophysiology of UI involves that one component (storage function or emptying 

function) of the urinary tract is not working properly anymore 6,7. This involves 

impairment or damage to the nervous system or direct mechanical injuries on the involved 

muscles 5,20. Since different subtypes predominate in men and women, it can be assumed 

that the underlying pathophysiologies are also different 23. The overall predominant 

subtypes are UUI in men and SUI in women 18,21,22. UUI can be attributed to the 

overactivity of the detrusor muscle, whereas SUI is related to dysfunction of urethral 

sphincter or pelvic floor muscles 20,23.  

Risk factors for both sexes causing these pathophysiologies include aging and obesity17,20. 

Genetic factors and other diseases such as neurological disorders (e.g., stroke), diabetes, 

and urinary tract infections can also contribute to UI 17,18. Additionally, there are 

sex-specific risk factors. In women, these include high parity, mode of delivery, 

pregnancy, birth weight of the infant, and menopause 18,20. A rising number of parities is 

related to an increased risk of UI, while already one delivery is associated with UI 17,18. 
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The vaginal delivery causes stretching of the muscles leading to tissue damage or affected 

nerves 5,6. During pregnancy, the prevalence of UI also increases. The related physiological 

changes tend to produce a predisposition for UI later in the life of women 17,18,24. The 

infant’s birth weight is also associated with UI, with the maximum weight of the infant 

being the risk factor 17,18. Further studies also report a peak in UI prevalence during 

menopause 5. The lack of estrogen during menopause 6 could explain the plateau (Figure 2) 

seen in ages 50–79 21. However, also the replacement therapy of estrogen does not improve 

UI. In contrast, it also correlates with increasing UI since it weakens the periurethral 

connective tissue, decreasing urethral closure pressure 6,18. These UI risk factors, especially 

for women, correlate mostly to SUI 18. In men, a particular risk factor poses a radical 

prostatectomy as prostate surgery after prostate cancer 6,20,22. The risk for UI after this 

therapy increased fourfold compared to the control group 25 and is caused by the loss of 

sphincter function 6.  

Overall, the significance of UI will increase due to the increasing life expectancy 17. The 

number of women affected by UI and, therefore, the prevalence of UI is estimated to 

increase by 55% from 2010 to 2050 (18.3 million to 28.4 million women) 26. 

2.1 Stress Urinary Incontinence (SUI) 

Stress urinary incontinence (SUI) is defined as a “complaint of involuntary loss of urine on 

effort or physical exertion including sporting activities, or on sneezing or coughing” 

(Table 1) 12,13. Its prevalence differs in women and men. The overall reported prevalence 

for women is 10–39%, while for men, it is below 10% 18. Despite the low prevalence of 

SUI in men, SUI is the most common form of UI in humans 27,28. SUI also shows age-

dependent differences. As stated above, it is the predominant subtype in younger women, 

while in older ones, MUI dominates (Figure 3) 17,21. Several studies report a prevalence of 

SUI in women under 65 of 50% 20,28. Over the ages, a peak is visible for SUI’s prevalence 

between 45–59 years old 21,28. However, the prevalence rates for SUI should be considered 

cautiously, as the numbers for SUI are usually under-reported.  

The underlying pathophysiology of SUI is, on the one hand, the weakened urethral 

sphincter muscle, also known as intrinsic urinary sphincter deficiency, 10,20 and, on the 

other hand, the hypermobility of the urethra caused by the loss of compression of the 

urethra and bladder neck by the supportive layer of pelvic floor muscles, especially in 

women 9,10. An enfeebled levator ani muscle may contribute to the second mechanism. 
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Fewer muscle fibers, less skeletal muscle content, and instead more connective tissue in 

the levator ani muscle lead to a weaker and thinner muscle and, thus, resulting in 

dysfunction of the external urethral sphincter and hypermobility 8,10,27. Overall, both 

pathophysiologies lead to problems in the closing mechanism 5. However, it is reported 

that the impaired function of the urethral sphincter muscle is the predominant factor 

leading to SUI 29. If there is a sudden increase in intra-abdominal forces as it happens, e.g., 

with sporting activities, sneezing, or coughing, the bladder pressure can exceed the urethral 

pressure 7. Several risk factors can contribute to these underlying pathomechanisms.  

The risk factor of age leads to decreased muscle mass in the rhabdosphincter by 

apoptosis 6,30 and, therefore, weakens the urethral sphincter directly 10. In contrast, obesity 

mostly correlates to hypermobility of the urethra because it damages the pelvic floor 

muscles due to excess loading, reducing the anatomical support 10. Obesity is also 

suggested to increase the intra-abdominal pressure on the bladder resulting in rising 

bladder pressure and, thus, SUI 31. 

The sex-dependent risk factors described in Chapter 2 also contribute to the SUI subtype. 

In women, these are pregnancy, frequent pregnancy, mode of delivery, birth weight of the 

infant, and menopause. Vaginal delivery may involve both pathomechanisms. On the one 

hand, it might be responsible for direct muscle injuries and the reduction of urethral 

nerves 6. On the other hand, damage to the levator ani muscle and other supportive tissue 

layers can lead to reduced pelvic floor muscles resulting in hypermobility of the 

urethra 5,6,32. Pregnancy is also associated with hypermobility of the urethra due to reduced 

pelvic floor muscle strength. This reduction can be explained by the weight gain during 

pregnancy and the weight of the fetus, which lays on the pelvic floor muscles and results in 

chronic stress 33. Additionally, the growing fetus might change the bladder neck position 

and increase the pressure on the bladder resulting in increased bladder pressure 33. 

Furthermore, menopause is also correlated to the hypermobility of the urethra 10.  

In men, the most considerable risk factor for SUI is radical prostatectomy as prostate 

surgery after prostate cancer 6,20,22. Prostate cancer is the third most common cancer with a 

rising incidence 34. With radical prostatectomy being the primary treatment, the prevalence 

of SUI as a side-effect will likely increase 34. The underlying pathophysiology is the loss of 

sphincter function 6. During a radical prostatectomy, the prostate is removed, which 

surrounds the prostatic urethra. Therefore, this part of the urethra is not covered anymore, 

resulting in missing compression in this area and, thus, a weakened urethral sphincter 35. 
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Additionally, the procedure damages the internal urinary sphincter 36. Furthermore, the 

external urethral sphincter and several nerves are close to the prostate and, therefore, are at 

high risk of damage during the procedure 35. Both pathophysiologies could be possible for 

SUI in men after radical prostatectomy 12,35,36, but the sphincter deficiency is more 

common 12.  

2.2 Diagnosis and Current Therapeutical Approaches for SUI 

The diagnosis of SUI includes, as a first step, an initial general assessment. This covers the 

medical history, bladder diaries, and urine analyses 10,18. Reversible causes such as excess 

fluid intake, pharmaceuticals, infections, and restricted mobility have to be excluded 10. 

Then, the type of UI is determined by the clinical history, symptom assessment, and 

physical examination (e.g., cough test, post-void residual volume) 10,18. If there are 

complex symptoms, e.g., bladder pain, pelvic organ prolapse, haematuria, and urogenital 

malignancies, a specialist has to be consulted 10. In addition to the initial examination, 

urodynamic tests or pelvic floor imaging can be performed 10. 

After the diagnosis of SUI, the treatment primarily aims to optimize the patient’s quality of 

life 20. This can be achieved by controlling incontinence 37, mainly accomplished by 

conservative treatment 18. The conservative treatment methods include lifestyle changes 

(e.g., weight reduction, fluid uptake management) and pelvic floor muscle training 18. 

Weight reduction is especially indicated in individuals who are obese since obesity is one 

of the risk factors leading to SUI 10. With weight loss, the excess loading on the pelvic 

floor muscles and the increased pressure on the bladder is minimized, thereby ameliorating 

incontinence. A study reported a reduction of 58% of SUI events in a group of patients that 

participated in a 6-month weight loss program (8% weight loss in the observed time 

period) compared to a reduction of 33% in the control group (1.6% weight loss in the 

observed time period). This study supports the benefits of weight loss on SUI 31. Pelvic 

floor muscle training aims to improve the pelvic floor muscles 10. Several studies report the 

effectiveness of the training on SUI. The improvement of pelvic floor muscle training was 

reported to be 56% in patients with SUI compared to 6% in control groups 38. The efficacy 

of this training can be attributed to conscious contractions of the pelvic floor muscles 

before and during events of increased intra-abdominal pressures, permanently built muscle 

volumes that provide anatomical support to the urethra, or indirectly strengthened pelvic 

floor muscles 39. Nevertheless, the duration of the treatment effect remains unclear due to 
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the lack of long-term follow-ups 38,40. Further treatment options are electrophysiological 

stimulation 18 and regular toileting (bladder training), which prevents urine leakage events 

and is mostly performed in nursery homes 37. Despite the discussions about the 

effectiveness of these methods, they are still recommended 40. Vaginal continence 

pessaries can also be used as treatments for women. They do not need the amount of 

individual motivation as behavioral therapies 41. The underlying mechanism of the 

pessaries is the compression of the urethra during intra-abdominal pressures leading to 

higher urethral closure pressure and resistance 41. This treatment method shows the same 

effectiveness compared to behavioral therapies after one year 41. Nevertheless, controlled 

incontinence, as it may be achieved by the mentioned approaches, does not imply that the 

incontinence is cured. Instead, the incontinence returns if the treatment methods are 

discontinued 37. Therefore, the patient’s compliance is an essential factor in treating SUI 

with conservative methods 37.  

If the initial attempts fail, SUI can be treated with minimally invasive therapy or 

surgery 18,40. This includes bulking agents, tapes and slings, and colposuspension for 

women 18. Bulking agents comprise natural or synthetic substances injected into the urethra 

using a minimally invasive procedure 40,42. Nevertheless, the durability of this treatment is 

not sufficient and further complications such as degradation, tissue migration, bladder 

outlet obstruction, and allergic reactions are reported 42. However, this method is indicated 

mainly in SUI based on intrinsic urinary sphincter deficiency and in patients unable or 

unwilling to undergo more invasive surgical interventions 43. Due to their low morbidity 

rate and minimally invasive approach, bulking agents are often used as an alternative in old 

or frail women 7. The surgeries of sling implantation or bladder neck colposuspension are 

reported to be quite effective 42. The bladder neck colposuspension was the primary 

treatment up to the mid-1990s until it got replaced by the mid-urethral slings 40,44. The 

latest used procedure is the Burch procedure 40. It aims to elevate the bladder neck enabling 

intra-abdominal pressure to be reapplied to the urethra, resulting in increased urethral 

closure pressure 45. The procedure is a form of retropubic colposuspension and can be 

performed as open or laparoscopic surgery. The bladder is moved to the other side before 

the paravaginal fascia is sewed to Cooper’s ligament, which is attached to the pubic 

bone 7,45. Two to four sutures are placed on both sides of the bladder neck 45. The 

long-term efficacy of this treatment was reported to be 68.9–88% 44. After one year of 

follow-up, the reported efficacy increased to 85–90% but declined to about 70% after 
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five years of follow-up 46. However, one complication reported with open colposuspension 

is the higher risk of pelvic organ prolapse than sling surgeries. For laparoscopic surgery, 

long-term data for effectiveness and safety are missing 46. Complications resulting from the 

procedure are voiding dysfunction, de novo detrusor instability, and small bowel 

prolapses 7. Colposuspension is still recommended when mid-urethral slings are not 

suitable 40. The current primarily used surgical method is the synthetic mid-urethral sling 

placement. As the name suggests, the sling consisting of permanent mesh is placed at the 

mid-urethra to replace the function of pubourethral ligaments 7,40. The treatment is 

considered less invasive than colposuspension or pubovaginal slings. Additionally, the 

operating and recovery times are shorter than the more invasive methods 40. The 

improvement of both mid-urethral sling types, retropubic tapes, also known as tension-free 

vaginal tapes, and transobturator tapes, is reported to range between 71% to 97% 

(retropubic tapes) and 62% to 98% (transobturator tapes) after one year of follow-up. 

These rates declined to 51–88% (retropubic tapes) and 43–92% (transobturator tapes) after 

five years of follow-up 47. However, complications can occur with urine retention or 

voiding difficulties. Additionally, the urgency symptoms can worsen, the implanted mesh 

may erode, or de novo urgency incontinence can be observed 40,42. Among the 

intra-operative complications reported, bladder perforation is the most common one 40. In 

women, the artificial sphincter is mostly used as the last treatment option when lesser 

invasive therapies fail, while, in men, it is used much more frequently as a 

“gold-standard” 18,40,48. An artificial sphincter consists of three main components: a ballon 

regulating the pressure, a cuff placed around the urethra to open or close it mechanically, 

and a pump in the labia, which is needed to inflate the cuff 40. This therapy option shows a 

success rate of 76–89% and is quite long-lasting 40,48. However, complications like device 

failure, erosion of the device components, or infections can occur 40. Additionally, urethral 

atrophy can be developed, resulting in the recurrence of urine leakage. These 

complications then lead to the explantation of the artificial sphincter in at least 30% of 

implantates48.  

Despite the high success rate, all surgical procedures provide the risks of bleeding, 

infection, pain, anesthetic problems, and visceral injury. Persisting SUI after primary 

surgery is also a concern of up to 20% of patients 10,49,50. Additionally, these therapy 

options do not treat the predominant underlying cause of SUI, the urethral sphincter 

deficiency, but only alleviate the symptoms of urine leakage by strengthening the pelvic 
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floor muscles to address the cause of urethral hypermobility 29,50,51. Therefore, the research 

for minimally invasive therapies that treat the underlying cause is ongoing 49,51. 
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3. Cell Therapy in SUI Research 

Cell therapy offers the possibility of treating the dominant underlying cause of SUI, the 

weakened urethral sphincter 52. As described above, the current therapies do not address 

this cause. Therefore, the aim of cell therapy in the context of SUI includes the 

regeneration of the external and internal urethral sphincter as well as the repair of 

peripheral nerve tissues 52,53.  

Stem cells are characterized by their ability of self-renewal, formation of clonal 

populations, and differentiation into multiple cell types 49. They are involved in several 

repair mechanisms after injuries to regain normal tissue function 51. Depending on 

environmental conditions, stem cells can contribute to healing by differentiating into the 

desired cell type and integrating into the defective tissue or by producing secretory 

bioactive factors that impact the affected tissue 49,51,53. There are two main types of stem 

cells, embryonic and adult stem cells (Table 2) 49. Embryonic stem cells originate from the 

blastocyst’s inner cell mass and are truly pluripotent. This pluripotency is the main 

advantage of these cells because they can differentiate into every cell and tissue type of all 

three lineages 54. However, several concerns exist regarding the risk of tumors, genetic 

instability, and transplant rejection associated with cell therapy using embryonic stem 

cells 55. Besides a few exceptions, the research and use of embryonic stem cells are strictly 

forbidden in Germany by the Embryo Protection Act 56. In contrast to embryonic stem 

cells, adult stem cells are considered multipotent, originate in specific tissues and organs, 

and can differentiate into multiple cells of a specific lineage or tissue 49,57. However, there 

are also adult stem cells that are considered unipotent, which means that they are capable 

of developing into only one specific cell type. The limitation of adult stem cells compared 

to embryonic stem cells is that their application should be tissue-specific. However, apart 

from this limitation, their therapeutic ability is not limited, in fact, adult stem cells are 

preferable 57. Different sources of adult stem cells for cell therapy of SUI were 

investigated, including bone marrow, peripheral blood, skeletal muscle, adipose tissue, 

skin, urine, etc., leading the focus on multipotent mesenchymal stromal cells (Chapter 3.1) 

and myoblasts derived from unipotent satellite cells (Chapter 3.2) (Table 2) 49,51. 
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Table 2: Definitions, types, and examples of cell potency 

Potency 57 Definition 57 Type 57 Example 57 

Pluripotent 
Differentiation into all 

three lineages 
Embryonic stem cell  

Multipotent 

Differentiation into 

various cell types of 

one lineage 

Adult stem cell 
Mesenchymal stromal 

cell 

Unipotent 

Differentiation into 

one cell type of one 

lineage 

Adult stem cell Satellite cell 

 

Autologous stem cell transplantation is the current treatment of choice as it excludes the 

risks of immunological reactions 51. To isolate and produce stem cells, three stages are 

usually distinguished 58. In the first stage, a biopsy of the tissue desired is taken 

(e.g., muscle, bone marrow, fat). The cells are isolated from the tissue during the second 

stage and expanded. As soon as enough cells have been produced, they are injected locally 

into the desired area in the patient 58,59. However, the aim would be to use allogeneic cells 

to avoid this time-consuming three-stage procedure 59 and to provide an alternative source 

of stem cells for elderly patients since the regenerative potential of stem cells is influenced 

by age 60. 

Several clinical studies were conducted to analyze the safety and efficacy of stem cell 

therapy for SUI 59,61. Minimal adverse effects were reported, and the results were 

promising. Improvement rates of 88% for adipose-derived mesenchymal stromal cells in 

four clinical trials and 77% for muscle-derived cells in eleven clinical trials were recorded. 

Nevertheless, the follow-up in these studies was mostly below 12 months requiring further 

investigation of long-term safety and efficacy 51,61. Further details regarding the clinical 

studies of adipose-derived stem cells and muscle-derived cells are described in 

Chapters 3.1 and 3.2.  

Despite promising results, several challenges remain regarding the cell therapy of SUI 51,59. 

The optimal dose still has to be determined, as well as the optimal delivery route of the 

cells. Additionally, it is unclear how the cells’ proliferation, differentiation, and 

distribution after implantation could be maintained, promoted, and directed 51. The poor 
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cell retention and engraftment into the defective tissue of injected cells is a limitation that 

is part of this challenge 52,53. Even if they are considered safer than embryonic stem cells, 

some papers discussed a risk of tumor growth upon adult stem cell therapy 62. This, 

however, is controversial, as several other studies have highlighted the safety of adult stem 

cells, e.g., in hematopoietic stem cell transplantation, commonly referred to as bone 

marrow transplantation, even in young children 63, in the application of mesenchymal 

stromal cells in the context of graft-versus-host-disease or muscle regeneration 64,65, or in 

ocular stem cells to restore a damaged cornea 66. Therefore, long-term follow-ups are still 

required. Furthermore, the need for representative animal models to investigate the 

treatment efficacy and underlying mechanisms remains 51. In terms of cell culture, the long 

preparation time and the risk of losing the regenerative potential in vitro are challenging 67. 

Moreover, the number of clinical trials and patients included is small and results must 

therefore be viewed critically 61,68.  

In conclusion, further research is needed to establish cell therapy as a realistic treatment 

option 69. The future aim of cell therapy for SUI would be to have cells ready to use for 

minimally invasive allogeneic transplantation for single and systematic administration 59.  

3.1 Mesenchymal Stromal Cells (MSC) 

Mesenchymal stromal cells (MSCs) are adult stem cells that demonstrate multipotency 

(Table 2) 70. They are derived from the mesenchyme, which forms from the mesoderm 

during embryonic development 68,71. The cell culture of MSCs is not complicated because 

they are easily isolated and expanded in vitro. Isolation of cells can be conducted from 

various tissue sources such as bone marrow, adipose tissue, placenta, and several 

more 70,71. During expansion, the characterization of MSCs will be performed according to 

the three minimal criteria defined by the International Society for Cellular Therapy 

(ISCT) 69,72. The first criterion states that MSCs must demonstrate plastic-adherence under 

in vitro cell culture conditions. The second criterion relates to the expression of several cell 

surface markers. In particular, CD73, CD90, and CD105 must be expressed, while CD45, 

CD34, CD14 or CD11b, CD79α or CD19, and HLA-DR should not be expressed. The 

third and last criterion describes their ability to differentiate in vitro into osteoblasts, 

adipocytes, and chondroblasts 72. MSCs can differentiate into cells of mesodermal origin, 

such as bone, fat, and cartilage cells 70. Additionally, they were claimed to differentiate 

into muscle cells and were reportedly involved in ecto- and endodermal tissue formation, 
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angiogenesis, and peripheral nerve regeneration 70. This wide MSC differentiation 

spectrum is considered nowadays as an in vitro artifact 73. 

Several features of MSCs lead to their success. MSCs provide the possibility of allogeneic 

transplantation, possibly due to their reduced expression of major histocompatibility 

complex class I and class II antigens or costimulatory molecules and their suppressive 

action on pro-inflammatory cells 59. Furthermore, the regeneration potential of MSCs can 

be mediated by the differentiation and engraftment, MSC cell fusion, paracrine activity, the 

transfer of mitochondria by tunneling nanotubes, or by the transfer of molecules from 

exosomes or microvesicles (Figure 4) 53,74. Current concepts of MSC action favor rather 

the release of factors over differentiation processes in tissue regeneration or wound healing 

as mediated by MSCs 75. When considering cell therapy for SUI, the focus is also less on 

the differentiation and long-term engraftment of MSCs (Figure 4A) but mainly on their 

paracrine activity (Figure 4C) 68,69,74. This may include mechanisms of cell communication 

by cytokines and growth factors, nanotubes, exosomes, or microvesicles (Figure 4C, D, E). 

 

Figure 4: Regenerative potential of MSCs mediated by different mechanisms. (A) The differentiation and 

engraftment of MSCs into defective tissue to replace lacking cells. (B) MSC cell fusion with damaged or dying cells to 

provide a rescue mechanism. (C) Paracrine activity through secretion of growth factors, cytokines, chemokines, and 

hormones to promote tissue repair. (D) Transfer of mitochondria or other organelles/molecules by tunneling nanotubes. 

(E) Transfer of molecules (RNA, proteins, hormones, and chemicals) by extracellular vesicles such as exosomes or 

microvesicles. This figure was adapted with modifications from Spees, Lee et al. 2016 74  
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In terms of SUI, there is the MSCs’ capability to support myogenic differentiation. 

Specific growth factors, matrix stimuli, or biomechanical stimulation can induce myogenic 

differentiation of the corresponding progenitor cells. Depending on the factors applied, 

MSCs themselves can build smooth or striated muscle cells 68,69. However, differentiation 

into striated muscle cells in vitro is not efficient 76. Moreover, smooth muscle cells show 

two different states, with only the contractile state being suitable for cell therapy, as only 

this type expresses the factors required for muscular function 69. A study investigated the 

differentiation and engraftment of MSCs. It included 18 rats whose urethral sphincters 

were injured. After a follow-up of 13 weeks, analyses suggested that the injected MSCs 

contributed to the recovery of striated muscle cells and peripheral nerves. However, the 

experimental evidence to prove in vivo differentiation is not convincing, and improved 

leak point pressure was not recorded 77. 

On the other hand, there is the MSCs’ capability to secrete bioactive factors (Figure 4C) 69. 

In general, the bioactive factors can enhance the efficacy of cell therapy by their 

interaction with the surrounding tissue modifying the microenvironment 53. Bioactive 

factors secreted by MSCs contribute to healing by inducing anti-apoptotic, anti-scarring, 

and neovascularization effects 49,59,69. Through these pathways, they can also influence 

systemic and local immunomodulatory characteristics 59. Furthermore, cytokines and 

chemokines secreted contribute to the activation of endogenous stem and progenitor cells 

in the area of injury 59,69. This mechanism might also be involved in the repair of the 

denervated urethral sphincters. MSCs can secrete neurotrophic factors such as brain-

derived neurotrophic factor, nerve growth factor, hepatocyte growth factor, insulin-like 

growth factor, and vascular endothelial growth factor to induce the regrowth of axons 

controlling the sphincter muscles 69. In other diseases, such as multiple sclerosis or 

ischemic brain injury, MSCs were studied more intensively 53,69. In these contexts, the 

secretion of paracrine factors is considered the main factor contributing to the therapeutic 

effect 78,79. 

Overall, numerous mechanisms of action of MSCs and the interactions of the different 

mechanisms are still not completely explored (Figure 4). However, based on the current 

state-of-the-art, the paracrine function plays a significant role 53,58,74.  

Several preclinical studies showed the benefit of injecting MSCs. Rats and rabbits were 

primarily used to investigate the potential of bone marrow-MSCs 80-84. To simulate the 

injury of SUI, either bilateral pudendal nerve dissection 80,84, cryo-injury of the internal 
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urethral sphincter 81, or dual injury of pudendal nerve crush and vaginal distension 82,83 

were applied. The studies had follow-ups of two to four weeks. After the respective 

observation period, the influence of the injected bone marrow-MSCs was evaluated by 

measuring the leak point pressure. These studies reported significant improvements in 

animals treated with MSCs compared to control groups 80-84. One study also showed that 

multiple doses enhance the treatment effect 82. In two studies, pudendal nerve testing was 

also performed, and improvement was shown 82,83. Furthermore, histological analyses 

conducted in two studies revealed that the proportions of skeletal and smooth muscles are 

higher in the cell-injected areas compared to the controls 80,81. The mechanism leading to 

the proliferation of striated or smooth muscle fibers cannot be uniquely attributed to cell 

differentiation and engraftment alone because the influence of paracrine secretion of the 

injected cells has not been analyzed in those papers 80,81.  

Notwithstanding these promising results in preclinical trials, no clinical studies have been 

conducted with bone-marrow MSCs to date. This might be due to the painful bone 

aspiration under general anesthesia required for producing bone marrow-MSCs 61. Another 

factor contributing to these cells not being considered further is that bone marrow-MSCs 

show signs of spontaneous osteogenic differentiation, which is undesirable in cell therapy 

for SUI 68,69.  

3.1.1 Adipose-derived Stromal Cells (ADSC) 

Adipose-derived stromal cells (ADSCs) are MSC-like cells isolated from adipose 

tissue 67,71. The advantages of ADSCs are their simple collection, i.e., via lipoaspiration 

and their large number when harvested 67. Additionally, repeated sampling is tolerated well 

among patients 51. Adipose tissue contains about 15 million ADSCs per gram adipose 

tissue 61. This large number leads to the possibility of cell isolation from fat and direct 

injection into the desired area 85. In breast augmentation, it was reported that there were 

only four hours between cell harvesting and injection 86. As a subfraction of MSCs, 

ADSCs display almost the same characteristics as MSCs outlined above. Their specific 

multilineage characteristics and ability to secrete anti-apoptotic and angiogenic factors 

were proven 87,88.   

In addition to the preclinical studies conducted with bone marrow-MSC, various 

preclinical and clinical studies investigated the specific safety and efficacy of ADSCs in 

the treatment of SUI. 
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The first preclinical study regarding this topic was performed in 2010. It used labeled 

ADSCs and injected them into rats. Urethral sphincter deficiency was induced by balloon 

dilatation and ovariectomy. Abnormal voiding was reported for 33.3% with injected 

ADSCs compared to 80% in the controls after four weeks of follow-up, displaying a 

significant improvement. Additionally, rare differentiation of injected cells toward smooth 

muscle fibers was detected, while the majority of the injected cells remained 

undifferentiated 85. Another study used almost the same experimental settings 

(animal model, follow-up period). The measured leak point pressure after four weeks of 

animals injected with ADSCs was significantly increased compared to the control group 

(25.9% increase). Additionally, normal striated muscle appearance and significantly 

increased smooth muscle contents were reported. This study further investigated the 

expression of vascular endothelial growth factor and showed that in animals with injected 

ADSCs, this factor is secreted significantly higher than in controls. However, it remains 

unknown if the ADSCs secreted vascular endothelial growth factors or if they 

differentiated into cells that are able to produce it 89. Three other studies also used ADSC 

injections in injured rats. All of them induced the injury via pudendal nerve transection. 

These studies supported the findings of the first two studies. After their respective follow-

up of 2–8 weeks, they all reported increased leak point pressures 90-92. Other factors such as 

enhanced urethral muscle layer distribution and neuronal density of the urethra 92, the 

decreased urethral lumen and expression of myogenic antigens in injected cells 90, or 

reconstituted urethral wall muscle layers, dense surrounding connective tissues, and 

improved ultrastructures 91 complemented the analyses of these studies. The study with the 

longest follow-up of twelve weeks was also conducted in rats. Rats were also injured by 

pudendal nerve transection. In contrast to the others, this study employed ADSCs that 

adhered to silk fibroin microspheres. The microspheres were used as a bulking agent. The 

results showed that the injection of ADSC-covered microspheres after twelve weeks 

enhanced muscle and nerve regeneration, but the injection with microspheres only did not. 

The microspheres alone were able to increase the leak point pressure in a short time, but 

after twelve weeks, their level was the same as the controls. Only the treatment with 

ADSC-covered microspheres could restore normal leak point pressures and urethral lumen 

area. The leak point pressures increased by 51.8% compared to controls, and the urethral 

lumen area decreased by 94% 93. Only one preclinical animal study was not performed on 

rats. Instead, rabbits were used. The injury was induced by spraying liquid nitrogen to 

cryo-injure the urethral sphincters. Leak point pressures were measured after 14 days of 
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follow-up and revealed a significant increase of 33.7% in the animals with injected ADSCs 

compared with the control animals. Histological analyses showed that the skeletal and 

smooth muscle proportions were also significantly enhanced. The authors concluded that 

the injected cells differentiated toward striated or smooth muscle cells, nerve cells, or 

vascular endothelial cells due to their expression of specific markers. Furthermore, three 

other potential paracrine growth factors expressed by the injected cells were determined, 

suggesting support and promotion of tissue regeneration 94.  

In contrast to bone marrow-MSCs, several clinical trials in men and women using ADSCs 

were conducted. The first clinical study regarding this topic was performed in 2012 95. In 

this feasibility study, three men, after radical prostatectomy, were treated by transurethral 

injections of ADSCs into the external urethral sphincter and the submucosal space of the 

urethra. The initial analyses reported were carried out up to six months after treatment. In 

all three cases, the leakage volume decreased by an average of 78.5%. One case even 

reported complete continence after the treatment. Urodynamic measurements and 

subjective symptom assessments supported these findings. Additionally, increased blood 

flow to the injection area and a bulking effect at the injection site were recorded. 

Moreover, no significant adverse side effects were registered 96. The results of this 

preliminary study were supported and extended by three additional clinical trials conducted 

in men. These three studies used the same settings as the first one 97-99. One of the studies 

showed that the first study could be replicated in terms of efficacy and safety 97. The other 

two studies, conducted by the same group as the feasibility study mentioned above, 

extended the patient number to thirteen and the follow-up time to up to six years. The same 

findings were reported, except three out of the thirteen patients showed no improvement at 

one year and the final assessment 98,99. Another study that had two arms was also 

conducted on treating SUI with ADSCS. The two arms included one male and one female 

cohort in the clinical trial. Eight men with SUI after radical prostatectomy were involved in 

the study. Three men showed an improvement in continence regarding the results from pad 

tests and urodynamic measurements (urethra profile, cough leakage, and urodynamics) 100. 

Two studies were also conducted on women 100,101. In one clinical trial, ten women with 

SUI were treated with transurethral injections of ADSCs. The follow-up was three months. 

Pad tests and questionnaires were used to investigate the efficacy of the treatment. All ten 

patients showed significant decreases in the pad tests and supported this improvement in 

continence in the subjective questionnaires 101. The other study conducted on women is the 
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second arm of the above-mentioned clinical trial. Five out of ten women showed 

improvements in pad tests and urodynamic measurements (urethra profile, cough leakage, 

and urodynamics) 100.  

Overall, all these studies suggest that ADSCs are a safe and suitable treatment option for 

SUI, demonstrating the regenerative potential of ADSCs with a success rate in clinical 

studies ranging from 30% to 100% 96-98,100-102. Furthermore, this cell type meets all the 

treatment requirements of SUI, including the increase in smooth and striated musculature, 

vascularization, and innervation, because they can differentiate toward these cell types and 

produce various growth factors that could improve their efficacy in treatment 67,87,88.  

3.2 Myogenic Progenitor Cell/Myoblasts (MPC) 

Myogenic progenitor cells, also known as myoblasts (MPCs), are derived from satellite 

cells and differentiate toward striated muscle fibers. Satellite cells demonstrate unipotency 

(Table 2) and can only differentiate further into the striated muscle 57,103. They have an 

essential role in repairing and maintaining skeletal muscles 70,103-105. 

Muscle regeneration is initiated upon muscle injury (Figure 5) 106. Quiescent satellite cells 

are activated in the first step to re-enter the cell cycle. They are located in their stem cell 

niche next to the basal lamina of mature skeletal muscle fibers and stay dormant in 

undamaged tissues 68,70,103,106. About 2–10% of total myonuclei per muscle fiber are 

satellite cells. They have the ability to self-renew and express mainly the paired box 

protein 7 (Pax7) 70,105,106. Myogenic factor 5 (Myf5) can also already be expressed in some 

satellite cells 105. Activated satellite cells further proliferate into MPCs. During this 

process, the myoblast determination protein 1 (MyoD1) and Myf5 are critical for the 

regeneration to continue 104,106. Both factors prime the cells’ development toward the 

myogenic lineage 107. It was demonstrated that the lack of one of these factors resulted in 

moderate difficulties in recovery, while the simultaneous absence of both factors led to 

complete failure of muscle regeneration 104. MPCs start to differentiate toward myocytes. 

During this process, the specific factor of satellite cells, Pax7, declines 105. Instead, 

myogenin (MyoG) increases during this differentiation and in the following fusion 

process 105. MyoG and MyoD1 act together to further activate muscle-specific structural 

and contractile gene expression 105. Myocytes can fuse with each other to form myotubes 

or with already existing muscle fibers 105. This fusion is controlled by the factors MyoG 

and myogenic regulatory factor 4 (MRF4), also known as myogenic factor 6 (Myf6) 70,107. 
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The self-renewal capability of the satellite cells ensures that a constant pool of satellite 

cells is always maintained 70,105. In conclusion, muscle regeneration is a highly complex 

process involving even more genes and factors contributing to the mechanism and 

regulation of proliferation and differentiation than are presented in this chapter 105.  

 

Figure 5: Differentiation of satellite cells toward myofibers. Satellite cells remain quiescent upon muscle injury. They 

are characterized by paired box protein 7 (Pax7) expression and their ability to self-renewal. After an injury, satellite cells 

get activated. They start to proliferate into myogenic progenitor cells/myoblasts (MPCs). The myoblast determination 

protein 1 (MyoD1) and myogenic factor 5 (Myf5) are expressed at this stage. MPCs further differentiate into myocytes. 

Myocytes fuse to myotubes. During this process, the expression of Pax7 declines and the expression of myogenin 

(MyoG) increases. Myotubes mature into myofibers expressing MyoG and myogenic regulatory factor 4 (MRF4), also 

known as myogenic factor 6 (Myf6). This figure was adapted with modifications from Isesele and Mazurak 2021 106 

Since MPCs can form myotubes and myofibers and are limited to striated muscle 

differentiation, this is an advantage for their use in cell therapy for SUI 49,108. Their natural 

role as precursors in this cell lineage makes them a suitable cell type for SUI cell 

therapy 76,107. By this differentiation and possible engraftment after injection, MPCs can 

contribute to the contractility of the urethral sphincter 61,108. This repair mechanism is 

basically the same as in MSCs (Figure 4A), just for striated muscles. 

Several studies injecting MPCs in the defective urethral sphincter showed promising 

results. One of the first preclinical studies conducted in healthy rats displayed the 

possibility of cell injections into the urethra and was able to show that 88% of injected 

β-galactosidase-transduced muscle-derived cells persisted at the injection site for 

30 days 109. Another study supported these results. In this study, green fluorescent 

protein-transduced MPCs were injected in rats. After ten days of follow-up, the injected 

cells started to fuse with the striated myofibers. Ninety days after injection, green 

fluorescent myofibers were found all over the striated muscle layer but not in the smooth 
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muscle layer 110. The first preclinical study using MPCs in a deficient urethral sphincter 

model was performed in 2002. A myotoxic substance induced injury in the striated urethral 

sphincter of mice. PKH 26 labeled MPCs were injected, and results after seven days 

showed significantly higher myofiber numbers and diameters than the control group. 

However, after a month, both control and MPC-treated mice fully recovered. These results 

suggest that MPCs have accelerated the regeneration and that an animal model with a more 

permanent injury is needed 111. This problem was solved in studies with rats 112,113. One 

study used electrocoagulation to injure the external urethral sphincter. It reported that leak 

point pressures reached 41% of normal after 30 days of follow-up. Additionally, they 

monitored motor units consisting of regenerated myotubes with acetylcholine receptors 

associated with nerves. These motor units also improved to 58.4% of normal levels within 

30 days after injection 113. In another study, rats were injured by bilateral sciatic nerve 

transection to simulate denervation before injection with muscle-derived cells. After two 

weeks, contractility tests identified an increase in the fast-twitch muscle contraction 

amplitude to 87% of normal levels compared to 8.8% in controls. Additionally, 

histological analyses showed new striated muscle fibers at injection sites 112. The same 

group conducted three other studies with the same animal model and expanded the 

follow-up to four 114,115 and twelve weeks 116. Furthermore, they measured the leak point 

pressure in these studies 114-116. One of the four-week follow-up studies only compared the 

leak point pressures. It demonstrated a significant increase in the animals treated with cell 

injections after four weeks compared to the control group 115. The other four-week 

follow-up study supported the findings by showing the same results regarding contractility 

testing and histological analyses. The leak point pressures also contributed to the result by 

proving a significant increase after four weeks. This study also added a dosage effect 

showing that the leak point pressures increase with injected cell numbers 114. The 

twelve-week follow-up study also supported the histological findings regarding new 

striated muscle fibers. Regarding the leak point pressure measurements, they also showed a 

significant increase after twelve weeks suggesting that MPCs have a long-term effect on 

the function of the urethral sphincter 116. Again, the same group performed another study. 

They used a different rat model of urethral sphincter insufficiency that is more consistent 

with the clinical picture. In this model, rats were injured by electrocauterization. 

β-galactosidase-transduced muscle-derived cells were injected, and leak point pressures 

were measured every two weeks. After four and six weeks, the leak point pressures 

displayed significant improvement of the sphincter function. As described in the previous 
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studies, histological analyses also demonstrated the integration of injected cells in the 

striated muscle layer 117. All described models involved the denervation of the striated 

muscle sphincter 118. Therefore, two other studies aimed to directly injure the external 

urethral sphincter 118,119. The first of the two studies used longitudinal microsurgical 

sectioning of the external urethral sphincter. They injected MPCs and measured the closure 

pressure three weeks after injection. The closure pressure significantly increased by 62% in 

the animals with injected cells compared to 11.9% in the control group. This study also 

suggested that new myofibers were formed in the injected cell clusters 118. The other study 

simulated radical prostatectomy’s operative injuries by the removal of one-third of the 

external urethral sphincter. After four and twelve weeks, the recovery ratio of the injected 

muscle-derived cells was measured via urethral pressure profiles. The study showed that 

the recovery ratio was 72.9% after four weeks compared to 37.6% in the control group. 

After twelve weeks, almost the same values were reported (78.4% compared to 41.6%). 

This study again supported the findings that transplanted cells differentiate into muscle 

fibers. Moreover, this study also suggests that muscle-derived cells can contribute to nerve 

regeneration and innervation by intrinsic activation after myotube formation 119.  

Clinical trials using MPCs as a treatment for SUI started in 2004. However, one of the first 

studies published was withdrawn due to the illegal conduct of the study and severe 

violation of ethical rules 67. Nevertheless, various studies in this field of research followed.  

Most of the studies were performed on women. The first, not withdrawn and lasting 

clinical study using MPCs as cell therapy assessed the efficacy of the treatment in 

123 women. Urodynamic measurements were performed to evaluate the improvement. 

After one year of follow-up, 79% of the patients reached complete continence, while 13% 

were substantially and 8% slightly improved. Additionally, a significant increase in the 

thickness and contractility of the external urethral sphincter was reported for all women. 

However, in this study, not only MPCs were injected into the external urethral sphincter, 

but also fibroblasts were injected into the submucosa 120. Therefore, the first pilot study 

with only injecting MPCs was performed in North America. Eight women with SUI were 

included in the study. However, three women dropped out of the study one month after the 

treatment because no positive effect was detectable by this time. Among the remaining five 

women, the continence level was assessed via pad tests after one year of follow-up. All of 

them reported improvements in their incontinence. One woman even experienced complete 

continence 121. The subsequent study was conducted on twelve women with severe SUI 
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due to intrinsic urinary sphincter deficiency. This study aimed to determine the safety and 

efficacy of MPC injections depending on the dosage. Of the twelve patients, three were dry 

at the twelve-month follow-up, and seven more improved in the pad test independent of 

dosage. However, two women showed a worsening of their symptoms. Overall, no adverse 

effects were observed regarding the MPCs’ safety 122. The same patients were followed for 

up to six years. One patient was lost during the follow-up period. Of the remaining 

patients, the two who were completely dry remained dry after this extended follow-up. In 

the five patients who showed an improvement after one year, worsening and recurrence of 

SUI were recorded 123. Nevertheless, the findings of the last three reported studies relied on 

pad tests and not functional measurements 121-123. This also applies to several other 

studies 124-126. Another study was also conducted on complicated SUI. After a follow-up of 

36 months, 30% of the patients were classified as cured, 40% improved, and 30% had 

persistent SUI 127. A specific study addressed the difference in therapy efficacy depending 

on the severity of SUI. Complicated and uncomplicated SUI were included in the study 

and analyzed separately for the number of leakages in a three-day diary. Women with 

uncomplicated SUI reported no leakage in 25% of cases, and 63% reported a decline in 

leakages. In contrast, only 7% of women with complicated SUI recorded no leakage. 

Nevertheless, 57% declared an improvement 126. Four other studies also displayed 

improvements upon MPC injections 42,124,125. Two of the studies added that the efficacy of 

the treatment increases with higher dosages 42,125. There are only two studies that had a 

follow-up of two years 128,129. In one study, 89% of patients were classified as cured, and 

11% showed improvements. This study also displayed significant increases in the thickness 

of the external urethral sphincter and its contractility 128. The other study reported a 75% 

success rate, including 50% cured and 25% improved conditions 129. The observation time 

was also extended to four years with the same patients. The questionnaire scores 

significantly increased from 49 to 63 after four years. Even though the scores were slightly 

higher after two years (77), this symbolizes long-term efficacy on the subjective 

assessment level 130.  

The newest study is a prospective phase I clinical trial. Nine women were treated with 

transurethral injections of MPCs into the external urethral sphincter. The study aimed to 

determine the safety and feasibility by investigating several functional measurements. 

Overall, this surgical and treatment method can be claimed safe due to the minimal number 

of reported adverse effects and feasible due to improvements in the urethral length, 
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questionnaire scores, and diameter of the external urethral sphincter 131. Only one study 

was conducted as double-blind, randomized, placebo-controlled clinical trial. The aim of 

the study also was to investigate the safety and efficacy of MPC injection in women with 

SUI. It was planned to enroll 246 patients in this trial. However, the trial was stopped after 

150 enrolled patients due to relevant and unexpectedly high placebo response rates in the 

primary outcome. Nevertheless, 141 patients completed the study at twelve months of 

follow-up. The primary outcome was a combination of measurements, including a 

reduction of over 50% in incontinence episode frequency or pad tests compared to the level 

before treatment. However, if more stringent endpoint measurements of over 75% were 

used in post-hoc analyses, the placebo group displayed greater reductions in incontinence 

episode frequency and pad tests. Despite these inconclusive primary results, the treatment 

can be considered safe 132.   

Moreover, two studies also investigated the injections of MPCs into the urethra in men 

suffering from SUI. Both studies had a follow-up of one year 133,134. To date, one of the 

studies was the largest study conducted to investigate cell therapy in SUI with 222 patients. 

12% of the patients regained continence, and 42% experienced at least some improvement. 

However, 46% of the patients reported no effect. It is important to note, though, that the 

results of this study were obtained using a questionnaire only, and no functional tests were 

performed 133. In the other study of 63 men suffering from SUI, functional tests were 

performed. These resulted in 65% continent men after treatment with MPCs, and 27% of 

patients with improved functionality. Only 8% of the patients displayed a persistent SUI. 

Additionally, the study demonstrated that the thickness and contractility of the external 

urethral sphincter were significantly increased 134.  

Despite these promising clinical results, there are several challenges regarding cell 

therapies. In addition to the above-stated challenges, for MPCs, the variations in isolation 

techniques and administration routes also play a critical role 53. The administration route is 

highly critical to MPCs due to their limited migration. This was reported, i.e., for donor 

cells injected for cell therapy purposes of dystrophic muscles 103. MPCs are thought to act 

through the mechanism of differentiation and engraftment. However, since they only 

differentiate toward striated muscles, they seem unable to restore deficiencies in the 

smooth muscle fibers and to improve innervation and vascularization 67. In contrast, 

preclinical studies demonstrated at least an involvement of MPC injections in the 

innervation and vascularization after injury. However, the exact mechanism is still 
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unknown 119. Moreover, in a clinical context, muscle-derived cells are limited in number in 

humans due to the limited size of muscle biopsy, which leads to extended cell culture 

periods 49,51,67,69,108. These extended cell culture periods give rise to risks such as cell 

transformation and sterility issues 49,51,67,69,135. Additionally, the procedure of muscle 

biopsy is considered to be painful 51.  

Overall, all presented studies display the potential of MPCs for treating SUI by improving 

the damaged sphincter function with a success rate in clinical studies ranging from 13% to 

90% 61,102. Furthermore, long-term follow-up showed evidence that a long-lasting positive 

effect was occurring 49,123,130.  
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4. Animal Models in SUI Research 

Animal models are used to study SUI’s pathomechanisms but are especially important to 

evaluate the safety, efficacy, and underlying mechanisms of action of cell therapy in 

SUI 53,136,137. They are relevant because they can provide controlled environmental and 

experimental conditions, allowing standardized settings 53,137. However, differences 

between humans and animals regarding anatomy, physiology, and disease mechanisms 

may contribute to translational problems 53. An example of the differences in anatomy is 

the lower pelvic floor, which is considerably different in quadruped animals than in 

humans 138. Since SUI is a rather complex disease, animal models face difficulties 

addressing all underlying mechanisms in humans 53,137. Furthermore, ethical concerns 

regarding the use of animals can arise 53. 

Various methods are applied to induce incontinence in animal models. These cover vaginal 

distension by balloon or bougie dilatation, ovariectomy, cryo-injury, pudendal nerve crush 

or transection, urethrolysis, myotoxic substances, electrocautery, or sectioning of the 

external urethral sphincter 77,80-85,89-94,111-119,139-147. All these methods mainly aim to mimic 

injury to the urethral sphincters caused by vaginal delivery or prostatectomy. The different 

methods provide the opportunity to deepen the knowledge of each 

pathophysiology 53,136,137. Also, combinations to induce a dual injury are applied 53,137. 

However, the incontinence induction methods vary widely in their efficiency in generating 

a permanent incontinence model 53,136, i.e., as described above (Chapter 3.2), the myotoxic 

substances do not provide durable incontinence in mice 111. Another possibility of an 

incontinence animal model, especially for female incontinence pathology, is that the 

incontinence is not induced. Instead, a model is used in which the pathology is caused by 

the mechanical stress of many births and age-related factors such as the loss of tissue 

elasticity and muscle strength. Multipari goats used in one study are an example of this 

model 138,148. 

Determining incontinence in animals also faces some difficulties compared to humans. The 

assessment in humans often relies on subjective reports like questionnaires or on pad tests. 

However, in animals, this type of assessment is not possible 53,136. Therefore, other 

objective measurement methods have to be applied. These include the sneeze test, 

discharge monitoring, or urinary leak point pressure measurement 137,138. Nevertheless, the 
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results of these methods are inconsistent and might not be entirely transferable to the 

human situation 53,136,138,144.  

Overall, animal models, in general, provide a useful way to analyze cell therapy for SUI 

and improve the clinical management of SUI 53,137. Although clinical studies are already 

being conducted, studies in animal models are still required to investigate the mechanisms 

of injury and, subsequently, the mechanisms of therapies 137. Moreover, animals inherit 

opportunities to develop novel therapeutic strategies that are not yet approved by the 

authorities, even at the lowest levels. In this thesis, a differentiation is made between small 

and large animal models, both of which have advantages and disadvantages. The focus of 

this thesis is a porcine large animal model. 

4.1 Large Animal Models 

Large animal models present several advantages and disadvantages. They are preferred 

because standard surgery equipment and standardized established procedures, such as 

minimally invasive surgical techniques, including transurethral administration, can be used 

similarly to humans, facilitating the transferability of results 138. This also allows the 

development of novel surgical instruments without adjustments 138. The transferability of 

the received findings of small animal models might also be questionable 149. Additionally, 

as described, the methods for determining incontinence display inconsistent and, therefore, 

unreliable results, especially in small animal models 138,144. On the one hand, this 

inconsistency could be better managed in large animals leading to more reliable 

results 149,150. On the other hand, inconsistencies in animal models require large cohorts to 

provide robust results, which is more difficult to achieve with large animals 138. Husbandry 

and resulting costs may limit the cohort size in large animal studies 149. Further challenges 

with these large animals arise regarding the availability of specific antibodies, specific 

other reagents, and information on gene sequences or expression levels 138. Despite these 

technical disadvantages, several studies were performed using large animal models to 

investigate the cell therapy of SUI. 

As mentioned, there are differences in the anatomy of the lower pelvic floor of four-legged 

animals compared to humans, including lower pressure on the urinary bladder and pelvic 

floor muscles 138. Some studies addressed this problem by using nonhuman 

primates 140,141,146,147. The incontinence model was established by pudendal nerve 

electrocauterization and transection, leading to durable incontinence for at least twelve 
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months. Decreased amounts of skeletal and smooth muscle and nerve responses were also 

reported 140. Three studies used this model to investigate cell therapy for SUI, and all 

studies injected MPCs into the muscle layer of the external urethral sphincter 141,146,147. The 

first study injected the cells six weeks after incontinence induction. Cell injections 

improved the maximal urethral pressure in the twelve months of follow-up. No significant 

difference compared to untreated continent controls could be detected after twelve months, 

demonstrating long-term efficacy. Histological analyses regarding the muscle content in 

the sphincter area supported these results 141. The second study injected cells six months 

after incontinence induction to mimic chronic intrinsic urinary sphincter deficiency. The 

follow-up was six months after cell injections. However, the maximal urethral pressure and 

muscle content of animals with cell injections remained significantly different from 

untreated continent controls indicating a difference between the acute and chronic disease 

state 147. This difference was addressed in the third study together with the investigation of 

local compared to systemic administration of cells. For the acute intrinsic urinary sphincter 

deficiency MPCs were injected six weeks after incontinence induction, whereas for chronic 

deficiency, they were injected after six months. The local injection of cells into the external 

urethral sphincter showed significantly higher maximal urethral pressures than systemic 

injections. Additionally, this study supported the concept that improvement is greater in 

acute deficiency than in chronic deficiency 146. Overall, the experiments with nonhuman 

primates supported the promising outcomes of preclinical and clinical trials by injecting 

MPCs. Nevertheless, the use of nonhuman primates in preclinical trials is part of severe 

ethical concerns. Additionally, breeding and husbandry of nonhuman primates are 

challenging 138.  

Animals with social affection, such as dogs and cats, are another option for large animal 

models 138. Dogs are suitable as SUI animal models due to their similar sphincter muscle 

function. Moreover, the rate of tissue growth in dogs is relatively constant throughout 

adulthood. However, dogs are also quadrupeds which is why the anatomical differences to 

humans also apply 151. In addition, animals with social affection are also part of ethical 

concerns 138. This is the reason why only some studies investigated the potential use of 

these animals for SUI. One study in cats cut several pelvic floor nerves resulting in UI. The 

study showed that innervation of the external urethral sphincter ensures urinary 

continence 142. Three other studies tried to establish an incontinence model in dogs using 

urethrolysis, pudendal denervation, or removal of a part of the external urethral 
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sphincter 139,144,145. The last method effectively showed long-term sphincter deficiency 

determined by urodynamics 144. It was the only incontinence animal model using social 

affection animals in a cell therapy study for SUI. MPCs were injected one month after 

incontinence induction into twelve dogs. After six months of follow-up, the urodynamic 

results showed that animals with injected MPCs recovered to 75% of normal while the 

control group stayed at 18%. A significant increase was observed after one month and 

remained significant over the entire follow-up period. Additionally, histological analyses 

revealed that injected cells were able to form new muscle fibers in the defective region. So 

overall, this study also supported the findings of MPCs injections in the SUI context 143. 

One further study investigated the safety profile of injected MPCs dose-dependent in the 

same incontinence model of dogs 152. The same dosage shown to be effective 

(5*107 cells/ml) in the reported study 143 and two additional dosages (half and twice the 

reported effective dose) were tested. After nine months of follow-up, it was reported that 

the cells did not produce any local or systemic pathologies, regardless of dosage. 

Furthermore, it was shown that the originally used dosage resulted in improved sphincter 

function while the others did not. However, the reasons for this dose dependence remain to 

be elucidated 152.  

Due to the ethical concerns regarding nonhuman primates and animals with social 

affection, other large animals are gaining more focus. These include especially agricultural 

animals sheep, goats, and pigs 138. The breeding and husbandry of these animals are, in 

contrast to nonhuman primates, simple and well-established, resulting in a larger cohort 

and, thus, greater statistical robustness 138. Several studies were performed using pigs. The 

next chapter outlines these in more detail (Chapter 4.1.1). Furthermore, one study for cell 

therapy in the SUI context was conducted in multipari goats. Autologous 

bone marrow-MSCs, MPCs, and a combination of both cell types were injected 

transurethrally close to the external urethral sphincter. After twelve weeks of follow-up, 

the maximum urethral closure pressure and the functional area significantly increased only 

in the animals treated with the combined cell therapy. The individual types of cells injected 

alone showed a slight improvement which was not significant. Histological analyses 

revealed that both cell types were involved in forming striated muscles when injected 

precisely into the external urethral sphincter. However, MSCs displayed lower rates of 

striated muscle formation. Therefore, this study concluded that the combination of cell 

types might enhance functional improvement 148.  
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Overall, large animal models used to investigate cell therapy for SUI supported the 

findings of the small animal models. Further investigations in large animal models should 

be considered because of the more representative pathology and the better translation to the 

clinical situation of humans, including long-term assessment of function, clinical 

outcomes, and urodynamic measurements 149. 

4.1.1 Pigs 

Pigs belong to agricultural animals that can be used as large animal models 138. The 

physiology, anatomy, and diet of pigs are comparable to humans 153,154. The genome of 

pigs is closer to that of humans than that of mice 155. Their similar body and organ size to 

humans facilitate translating results to the clinic. As described, all advantages and 

challenges of large animals also apply to pigs. Additionally, their short generation 

intervals, large litter sizes, and standardized breeding techniques are advantageous 

compared to other large animals 154. In particular, it was reported that the dimensions and 

principal anatomy of the rhabdosphincter of pigs are comparable to those of humans 156,157. 

Therefore, they are a useful animal model to investigate cell therapy for SUI 158.  

Several available breeds offer the possibility of selecting the most suitable race for specific 

research purposes 153. Female landrace or female Göttingen minipigs are often used 138. 

However, it was demonstrated that urodynamic curves differ among race, age, weight, and 

breeder status (virgin or multipari) 138. Therefore, these parameters have to be kept 

constant throughout one study. The advantage of Göttingen minipigs is that their weight 

increase over time is limited, making them an optimal large animal model for long-term 

studies 138. However, incontinence models up to date were established in landrace 

pigs 150,159. 

Small feasibility studies were conducted using pigs. Several studies investigated the 

potential of cell injections in healthy pigs 156,158,160. One study used different doses of 

MPCs to inject them transurethrally into the external urethral sphincter and evaluated them 

three weeks after injections. Urodynamic values revealed that the measured pressures 

varied depending on the dose. High cell concentrations (2.26–7.8*107) injected increased 

pressure values by more than 300%, and mid-range cell concentrations (5.69–16*106) 

increased the values by about 150%. However, low cell concentrations (1.5–4.2*106) 

resulted in decreased pressure values after injection. In histological analyses, the dose 

dependency was supported. The formation of new muscle fibers increased with increasing 
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cell numbers 156. Another study also used MPCs to inject them into the middle of the 

urethra. About 6*107 cells were injected, which is among the high cell concentrations of 

the previously reported one. In contrast to this previously reported study, no significant 

improvement could be detected in the maximal urethral closure pressure after four weeks 

compared to the control group. Moreover, it was observed that only cells injected into the 

muscle layer integrated with muscle fibers. Cells injected into the submucosa, lacked 

myogenic differentiation 158. Another study investigated the possible appearance of 

unspecific bulking effects after cell injections. After injection of four times 250 µl aliquots, 

no bulking effect was recorded in a follow-up of twelve months 160. Overall, despite 

inconclusive results regarding the effectiveness of cell injections, these studies showed that 

injecting cells transurethrally into the urethra of pigs is feasible 156,158,160.  

Therefore, three further studies aimed to produce an incontinence model in pigs. One study 

used large white pigs157, and the two other studies used landrace pigs 150,159. Incontinence 

induction methods included electrocautery, urethral dilatation, or a combination of 

both 150,157,159. The study using five large white pigs induced incontinence only by distal 

electrocautery. The maximum urethral closure pressure and the area under the curve were 

still significantly reduced one month after electrocautery, whereas the functional length of 

the urethra showed no significant changes. Interrupted sphincteric myofibers were also 

detected at the suspected electrocautery site 157. One of the studies using landrace pigs used 

balloon dilatation to injure the sphincter by distension of the urethra. The balloon was 

inflated with 40 ml, held in the urethra for five minutes, and slowly pulled out of the 

urethra without draining the fluid. The area under the curve also displayed a significant 

reduction in this model one month after treatment. However, the maximum urethral closure 

pressure showed no significance. Instead, the functional urethral length decreased 

significantly. In contrast to the incontinence model induced by electrocautery, histological 

analyses revealed no interruption of the muscular layer but a significant increase in 

connective tissue 150. One feasibility study was conducted to determine the optimal method 

of incontinence induction in landrace pigs. Proximal four-fold electrocautery, balloon 

dilatation (inflated to 20 ml), and a combination of distal four-fold electrocautery and 

balloon dilatation (inflated to 20 ml) were compared. All methods led to decreased 

maximum urethral closure pressures and area under the curves directly after treatment. 

However, the animals treated with balloon dilatation or electrocautery recovered after three 



Introduction 

34 

weeks. Only the animals treated with the combination remained below their baseline levels 

of maximum urethral closure pressure and area under the curve 159.  

In conclusion, these studies provided different methods of incontinence induction. Urethral 

distention by balloon dilatation is intended to mimic vaginal delivery, whereas 

electrocautery mimics direct injury to the urethral sphincter as may occur during 

prostatectomy 136,159. The recovery observed in the last reported study for incontinence 

induction by electrocautery or balloon dilatation alone could be due to differing 

procedures, i.e., balloon inflation or site of electrocautery 159. Overall, the feasibility of cell 

injections into the porcine urethra and the possible incontinence models in pigs should be 

further investigated and combined in a cell therapy study. 
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5. Surgical Procedures 

5.1 Urodynamics 

Urodynamics involves measurements to assess the function and dysfunction of the lower 

urinary tract by physiological parameters 12,13,161. Several tests are grouped under this term, 

including uroflowmetry, post void residual cystometry, pressure-flow studies, 

electromyography, and urethra pressure profiles 12,13. This thesis focuses on the urethra 

pressure profile that measures the urethral pressure along the urethral length 162,163. 

Urethral pressure profiles are the only urodynamic examination that provides quantitative 

information about the urethral closure mechanism 163. In humans, measurements can be 

differentiated between at rest or during coughing and straining 162,163. However, only the 

measurement at rest under anesthesia is manageable for animals, especially for pigs, 

because patient compliance is required for the stress profile 163.  

Urodynamic measurements are performed with a catheter that is equipped with pressure 

sensors. This catheter is inserted into the urethra and bladder. During steady retraction, the 

pressure levels are recorded (Figure 6) 138. The urethral pressure (Pura, Figure 6, red curve) 

and the bladder pressure (Pves, Figure 6, blue curve), also known as intravesical pressure, 

are measured simultaneously by two sensors. The urethral closure pressure (Pclo, Figure 6, 

green curve) is determined by subtracting urethral pressure minus vesical pressure 157,162. 

The maximum urethral closure pressure, the functional urethral length, and the area under 

the curve (AUC) are often reported parameters (Figure 6) 13,163. The maximum urethral 

closure pressure is the maximal difference between Pura and Pves 13,163. It indicates the 

position of the highest density of mainly striated muscle fibers 138. The functional urethral 

length corresponds to the length in which Pura exceeds Pves 13,163. However, twitches 

might occur during measurements and must be excluded (Figure 6, twitches marked 

with *). The AUC is the calculated integral of the urethral pressure profile in a defined area 

(Figure 6, greenish shaded area with marked start and end lines) 138. These measured and 

calculated parameters indicate urethral closure pressures and resulting continence or 

incontinence 163.  
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Figure 6: Urodynamic urethral pressure profile of porcine urethral sphincter. The urethral pressure profile was 

measured with two different sensors. The intravesical (Pves, blue) and the urethral (Pura, red) pressure were determined, 

and the urethral closure pressure (Pclo, green) was calculated (Pura-Pves). Twitching of the pig during measurement were 

marked with stars (*) and excluded from the functional urethral length. The functional urethral length in mm describes 

the length during which Pura exceeds Pves. The maximum urethral closure pressure is the highest point measure of Pclo 

in cm H2O. The area under the curve (AUC, greenish shaded) is the calculated integral of the curve of Pclo between two 

distinct start and end lines corresponding to the functional urethral length.  

Urodynamics, including the urethral pressure profile in humans, are still under debate 

regarding their clinical utility and reliability. However, their importance for scientific 

purposes is unquestionable 162,163. Moreover, to address these problems, an alternative 

high-definition prototype for measuring urethral pressure profiles was established in 

several studies to provide better accuracy and sensitivity 164-167. This prototype was already 

used with promising results in two studies with minipigs and landrace pigs compared to the 

standard technique 159,160. It was also used to provide further data for the development 

compared to the standard technique in one of the presented studies (Publication 4).  

5.2 Application of Cells via Needle Compared to Waterjet  

Needle injections are currently state-of-the-art 168. They provide the possibility for 

minimally invasive injections, either transurethral or periurethral 169. The Williams 

cystoscopic injection needle is the most commonly used needle for placing bulking 

materials outside of the urethra. It has also been used for cell therapy studies and injections 

in the urethra of patients suffering from SUI 121,170. Therefore, needle injections were also 

used in large animal studies investigating cell therapy in SUI 148,158,160. These studies 
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reported that precise injection of the cells into the muscular layer, especially for MPCs, is 

crucial because these cells do not differentiate if injected into the submucosa 158. One study 

optimized the injection depth by shortening the length of the needle tip. They showed that 

a shorter needle tip of about five millimeters leads to more injections of cells closer to the 

muscular layer 160. However, in this study and another, the reported accuracy of cell 

injections into the muscular layer was less than 20% 160,171. Even a well-trained surgeon is 

not expected to produce more reliable results due to the movement of the urethra during 

injection resulting in differing injection angles for each injection 171. Neither periurethral 

nor transurethral injection provides improved accuracy 171. The only improvement 

regarding precision was achieved by ultrasound-guided injections 169. However, even with 

this application method, it is unclear if the injected needle fully penetrates the urethra or if 

it is placed correctly to deliver the cells to the muscular layer 168. This low accuracy could 

be the reason for poor therapy effects after cell injections, especially with MPCs 168,171. 

Moreover, needle injections can contribute to this poor efficiency, as cells can leak out 

after the needle is withdrawn from the injection site through the injection channel or due to 

possible bleeding 171. Therefore, a novel approach using waterjet technology is currently 

under investigation 168.  

Waterjet techniques have been used for surgical resections in various medical fields, such 

as orthopedics, neurology, gastroenterology, dermatology, and urology 172,173. Advantages 

of this technology include the selective dissection and cutting parameters that can be 

applied to specific tissues leading to lower bleeding and leakage likelihood 172. The 

waterjet is also able to elevate tissue layers by injecting fluid between the mucosa and 

submucosa to facilitate submucosal dissection 173. It was hypothesized that instead of 

fluids, cells could be injected into specific depths of tissues 173. The company Erbe 

Elektromedizin GmbH produced a prototype of a waterjet that is able to inject cells. This 

prototype is based on the ERBEJET®2 168,172,173. It generates pressures within a range from 

E5 to E80 – an equivalent of 5–80 bar – with the ability to quickly switch between 

different pressure levels for tissue penetration and cell injection. Depending on the tissue, 

these pressures can be adjusted. In contrast to needle injections, the waterjet nozzle does 

not penetrate the tissue directly. It uses fluid only under higher pressures to create small 

channels. In a following low pressure phase, the cells get gently injected. This two-phase 

application is preprogrammed, so that it provides simple handling for the surgeon 168.  
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In a first feasibility study, human MSCs were injected into cadaveric porcine samples with 

the waterjet device compared to needle injections. This study showed that the injections 

with waterjet were more precise and faster. Cell viability was not compromised 173. 

A second study investigated the new application method by application of porcine ADSCs 

into the urethra of living pigs. This experiment supported the findings of the cadaveric 

injections. Waterjet injections were faster, more precise, and the handling was quite 

simple. Additionally, no leakage of cell suspension after injection was observed for 

waterjet injections 168. However, further data are needed to establish the waterjet as a novel 

cell application method.  

  



Introduction 

39 

6. Aim of this Thesis 

Urinary incontinence (UI) is mainly reported to have a prevalence of 25–45%, with stress 

urinary incontinence (SUI) being the most common form 17,27. Due to the aging population, 

the importance of UI will increase in the future 17. One of the leading underlying causes of 

SUI is intrinsic urinary sphincter deficiency 10,20. However, current treatment options for 

patients suffering from SUI only aim to improve patients’ quality of life, primarily with 

conservative treatments 18,20. If these treatments fail, only surgical options remain, which 

are associated with several noticeable health risks. Additionally, the results are often not 

satisfactory 10,18,40,49,50. These therapies also do not address the underlying cause, the 

weakened sphincter muscle function. Therefore, minimally invasive therapies that treat the 

underlying cause are being sought 51. Thus, the option of cell therapy emerged, which 

offers the possibility of treating the leading cause of SUI 52. As reported, various 

preclinical and clinical studies were conducted using MSCs or MPCs. 

Preliminary data in the group of Prof. Dr. Aicher established an incontinence model in 

landrace pigs. It was shown that the combination of urethral dilatation and electrocautery 

resulted in significant urethral sphincter deficiency. However, the follow-up was only three 

weeks 159. In addition, due to the frequent misplacement of cells via needle injections under 

visual control 160,171, preliminary data were gained on the functional, precise injection of 

cells using waterjet technology 168,172,173. Nevertheless, only one study using ADSCs was 

performed in vivo in healthy pigs 168, so further data were required to prove the functional 

concept of this novel cell injection technology.  

The overall aim of this thesis was to contribute to the knowledge about the clinical 

situation of SUI and to help improve the situation of the patients. Therefore, preclinical 

studies were performed regarding the promising treatment of cell therapy since the 

available data are still insufficient. This thesis addresses the following three main aspects. 

The first objective was to further analyze the novel technology of waterjet injection to be 

used for cell delivery. To achieve this aim, two different attempts were carried out. On the 

one hand, the properties of ADSCs after injection with the waterjet compared to needle 

injections into fluids and porcine cadaveric tissue were tested. The observed properties 

included cell viability, cell surface markers, differentiation ability, attachment capabilities, 

and biomechanical features. On the other hand, the possibility of injecting viable 

muscle-derived cells into cadaveric and living animals using the waterjet device was 
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observed. The integrity and distribution of cells in the tissues were analyzed and compared 

to needle injections.  

The second objective was to validate the established incontinence model in the large 

animal model using landrace pigs. Additionally, the possible transfer of this model to 

Göttingen minipigs was investigated due to their limited growth and, thus, easier handling 

for long-term follow-ups. Furthermore, this study aimed to extend the follow-up period of 

only three weeks.  

The third objective was to comparatively investigate the potential of transurethrally 

injected MPCS and ADSCs to improve sphincter function in a clinically relevant large 

animal model of sphincter insufficiency. Cell characterizations and improvement of MPC 

production were established and performed. Urethral pressure profilometry served as a 

measurement technique to assess the regeneration of the urethral sphincter deficiency. 

Additionally, in vivo fluorimetry was used to determine the localization of the cell 

throughout the follow-up period. Histochemistry, immunofluorescence, and detection of 

male DNA were used to observe the effects on the tissue.  

Overall, the results of the thesis provided experimental evidence that the novel technology 

of waterjet injection is a suitable, rapid injection procedure for viable cells. Furthermore, 

the incontinence model in landrace pigs was validated for up to five weeks of follow-up. 

However, the transfer to Göttingen minipigs was not successful. In the comparison of the 

regenerative potential of ADSCs versus MPCs, ADSC injections in the incontinent pig led 

to full recovery. MPC injections also improved the urethral closure pressure compared to 

controls, but the enhancement was not significant. 
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Abstract  

Previously, we developed a novel, needle-free waterjet (WJ) technology capable of 

injecting viable cells by visual guided cystoscopy in the urethral sphincter. In the present 

study, we aimed to investigate the effect of WJ technology on cell viability, surface 

markers, differentiation and attachment capabilities, and biomechanical features. Porcine 

adipose tissue-derived stromal cells (pADSCs) were isolated, expanded, and injected by 

WJ technology. Cell attachment assays were employed to investigate cell–matrix 

interactions. Cell surface molecules were analyzed by flow cytometry. Cells injected by 

Williams Needle (WN), normal cannula, or not injected cells served as controls. 

Biomechanical properties were assessed by atomic force microscopy (AFM). pADSCs 

injected by the WJ were viable (85.9%), proliferated well, and maintained their in vitro 

adipogenic and osteogenic differentiation capacities. The attachment of pADSCs was not 

affected by WJ injection and no major changes were noted for cell surface markers. AFM 

measurements yielded a significant reduction of cellular stiffness after WJ injections 

(p < 0.001). WJ cell delivery satisfies several key considerations required in a clinical 

context, including the fast, simple, and reproducible delivery of viable cells. However, the 

optimization of the WJ device may be necessary to further reduce the effects on the 

biomechanical properties of cells.  

Keywords 

atomic force microscopy; elasticity; stromal cells; regeneration; viability; urinary 

incontinence; waterjet 
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Introduction 

Urinary incontinence (UI) is a highly prevalent condition, affecting 1.8–30.5% of the 

European population [1]. The most prominent form of UI is stress urinary incontinence 

(SUI), representing more than a third of patients reporting with UI. SUI in women is 

associated with mechanical load to the lower pelvic floor during pregnancy or vaginal 

delivery. In men, it is associated with prostate cancer surgery. In both cases, an insufficient 

muscular function contributes to incontinence [2]. In terms of treatment options, surgical 

therapy is opted for when conservative therapies or physiotherapy fail to grant satisfactory 

improvement. However, one major drawback of such invasive approaches is that they may 

trigger the occurrence of unwanted side effects, and treated patients, eventually, have to 

undergo revision surgical procedure after a short period of time [3–5]. Even though the 

current state-of-the-art regimen can ameliorate the sequela of UI, they do not address the 

main cause—the malfunction of the sphincter complex. In this framework, regenerative 

medicine approaches have emerged as an exciting new tool to improve or restore the 

urethral sphincter function through cell therapy [6,7]. The minimally invasive delivery of 

cells still bears several challenges with respect to injection precision and coverage of the 

target, albeit with significant research strides. Recent studies of preclinical cell delivery by 

needle injection have reported the frequent misplacement or loss of the injected cells [8,9]. 

Transurethral ultrasound-guided injections increase the precision of cell injection in the 

urethra [10]. In addition, in preclinical animal studies, a more defined control of the cells’ 

exact localization in combination with a lower risk of complete sphincter penetration by 

injection needles was achieved by shortening the length of the needle’s tip [8]. 

Nonetheless, it was noticed that shorter needle tips did not, in fact, grant “optimal” cell 

injections and a considerable percentage of cells were still misplaced [8]. While several 

circumferential needle injections are often performed to achieve a better cell distribution in 

the sphincter complex [11], they increase the risk of muscle injury and infections [9,12], 

and in addition, extend the overall time of treatment considerably.  

There is an ongoing demand for new and efficient cell delivery technologies that are 

tailored to the demanding criteria present in a clinical setup. In this context, the 

waterjet (WJ) arises as a new tool for the high-throughput delivery of cells [13]. The 

versatility of WJ technology is unmatched, already being employed in a broad spectrum of 

medical specialties such as orthopedic surgery, neurosurgery, dermatology, urology, as 
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well as in dental surgery [14]. In fact, we recently developed a novel, needle-free, flexible 

WJ technology capable of injecting fluids, as well as particles and viable cells, by a 

cystoscope under visual control in the urethral sphincter [12]. Cell delivery via the 

abovementioned WJ technology in isotonic capture fluid actually yielded a significantly 

higher cell viability when compared to needle injections [12]. Moreover, when we 

extrapolated the WJ—cell delivery setting to injections in cadaveric urethra tissue—viable 

cells could be aspirated from the tissue and further expanded in vitro [12].  

In the present study, we aimed to expand our understanding of WJ-based cell delivery by 

addressing the following highly relevant and still pending questions: (1) Does WJ reduce 

the viability of injected cells? (2) Does shear stress exerted by WJ determine a loss of cell 

surface molecules? (3) Is the attachment of cells to substrates modulated after WJ 

injections? (4) Are the biomechanical features of injected cells (as determined by the 

Young’s modulus) compromised by WJ procedures? Cells injected by Williams Needle 

(WN), hypodermic needles, or not injected cells served as controls. 
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Results 

Viability of Porcine Adipose Tissue-Derived Mesenchymal 

Stromal Cells after Injection by Waterjet 

Unlabeled pADSCs were injected in capture medium by WJ using the E60-10 settings, 

WN, or a G22 cannula for controls (Figure 1A). Upon injection through the cannula 

(95.6 ± 0.06%, n = 4, p < 0.002) or WN (97.2 ± 2%, n = 10, p < 0.002), the viability of 

cells was higher when compared to injections by WJ (85.9 ± 0.16%, n = 12). The yield of 

cells recovered after WJ injections was somewhat lower when compared to injections by a 

G22 cannula or WN needle (Figure S1). After WJ injection, recovered pADSCs were 

expanded for one week and differences in their morphology (Figure 1B,C) or duplication 

rate (not shown) were not observed. Moreover, Calcein-labeled pADSCs were injected by 

WJ in cadaveric tissue samples, extracted, and incubated in expansion medium for up to 6 

days. The fluorescence was proof for the viability of the injected cells. Overall, pADSCs 

proliferated well (Supplementary Figure S2) and maintained their in vitro adipogenic, as 

well as their osteogenic, differentiation capacities (Supplementary Figure S3). 
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Figure 1: Viability assessment of cells after WN and WJ injections in capture fluid. Cells were injected by WJ in 

capture fluid (n = 12), collected, and counted by trypan exclusion to determine the viability. WJ injection reduced the 

viability of pADSCs significantly compared to cells injected through a standard 22G cannula (n = 4) or by 

WN (n = 10) (A). Microscopic differences in cell morphology or proliferation were not observed between the 22G 

cannula (B) and the WJ-injected pADSCs (C). *** p < 0.001. Abbreviations: WJ—waterjet, WN—Williams needle.  
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Biomechanical Assessments of Cellular Elasticity upon Injection 

of pADSCs in Isotonic Fluid and into Urethral Tissue 

In the first experimental setting, pADSCs were injected in isotonic capture fluid 

(2 individual runs). WN injections displayed no significant difference regarding the mean 

elasticity modulus (EM; 0.992 kPa) when compared to not injected controls (1.176 kPa; 

Figure 2), while WJ injections caused in one experiment a highly significant reduction of 

the cellular EM from 0.891 to 0.440 kPa (p < 0.001, Figure 3) when compared to their 

corresponding controls. In a second experimental setup, the EM after WJ injection was 

reduced from 1.176 to 0.469 kPa (data not shown). This yielded an overall decrease in the 

cellular EM of 40–50% after WJ injections. Additionally, the cellular EMs after WN and 

WJ injections exhibited a highly significant difference (p < 0.001)—cells subjected to WJ 

injection showed a markedly lower EM (0.469 kPa) when compared to those subjected to 

WN injection (0.992 kPa; Figure 4). 

Moreover, between two distinct WN injection experiments, a significant difference in the 

EMs of 1.615 versus 0.992 kPa (p = 0.028) was noted (Supplementary Figure S4A). In 

contrast, WJ injections, respectively, yielded in all experiments a considerably lower 

cellular EM stiffness (0.440 to 0.469 kPa, n.s.; Supplementary Figure S4B). Significant 

differences in the cellular EM among all not injected controls were not observed 

(Supplementary Figure S4C). 

Next, pADSCs were injected by WN or WJ in the fresh porcine cadaveric sphincter 

samples, extracted, and investigated for their cellular EM in comparison to the controls 

(Figures 6 and 7). Upon WN injections, no significant difference in EMs was observed 

(1.176 to 1.441 kPa, Figure 5). Contrastingly, a significant reduction in the cellular EM 

was determined after WJ injections in tissue samples (0.890 to 0.429 kPa; p < 0.001) 

(Figure 6). In such, an overall 51% decrease in the EM for WJ injections was noted. 
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Figure 2: Analysis of Young’s modulus of cell injections by WN in capture fluid. Boxplots (medians, minimum, 

maximum) of the stiffness (kPa) measured by atomic force microscopy for controls and WN-injected pADSCs in capture 

fluid are depicted. The control (untreated) cell monolayers revealed no difference in stiffness when compared to the WN 

group. Descriptive statistics of Young’s moduli in the control and WN-injected cells in capture fluid. Medians with 

minimum and maximum, means, standard deviations, and standard errors of the mean of both groups are depicted. 

ns p > 0.05. Abbreviations: WN—Williams needle. 
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Figure 3: Analysis of Young’s modulus of cell injections by WJ capture fluid. Boxplots (medians, minimum, 

maximum) of the stiffness (kPa) measured by atomic force microscopy for controls and WJ-injected pADSCs in capture 

fluid are depicted. The control (untreated) cell monolayers revealed a higher stiffness when compared to the WJ group. 

Descriptive statistics of Young’s moduli in control and WJ-injected cells in capture fluid. Medians with minimum and 

maximum, means, standard deviations and standard errors of mean of both groups are depicted. *** p < 0.001. 

Abbreviations: WJ—waterjet. 
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Figure 4: Cellular elasticity after cell injections by WN versus WJ. Boxplots (medians, minimum, maximum) of the 

stiffness (kPa) measured by atomic force microscopy for WN and WJ-injected pADSCs in capture fluid are depicted. The 

WN-injected cell monolayers revealed a higher stiffness when compared to the WJ group. Descriptive statistics of 

Young’s moduli in WN and WJ-injected cells in capture fluid. Medians with minimum and maximum, means, standard 

deviations and standard errors of the mean of both groups are depicted. *** p < 0.001. Abbreviations: WJ—waterjet, 

WN—Williams needle. 
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Figure 5: Analysis of Young’s modulus of cell injections by WN in tissue. Boxplots (medians, minimum, maximum) 

of the stiffness (kPa) measured by atomic force microscopy for controls and WN-injected pADSCs in fresh porcine 

cadaveric tissue are depicted. The control (untreated) cell monolayers revealed no significant differences in stiffness 

when compared to the WN group. Descriptive statistics of Young’s moduli in the control and WN-injected cells in fresh 

porcine cadaveric tissue. Medians with minimum and maximum, means, standard deviations and standard errors of the 

mean of both groups are depicted. ns p > 0.05. Abbreviations: WN—Williams needle. 
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Figure 6: Analysis of Young’s modulus of cell injections by WJ in tissue. Boxplots (medians, minimum, maximum) 

of the stiffness (kPa) measured by atomic force microscopy for controls and WJ-injected pADSCs in fresh porcine 

cadaveric tissue are depicted. The control (untreated) cell monolayers revealed a higher stiffness when compared to the 

WJ group. Descriptive statistics of Young’s moduli in control and WJ-injected cells in fresh porcine cadaveric tissue. 

Medians with minimum and maximum, means, standard deviations and standard errors of the mean of both groups are 

depicted. *** p < 0.001. Abbreviations: WJ—waterjet. 
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Cell Attachment Assay 

In order to investigate whether the cell attachment was modulated by WN or WJ injections, 

pADSCs were seeded on spots of serial dilutions of collagen and the attachment was 

monitored immediately after injections (Figure 7). The strong attachment of control 

pADSCs was noted on collagen spots diluted 1E02 (Figure 7A) and a moderate one on 

collagen diluted 1E03 (Figure 7B). However, cells either failed to attach (data not shown) 

or only slightly attached (Figure 7C) to collagen diluted 1E04. The attachment to BSA 

served as the control for specificity of the assay and cells did not attach in any of the 

experiments (Figure 7D,H,L). Immediately after WN and WJ injections of the cells in 

capture fluid, cell attachment was not affected nor reduced: in both groups, the pADSCs 

attached strongly to collagen diluted 1E02 (Figure 7E,I) and moderately to collagen diluted 

1E03 (Figure 7F,J). To collagen diluted 1E04, pADSCs after WN injection failed to attach 

(Figure 7G), while after WJ injection, pADSCs showed a weak attachment (Figure 7K). In 

addition, calceinlabeled cells strongly attached to the 1E02 collagen dilution 

(Supplementary Figure S5E), moderately to collagen diluted 1E03 (Supplementary 

Figure S5F), and slightly to collagen diluted 1E04 (Supplementary Figure S5G). 
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Figure 7: Attachment of cells after WJ injection. pADSCs were harvested and subjected to cell attachment assays 

(controls (A–D) after WN injection (E–H) and after WJ injection in capture fluid (I–L)). All populations attached to 

collagen at 1E02 (A,E,I) and 1E03 (B,F,J) dilutions, respectively. Not injected control cells slightly attached to collagen 

at 1E04 (C), while pADSCs after WN injection failed to attach (G). Cells after WJ injection maintained some attachment 

capacity (K). The interaction with BSA served as negative controls (D,H,L). Abbreviations: WN—Williams needle, 

WJ—waterjet. 

Detection of Cell Surface Proteins Prior to and after WJ Injections 

Flow cytometry was employed to further explore if shear stress triggers changes in cellular 

parameters such as size, granularity, and cell surface marker density. Differences in the 

size or granularity of pADSCs were not observed when cells were analyzed before vs. 

immediately after WJ injection (Figure 8). Even though the numbers of cells expressing 

cell surface proteins CD44 (97.5% vs. 93.2%) or CD90 (99.3% vs. 97.5%), as well as the 

mean fluorescence intensities (MFI; MFI CD44: 3174 vs 2554; MFI CD90: 

8207 vs. 5923), were slightly reduced by WJ injection, no major differences were observed 

for the cell surface markers analyzed (Figure 8). 
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Figure 8: Detection of cell surface markers after WJ injection. Flow cytometry was employed to analyze the effect of 

WJ injections on pADSCs surface markers. Changes in cell size (forward light scatter; FSC-A), granularity and 

roughness of the cells (side light scatter, SSC-A), and the expression of mesenchymal markers CD44 and CD90 were 

determined. The numbers of cells expressing CD44 and CD90 are presented as a percentage (%) of the maximum 

(Y-axis) and their mean fluorescence intensities (MFI, X-axis). Major differences in cells markers prior to (left panels) 

versus after WJ injections (right panels) were not observed. Abbreviations: WJ—waterjet.  
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Discussion 

In a clinical setting, the injection of active components including cells is routinely 

performed by injection needles and syringes. However, cell delivery through a 

needle-syringe inherits significant disadvantages [15]. Given this background, we have 

previously developed a novel WJ technology that enables cell delivery through the 

urothelium in a defined depth of the sphincter muscle [12]. In the present study, we aimed 

to further enhance our current understanding of the effect the WJ delivery approach has on 

cellular characteristics, in particular: on cellular viability, attachment, surface markers, and 

implicitly biomechanical features (i.e., EM). WJ injections of pADSCs in capture fluid 

determined a lower cell viability when compared to 22G cannula or WN injections of 

about 10% to 12%. This means that 85.9% of the cells obtained post-injection from WJ 

were viable, which in a clinical context represents an absolute requirement (>80%) [16]. 

Previous studies have demonstrated similar results for the delivery of cells using the water 

jet technology, whereas the results of the needle injection highly varied. For WJ injections 

of pADSCs, vital cell yields of 84.7% and 74.8% were reported for WJ and WN, 

respectively [12]. Another study demonstrated no significant difference between WN and 

WJ (both about 95%) [17]. This demonstrates a high reproducibility of a standardized 

injection protocol as is realized by WJ compared to needle injections, where the outcome is 

dependent on the size of the syringe and needle, the pressure of the syringe, flow rate, and 

the physician who executes the injection itself. 

In this study, we noted a lower total yield of cells after WJ injections (74%). This loss of 

some cells could be explained by the construction of the WJ. The cells are delivered over a 

long path to the instrument and, therefore, some cells remain in the hose and instrument, 

not being delivered to the target. This is possibly not critical in clinical situations, as it may 

be compensated by a somewhat higher dosage of cells in the injection device if required or 

by re-constructing the device in order to minimize the dead volume within the hose and 

instrument. We therefore conclude that the WJ technology passes this critical threshold. Of 

note, WJ injections in living animals showed that by variation in the pressure profile, the 

penetration depth can be adapted to the tissue targeted and to the clinical need [12,18]. 

Moreover, preliminary unpublished results indicate that cells could be found in porcine 

urethrae after WJ injections in more than 95% of animals investigated (not shown). In 

contrast, upon needle injections in porcine urethrae, cells were found placed correctly only 
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in less than 50% of animals investigated [8]. This means that a moderate loss of cells by a 

lower yield after WJ injections is easily compensated by the significantly higher precision 

of cell placement in the region of interest. 

In terms of other cellular characteristics such as cell attachment to substrates, granularity, 

and size, the expression of cell surface markers and differentiation capacities of WJ, 

pADSCs were not modulated. In addition, calcein staining does not affect the attachment, 

as well as the biomechanical features (i.e., elasticity). Correspondingly, no significant 

changes in cellular characteristics were also reported when the viability, differentiation 

capacities, expression of cell surface antigens, and in vivo migration of mesenchymal 

stromal cells injected through narrow needles were investigated [19]. These data are in line 

with our observations. Although one has to bear in mind that the flow rates of cell 

injections in blood using conventional needles range from 0.4 to 1.2 mL/min, 

syringe-needle injections of cells in tissue are performed with considerably lower flow 

rates [15]. Using the current WJ devices, the fluid injections of the tissue penetration jet at 

E60 reach flow rates of 45 mL/min, while the cells injected with E10 travel at rates of 

15 mL/min. This improved pressure control protocol granted higher cell viability when 

compared to WJ injections applying a pressure of E60 in a fixed-pressure-level mode. 

The exact rate of cells surviving after tissue injections could not be determined in the 

context of these experiments. In a recent in vivo animal feasibility study, however, we 

showed that the WJ technology delivers viable cells into the urethral sphincter of pigs that 

also are morphological intact after an incubation time of 3 days [18]. Functional studies 

designed to inject cells by WJ and investigating their regenerative potential in appropriate 

animal models are needed to address these pending questions. However, as cells injected 

by needle were shown to regenerate the sphincter function in both preclinical and clinical 

situations [9,20–22], it is conceivable to hypothesize that the precise delivery of cells to the 

sphincter may grant functional regeneration of the muscle. 

The mechanical forces that cells are exposed to as they pass through the injection device 

represents a crucial factor that modulates their subsequent viability and functionality 

post-transplantation [23]. When considering the technical background of the WJ cell 

delivery, we employed a two-phased process: An elevated pressure (effect 60) injects a 

small aliquot of fluid in the tissue (this jet loosens the targeted tissue). Within milliseconds, 

the pressure is reduced to moderate levels (effect 10) to inject the cells in a low-pressure 

jet [12]. When generating even modest pressure and volume profiles at E10, the cells are 
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accelerated in the apparatus, possibly relaying mechanical shear stress to the cells. 

Therefore, the next arising question in our study was whether our WJ delivery setting has 

an effect on the biomechanical features (e.g., elasticity) of the cells in comparison to WN 

injections. After WN injections, no significant EM differences were observed compared to 

controls. This suggested that the elastic features of the cells are not affected. However, 

when comparing two individual needle injection experiments, a significant difference was 

detected (p = 0.028), pinpointing to an increased variability of elastic effects on the cells 

by WN injections. In contrast, the AFM data after WJ injections were more constant than 

AFM results after WN injections. This confirmed that the WJ technology yielded more 

consistent and reproducible conditions. However, a significant decrease in EM after WJ 

delivery was observed in both the experimental settings compared to the corresponding 

control: upon injection in isotonic capture fluid (p < 0.001) and also in fresh porcine 

cadaveric sphincter tissue (p < 0.001). We conclude that the elastic features of cells are 

affected by WJ delivery. 

It has been suggested that elasticity changes are associated with changes in cellular 

morphology [24,25]. Wharton’s jelly-derived mesenchymal stem cells that present an 

elevated migration potential are characterized by increased cellular deformability. The 

study suggested that there is a “selective chemotactic migration” of cells with higher 

deformabilities and lower Young’s modulus values [26]. Similar observations have been 

stated previously, hence emphasizing that cellular elasticity and migration capabilities are 

two closely intertwined processes [27]. A lower cell stiffness could facilitate cells 

migration after WJ injection, thus granting a wider distribution and radius of regenerative 

action in the tissue targeted. These phenomena might also have facilitated the wide 

distribution of cells in our recent in vivo animal feasibility study, where a much larger 

distribution of the cells was observed after 3 days compared to needle injection [18]. When 

comparing the two experimental setups used in our study—injections in capture fluid 

(resembling intravenous injections) versus injections in cadaveric sphincter tissue—no 

significant difference in EM was noted. This indicated that the two-phase injection 

approach opened the tissue targeted in a sufficient way to facilitate cell injections in 

micro-cavernae. 

To reduce injury and bleeding, small-caliber needles are often used for injections of drugs 

in solid tissues. However, smaller needles and slower injection rates contribute to an 

elevated pressure at the ejection point, the needle tip [28]. Tissues actually resemble a solid 
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or semi-solid target at the spot of cell injection, thus enhancing the pressure on individual 

cells when entering the tissue. Leaving the needle tip, cells exhibit a sudden deceleration 

and are pressed against the corresponding tissue. This may cause an increase in cells loss, 

not investigated in our study in detail. While the loss of cells or lasting changes in gene 

expression were not observed for mesenchymal stromal cells after needle injections in 

fluids [29], upon local administration of stromal cells in heart muscle, only 10–30% of the 

cells were detected [30,31]. Of note, WJ injections in cadaveric samples yielded the 

recovery of viable cells in 71–86% of samples investigated depending on the pressure 

profile utilized [12]. The exact enumeration of the cell yield after WJ injections in vivo 

remains to be determined in future studies. Using the novel WJ technology, ejection from 

the injector tip is gentle and follows almost the biomechanics of injections in liquids. We 

corroborate this notion in the present study, as significant differences in the EM of cells 

after injection in fluid versus tissue injections were not observed, nor significant changes in 

attachment, proliferation, or differentiation. 

The data presented and validated by our study focused primarily on in vitro investigations 

that pave the way for future in vivo studies. Future research efforts will focus on not only 

addressing SUI [12,18] but also on other forms of incontinence and pathologies such as 

heart attack [17]. Overall, the WJ technology satisfies several key considerations required 

in a clinical context, such as the ease of loading and use, reproducibility of delivery, and 

precise delivery of viable cells under guided visual control. 
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Material and Methods 

Isolation and Production of Porcine Adipose Tissue-Derived 

Stromal Cells 

Porcine adipose tissue-derived stromal cells (pADSCs) were isolated, characterized, and 

expanded in DMEM medium enriched by 10% (v/v) fetal bovine serum (FBS, Sigma, 

Munich, Germany) and antibiotics following published protocols [32]. In brief, the tissue 

was minced and incubated with 0.1% of collagenase (Gibco) and 1% of bovine serum 

albumin (BSA, 1% (w/v) in PBS) at 37◦ for 30 min. Incubation was stopped with medium 

containing 10% of FBS. The adipocyte phase was discarded and the stromal cell fraction 

was filtered through a 100 µm cell strainer. Cells were washed again with medium and the 

retrieved cells were seeded and incubated in expansion media containing 10% of FBS and 

antibiotics [32]. When reaching 70% of confluence, cells were detached (Trypsin-EDTA, 

Sigma, Munich, Germany), washed twice with PBS, and seeded in 10 mL of medium at an 

inoculation density of 3E05 ADSCs per 75 cm2 flask. Cell proliferation and duplication 

rates (DR) were determined by cell counting over three consecutive passages [33]. To 

determine the mean size of pADSCs in suspension, cells were detached by Trypsin-EDTA 

(Sigma, Munich, Germany) and washed with phosphate-buffered saline (PBS, Sigma, 

Munich, Germany). Cell viability and dimensions were determined with a cell analyzer 

following the manufacturer’s instruction (CASY, Omni Life Science, Bremen, Germany). 

Preparation of Urethral Tissue Samples 

Urethra and bladder tissue were prepared from fresh cadaveric samples of adult female 

landrace pigs. The tissue was cleared from any debris, rinsed with cold PBS, and 

transported to the laboratory in bags on wet ice. The tissue was preserved on wet ice until 

experiments without additives. Afterward, the urethra was placed on a sponge to mimic the 

elasticity of the lower pelvic floor. The urethra was opened longitudinally on the dorsal 

side by scissors and wetted by cold PBS to avoid tissue dehydration. Then, cells were 

injected in the urethra as described below. The bladder was used only to grant the 

distal-proximal orientation and positioning of the female urethra for the cell injections. 

Cells were not injected in bladder tissue. The whole procedure from the preparation of 

tissue to cell injections was performed within a time frame of 45 min to a maximal 90 min. 
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Needle Injections of Cells in Fluids and Tissue Samples 

For needle injections in capture fluid (DMEM, 10% FBS), pADSCs were harvested, 

washed with PBS, resuspended in culture media at 2.4E06 cells per mL, aspirated in a 

syringe (1 mL BD Luer-LokTM Syringe, BD Plastik Inc, Laval, QC, Canada)), and 

injected through a Williams Cystoscopic Injection Needle (WN; Cook Medical; 23G, 

5.0 Fr, 35 cm) by hand. Cells were harvested by centrifugation. In order to determine the 

yield and viability, the cells were counted by aid of Trypan Blue dye (Sigma, Munich, 

Germany) exclusion with a hematocytometer. Cells that were not subjected to WN 

injection served as controls.  

WN injections of pADSCs were also performed in fresh porcine cadaveric tissue. The WN 

was inserted in a flat angle in the tissue and cells were injected by hand. Then, cells were 

aspirated from the injection dome by the aid of a needle (18G) and syringe (1.2 mL), 

collected in capture fluid, and washed with cell culture media. Cells harvested from 

cadaveric samples were further subjected to analyses. Cells that were not subjected to WN 

injection served as controls. 

Waterjet Injections of Cells in Fluids and Tissue Samples 

For WJ injections in capture fluid, pADSCs were harvested, washed with PBS, 

resuspended in injection media at 6E06 per mL, and filled in the dosing unit of the WJ 

device [12]. Cells were injected using a modified ERBEJET®2 device (Erbe 

Elektromedizin GmbH; Tuebingen, Germany) and a prototype injection nozzle that allows 

the injection of fluids in a two-phase manner using high pressures (E = effects) during a 

tissue penetration phase (E > 60) and low pressures for cell injection (E < 20) [11,18]. The 

applied pressure settings here were E60-10 in all WJ experiments [12]. After WJ injection 

in capture fluid, cells were harvested as described above. Cells that were not subjected to 

WJ injection served as controls. For the viability assessment experiments, injections 

through a WN and through a standard 22G cannula (B. Braun Sterican®, Melsungen, 

Germany bore size 0.47 mm, length 1.25 inch) served as additional controls. 

For WJ injections of pADSCs in fresh porcine cadaveric tissue samples, the same device 

and settings were employed as aforementioned. The injection device was mounted 

perpendicularly on a stand and lowered on the tissue surface by the aid of a micrometer 

caliper. When approaching the tissue, the injector tip was lowered two more millimeters in 
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the tissue to avoid the splashing of the cells to the side. WJ injections were performed 

using the E60-10 settings [12]. After WJ injections in cadaveric tissue, cells were 

processed as described above. Cells that were not subjected to WJ injection served as 

controls. 

Biomechanical Assessment of Cellular Elasticity by Atomic Force 

Microscopy (AFM) 

The elastic moduli of the cells were assessed as previously described [34]. Briefly, an 

AFM system (CellHesion 200, Bruker, Billerica, MA, USA) equipped with an inverted 

microscope (AxioObserver D1, Carl Zeiss AG, Jena, Germany) was employed. This 

enabled the simultaneous visualization and selection of the cells. In such, the specific 

positions within the dishes could be user-selected and measured. An AFM cantilever 

(tip A, k = 0.2 N/m, All-In-One-Al-Tl, Budget Sensors, Sofia, Bulgaria) was used for 

elasticity determinations. Indentation curves were sampled at 2 kHz, with a force trigger 

of ≈10 nN and a velocity of 5 µm/s. The elastic properties of the pADSC were evaluated 

after WJ injection and injections by WN. As described above, two different pADSCs WJ 

injection experiment settings were performed: For the first experimental setting, pADSCs 

were injected via WJ or WN in isotonic capture fluid, collected, and subjected to AFM 

analyses. The second experimental setting consisted of pADSCs injected by WJ or WN in 

the fresh porcine cadaveric sphincter samples, extracted from the tissue, washed, and 

subjected to AFM analyses. For both experimental settings, cell cohorts were washed by 

PBS and counted. A total of 5E05 cells per testing condition were incubated for 3 h in 

expansion medium to allow cell binding and adhesion to the tissue culture dishes 

(TPP AG, Trasadingen, Switzerland). Right before commencement of all AFM 

measurements, cells were first rinsed with PBS and then covered with Leibovitz’s L-15 

medium without l-glutamine (Merck, Munich, Germany). As controls, cells that were not 

subjected to any kind of injection procedure were employed. We applied indentations over 

the chosen region of interest identified by microscopic examination (50 different 

cells/culture condition; three measurement repetitions/measurement site (Figure 9). The 

Young’s modulus (i.e., elastic modulus (EM)) was calculated from the force–distance 

curves by using the Hertz-fit model incorporated in the data processing software 

(Brucker, Billerica, MA, USA). 
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Figure 9: Representative images indicating the regions of interest subjected to elasticity measurements via AFM. 

Microscopic pictures of AFM-measured porcine adipose tissue-derived stromal cells (pADSCs) control monolayers 

(left pictures) and pADSCs injected by WN (middle pictures) or WJ (right pictures). Following WN and WJ injection, 

cells were collected, washed by PBS, and allowed to attach for 3 h in expansion medium before AFM measurements. As 

controls, cells that were not subjected to an injection procedure were used. The cantilever employed for measurements is 

also displayed (white star). Representative regions containing cells subjected to AFM measurements are also displayed 

(white squares). Images were acquired with the inverted AxioObserver D1 light microscope attached to the AFM system 

at a 10× magnification. Scale bar (black) represents 100 µm. Abbreviations: WJ—waterjet, WN—Williams needle. 

Cell Attachment Assay 

Cell attachment was analyzed on type I collagen-coated dishes, as previously 

described [35]. In brief, rat type I collagen (# 354236, 4.52 µg/µL, BD-Biosciences, 

Franklin Lakes, NJ, USA) was diluted 1E02, 1E03, and 1E04 in PBS, and 1 µL aliquots 

were distributed and airdried. The dish surface was coated with BSA (1% (w/v) in PBS) 

and washed. The pADCSs were detached by mild proteolysis (Accutase, Sigma, Munich, 

Germany), washed and resuspended in medium, and injected by WJ or WN in capture 

medium. The yield of viable cells was counted, and 1E06 cells were resuspended in 

200 µL of cell attachment medium and seeded onto the collagen spots [35]. As controls, 

pADSCs were detached, washed, resuspended, counted, and directly added to the collagen 

spots [35]. After incubation (15 min, 37 ◦C, humidified atmosphere), dishes were washed 

three times by PBS and the spots were recorded by aid of a microscope (AxioVert.A1, 

2.5× objective, Carl Zeiss AG, Jena, Germany). 
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Characterization of pADSCs Prior to and after WJ Injections 

The size and granularity of cells were determined by flow cytometry recording the forward 

scatter area (FSC-A) and side scatter area (SSC-A), respectively. To document their 

mesenchymal phenotype, the expression of cell surface markers was also analyzed. The 

expressions of CD44 (mAB # ab19622, 1:10 in PFEA buffer; abcam, Bristol, 

United Kingdom) and CD90 (PE-labelled mAB # 555596 1:5 in PFEA buffer; 

BD-Biosciences, Franklin Lakes, NJ, USA) were investigated as previously described [36]. 

Adipogenic and osteogenic differentiations were induced over 4 weeks by incubation of 

the pADSCs in the corresponding differentiation media. Controls remained in starvation 

media. The differentiation was visualized by von Kossa and Oil Red O staining [36]. 

Statistical Analysis 

The normality of the data was assessed by means of the Shapiro–Wilks test and 

histograms. Based on normality, the AFM values are either presented as a median and 

range (minimum-maximum) and graphically displayed as boxplots or as a mean ± standard 

deviation (SD) displayed as bar diagrams. Differences between groups of nonnormally 

distributed data were analyzed by the nonparametric Mann–Whitney U test. To allow and 

facilitate a comparison of our AFM data with other studies and due to the fact that our 

AFM data were not normally distributed, we computed and present the mean, median, SD, 

and standard error of the mean [37]. For normal-distributed data, a Student’s t-test was 

used. Statistical analysis was performed with SPSS Statistics 22 (IBM, Endicott, 

New York, NY, USA). 
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Study Limitations 

Experimental parameters used for AFM testing, such as indentation velocity and depth, 

indenter shape and size, as well as the accurate representation of tip geometry in model 

fitting [38], may impact absolute values of the measured mechanical properties [39,40]. 

They should not, however, affect the results within one study and their relation to each 

other. It has to be borne in mind that AFM analysis is generally restricted to the analysis of 

the outer surface of cell membranes. As the AFM is not capable of scanning the inside of a 

cell membrane, it implicitly means that it is not able to directly investigate intracellular 

structures. However, our focus of the present study was to investigate the average WJ and 

WN-related EM changes rather than probing specific cellular/intracellular components. 

Additionally, due to the limited availability of tissue samples, as well as to animal welfare 

considerations, the trade-off of using procedures is the mixing of statistically dependent 

and independent data, which formally is not indicated. Even though the obtained p-values 

thus need to be interpreted with the necessary caution, the measured tendency should still 

not be affected. 

Conclusions 

WJ injections of cells using the two-phase pressure and volume protocol enable 

applications of viable cells in fluids, as well as in tissues. For minimally invasive injections 

of cells by endoscope or cystoscope under visual control, the WJ grants a simple, precise, 

and reproducible method to apply viable cells. While many features of pADSCs such as 

viability, attachment, or differentiation capacities are not influenced by WJ injections, the 

overall yield of cells, as well as their biomechanical properties, show differences to cell 

injection by WN or standard needles. 
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Supplementary Materials 

 

Figure S1: Yield assessment after WN and WJ injections in capture fluid. Injections of pADSCs by cannula 

(control; 95.8±3.2%; p<0.001) or WN (95.8±1.3%, p<0.001) yielded higher total yields of cells when compared to WJ 

injections (74.4 ± 4.94%). Abbreviations: WJ – waterjet, WN – Williams needle. 
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Figure S2: Seeding and proliferation of fluorescence - labelled cells. Cells were labelled with calcein-AM to identify 

viable cells by green fluorescence. Calcein-labelled cells were WJ injected in tissue samples, collected, washed and 

seeded in cell culture vessels. By dark field microscopy (A,C,E) cells binding to the vessel were recorded. Fluorescence 

microscopy (B, D) visualized viable cells. As the calcein coloring dilutes with each cell division, fluorescent cells could 

not be recorded 6 days after inoculation of the cultures. 
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Figure S3: Differentiation of pADSCs after injection by WJ. Adipogenic (A,C,E) and osteogenic (B,D,F) 

differentiations of pADSCs were induced in vitro by incubation of the cells in the corresponding differentiation media for 

4 weeks in 6-well plates. Cells not injected by WJ served as controls (A,B). Cells injected by WJ in capture media (C,D) 

or in fresh cadaveric porcine sphincter tissue samples (E,F) were collected after WJ injection, washed, counted and 

incubated as the controls (A,B). After 4 weeks of differentiation, adipocytes were visualized by Oil Red O 

staining (A,C,E), while mineralization of the matrix by osteoblasts was detected by von Kossa staining (B,D,F) by 

microscopy. A scan of the total 6-wells is inserted in the upper right micrographs to facilitate the comparison of 

osteogenesis in the different populations. 
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Figure S4: Comparing the results of the Young's modulus in individual experiments. Boxplots (medians, minimum, 

maximum) of the stiffness (kPa) measured by atomic force microscopy for WN injected pADSCs in capture fluid (A), 

WJ injected pADSCs in capture fluid (B) and controls at different time points (t, C) are depicted. WN injected pADSCs 

of two distinct injections revealed a significant difference in stiffness while two distinct WJ injections displayed low but 

not significant different EM. The compared controls revealed no differences in stiffness even when stained with 

calcein AM. * p < 0.05; ns p > 0.05. Abbreviations: WJ – waterjet, WN – Williams needle. 



Publications 

89 

 

Figure S5: Investigation of the attachment of fluorescence-labelled cells after WJ injection. pADSCs were harvested 

and subjected to cell attachment assays (unstained controls (A-D) and Calcein AM stained controls (E-H)). Both 

populations attached to collagen at 1E02 (A,E) and 1E03 (B,F) dilutions, respectively. Unstained control cells weakly 

attached to collagen at 1E04 (C), while stained control cells showed slightly more attachment. Interaction with BSA 

served as negative controls (D,H). 
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Abstract  

Current regimen to treat patients suffering from stress urinary incontinence often seems not 

to yield satisfactory improvement or may come with severe side effects. To overcome 

these hurdles, preclinical studies and clinical feasibility studies explored the potential of 

cell therapies successfully and raised high hopes for better outcome. However, other 

studies were rather disappointing. We therefore developed a novel cell injection 

technology to deliver viable cells in the urethral sphincter complex by waterjet instead of 

using injection needles. We hypothesized that the risk of tissue injury and loss of cells 

could be reduced by a needle-free injection technology. Muscle-derived cells were 

obtained from young male piglets and characterized. Upon expansion and fluorescent 

labeling, cells were injected into cadaveric tissue samples by either waterjet or injection 

needle. In other experiments, labeled cells were injected by waterjet in the urethra of living 

pigs and incubated for up to 7 days of follow-up. The analyses documented that the cells 

injected by waterjet in vitro were viable and proliferated well. Upon injection in live 

animals, cells appeared undamaged, showed defined cellular somata with distinct nuclei, 

and contained intact chromosomal DNA. Most importantly, by in vivo waterjet injections, 

a significantly wider cell distribution was observed when compared with needle injections 

(P < .05, n ≥ 12 samples). The success rates of waterjet cell application in living animals 

were significantly higher (≥95%, n = 24) when compared with needle injections, and the 

injection depth of cells in the urethra could be adapted to the need by adjusting waterjet 

pressures. We conclude that the novel waterjet technology injects viable muscle cells in 

tissues at distinct and predetermined depth depending on the injection pressure employed. 

After waterjet injection, loss of cells by full penetration or injury of the tissue targeted was 

reduced significantly in comparison with our previous studies employing needle injections. 

Keywords 

myoblast injection, waterjet technology, cell therapy, muscle regeneration, urinary 

incontinence, porcine model 
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Introduction 

Urinary incontinence (UI) is a rather frequent condition. The prevalence in adult 

populations was reported to range from 15% to 35%1–4. Stress urinary incontinence (SUI), 

the most common form of UI, is characterized by involuntary loss of urine under 

mechanical stress to the lower pelvic floor, for example, by lifting, coughing, or sneezing. 

In men, prostate surgery is the main risk factor for SUI. In women, SUI is associated with 

pregnancy and vaginal delivery. SUI is caused by a functional deficiency of the urethral 

sphincter complex. This may stem from loss of muscle tissue, apoptosis of muscle cells, or 

loss of muscular enervation5. When diagnosed in time, physical exercise of lower pelvic 

floor muscles may improve sphincter function. Exercise in combination with bio-feedback 

and/or electrostimulation is a suggested regimen as well6. Activation of muscle precursor 

cells residing in the sphincter tissue may contribute to functional regeneration upon 

exercise or electrophysiological stimulation7. But SUI is a condition caused by severe 

reduction in sphincter performance due to loss of muscle cells or muscular enervation. 

Therefore, treatment of SUI requires other strategies8. For more severe cases and after 

failed conservative treatment, current guidelines advice for surgical approaches: 

Implantation of artificial sphincters and fixing the position of the urethra by artificial 

supports, for example, by tapes, are common regimens SUI treatment. But the median 

durability and biocompatibility of implants still fall short of expectations. This motivated 

preclinical research and clinical feasibility studies investigating the prospects of SUI cell 

therapy9–12. 

The sphincter complex includes two types of muscle tissue: the lissosphincter, composed 

of smooth muscles, and the rhabdosphincter, composed of striated muscles. Accordingly, 

cell therapy of SUI in (pre)clinical studies employed two distinct strategies: strengthening 

the striated muscle by injection of muscle-derived cells (MDCs)13–15 or improving smooth 

muscle function as well as the vascularization and enervation by injection of mesenchymal 

stromal cells (MSCs), adipose tissue–derived stromal cells (ADSCs), or related cells11,16,17. 

For cell injections, minimally invasive and transurethral approaches are preferred, and cells 

are injected by needles under visual control using a cystoscope. But recent animal studies 

provided evidence that needle injections of cells in the sphincter complex by transurethral 

route using a cystoscope often misplaced the cells18,19. Deposition of cells at suboptimal 

sites or even loss of cells by full penetration of the needle through the delicate urethral 
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sphincter may in part explain the contradictory situation in reports on SUI cell therapy10. 

To improve precision of cell injection in the urethral sphincter, we developed a novel 

waterjet (WJ) technology and used primarily ADSCs20–22. By this novel technology, cells 

ride gently in a stream of an isotonic buffer less than 200 μm wide and, if needed, enriched 

by bioactive molecules such as growth factors or by components facilitating attachment of 

cells to the injection side20,21. The energy of this narrow jet is sufficient to open the 

smallest cavities, probably less than 500 μm wide, without direct contact of the jet’s nozzle 

to the tissue surface. By preselection of the injection pressure, the energy of the jet can be 

adapted to the tissue targeted. Thus, full penetration of the urethra by the jet can be 

avoided21. Moreover, in contrast to sturdy injection needles, a WJ does not punch “wide 

holes” in tissues targeted, thus reducing loss of any active components by reflux and tissue 

damage, inflammation, or entry of urine in submucosal layers18,19. To discover whether 

regeneration of muscular tissues was potentially facilitated by WJ injection of MDCs, we 

had to investigate whether myoblasts derived from satellite cells of skeletal muscle tissue 

can be delivered and recovered with sufficient viability upon injection in tissue samples 

and survive WJ injection in live animals. In this study, we present evidence that injection 

of MDCs by WJ in the porcine urethra delivers viable cells fast, simple, and with high 

precision, minimal tissue damage, and convincing yield. 
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Material and Methods 

Isolation, Cultivation, and Labeling of Porcine MDCs 

MDCs were isolated from male wild-type (WT; German Landrace) or transgenic (TG) 

piglets expressing a near-infrared fluorescent protein (iRFP720 transgene under the control 

of the ubiquitous active chicken beta actin promoter)23 about 4 to 5 days after birth and 

expanded as described24–26. In brief, WT piglets were sacrificed using carotid artery 

bleeding after captive-bolt pistol. TG piglets were sedated (atropine 0.05 mg/kg, 

intramuscularly and azaperone 4 mg/kg, intramuscularly). After initial sedation, deep 

anesthesia was established by phenobarbital (150 mg/kg, intramuscularly), confirmed by 

checking reflexes, and the piglets were sacrificed by carotid artery bleeding. Then the 

dermis was cleaned and sterilized. The dermis was opened by the aid of scalpel and 

scissors to prepare musculus longissimus or musculus semitendinosus. Pieces of the 

muscles were excised aseptically (approximately 15 g wet weight), washed, and 

transported in enriched phosphate-buffered saline (PBS) on wet ice. Then, the tissue was 

minced by blade and enzymatically degraded (20 min, 37°C, agitation in digestion buffer: 

0.025% trypsin, 0.2% mixed collagenases I + II, 0.01% DNase I in PBS). The supernatant 

was filtered (100 μm nylon strainer), sedimented (800 × g, 4°C, 10 min), and the pellet was 

resuspended in Dulbecco’s Modified Eagle Medium (DMEM), mixed with digestion buffer 

again for two additional rounds of tissue degradation. Muscle extracts were pooled. The 

MDCs were enriched by Percoll step-gradient centrifugation as described (15,000 × g, 4°C, 

9 min)26. The interface containing mononuclear cells was aspirated, diluted in DMEM, and 

washed twice by centrifugation. Purified MDCs were expanded in type I collagen–coated 

flasks in growth medium containing DMEM complemented with 10% fetal bovine serum 

(FBS), glutamine, and antibiotics as described24–26. At cell densities of approximately 70% 

of confluence, cells were harvested, counted, split in a 1:3 ratio, and expanded further up to 

their third or fourth passage of in vitro culture to generate cells for characterization and 

injection experiments. 

To visualize injected MDCs and discriminate them from the target tissue, cells were 

labeled by fluorescent dyes prior to injections in cadaveric urethra samples or in live pigs. 

In some experiments, MDCs expressing the iRPF720 reporter were employed. Generation 

of TG pigs was licensed by the Bavarian State Authorities (file # ROB-55.2-2532. 

Vet_0217-136). For in vitro experiments, MDCs were labeled by calcein-AM and ethidium 
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homodimer following the manual (Life/dead viability/cytotoxicity kit; Thermo Fisher 

Scientific, Schwerte, Germany) and injected into fresh porcine cadaveric urethra samples 

by Williams needle (WN; Cook Medical, Bloomington, IN, USA)18 or by WJ (Erbe 

Elektromedizin GmbH, Tübingen, Germany)20. For in vivo experiments, MDCs were 

labeled immediately prior to injections by PKH26 following the manual (PKH26 label kit; 

Thermo Fisher Scientific)27, washed with PBS, counted, and prepared for WJ injections. In 

some experiments, 70% of MDCs were labeled by PKH26 and 30% by a baculovirus 

system expressing a recombinant enhanced green fluorescent protein (eGFP) as fusion 

protein to histone 2B as requested by the supplier (CellLight BacMam 2.0; Thermo Fisher 

Scientific). Efficacies of cell labeling were visualized by microscopy in phase contrast 

transmitted light versus fluorescence mode (Axiovert A1; Zeiss, Oberkochen, Germany). 

Characterization of Porcine MDCs 

For analysis of transcript expression, cells were detached by aid of trypsin-EDTA, washed 

twice with PBS, and sedimented in 1.5 ml centrifugation tubes. Total RNA was extracted 

using RNeasy mini kits following the manual (Qiagen, Hilden, Germany) and DNA was 

removed by DNase. Yield and purity of RNA were measured by UV-spectrophotometry 

(Nanodrop; Implen, München, Germany). Complementary DNA (cDNA) was 

reverse-transcribed following the manuals (oligo-dT priming, MMLV enzyme, 42°C, 60 

min, cDNA kit; Takara Bio Inc., Kusatsu, Shiga, Japan). Transcripts encoding myostatin 

(MSTN), the transcription factors myogenic factor-5 and myogenic factor-6 (MYF5, 

MYF6), myogenic differentiation 1 (MYOD1), myosin light chain 1 (MYL1), as well actin 

(ACTA2) and desmin (DES) were detected by quantitative polymerase chain reaction 

(qPCR) of cDNAs using swine-specific primer pairs (Table 1) and the following 

amplification protocol: 2 min 94°C for separation of RNA from cDNA and 35 cycles of 

amplification (30 s 58°C for primer annealing, 60 s 72°C for primer extension, 30 s 94°C 

for melting of double stands), followed by product completion for 5 min at 72°C 

(LightCycler 480; SybrGreen PCR amplification kit; Roche, Basel, Switzerland). PCR 

product amounts of the individual myogenic target genes were normalized to 

β2-microglobulin (B2M) as a housekeeping gene and in addition to an established DNA 

standard in each run31,32. Amplifications without DNA served as negative controls. Melting 

point analyses and agarose gel electrophoresis of the PCR products confirmed quality and 

sizes of the amplifications33. 
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Table 1: Primers Employed for PCR 

Gene Upper primer Lower primer Size Acc. number Ref. 

ACTA2 CGGGCAGGTCATCACCATC CGTGTTGGCGTAGAGGTCCTT 160 NM_001164650.1 

Maak 

and 

Wicke28 

DES ACACCTCAAGGATGAGATGGC CAGGGCTTGTTTCTCGGAAG 176 NM_001001535.1  

MYF5 GCTGCTGAGGGAACAGGTGGA CTGCTGTTCTTTCGGGACCAGAC 135 NM_001278775.1 

Maak 

and 

Wicke28 

MYF6 CGCCATCAACTACATCGAGAGGT ATCACGAGCCCCCTGGAAT 189 NM_001244672.1 

Maak 

and 

Wicke28 

MYL1 CTCTCAAGATCAAGCACTGCG GCAGACACTTGGTTTGTGTGG 198 NM_214374.2 

Maak 

and 

Wicke28 

MYOD1 CACTACAGCGGTGACTCAGACGCA GACCGGGGTCGCTGGGCGCCTCGCT 145 NM_001002824.1 

Maak 

and 

Wicke28 

MSTN CCCGTCAAGACTCCTACAACA CACATCAATGCTCTGCCAA 141 NM_214435.2 

Maak 

and 

Wicke28 

B2M ACGGAAAGCCAAATTACCTGAACTG TCTGTGATGCCGGTTAGTGGTCT 261 NM_213978.1 
Kalbe et 

al29 

SRY GACAATCATAGCTCAAACGATG TCTCTAGAGCCACTTTTCTCC 133 NC_010462.3 
Jaillard 

et al30 

PCR primer pairs for specific amplification of porcine cDNA and chromosomal DNA. The column “Gene” refers to 

chromosomal DNA or complementary DNA; columns “upper primer” and “lower primer” refer to all primers in 5′ > 3′ 

orientation; column “Size” refers to PCR product lengths according to the published sequences in base pairs (bp) and 

confirmed by electrophoresis in agarose gels; column “Accession Number” denotes the gene bank accession numbers 

(www.ncbi.nlm.nih.gov); and column “Ref.” refers to a citation where applicable. 

The expression of muscle-associated proteins desmin, and fast and slow myosin was 

investigated on cells by immunofluorescence34. To this end, MDCs were seeded in coated 

chamber slides, incubated overnight in complete medium, washed twice with cold PBS, 

and fixed by methanol (10 min, −24°C). Methanol was aspirated and cells were rinsed 

twice with PBS at ambient temperature (AT). Unspecific binding sites were saturated by 

blocking buffer [5% dry milk powder in 0.1% Tween-20 in PBS (T-PBS), 37°C, 30 min]. 

The samples were washed twice with T-PBS. Primary antibodies reactive with porcine 

antigens (Table 2) were dissolved in blocking buffer and incubated in a humidified 

chamber in the dark at 37°C for 2 h. The primary antibodies were aspirated, and the 

samples were washed three times with T-PBS at AT. Then fluorescent-labeled detection 

antibodies were added and incubated (37°C, 1 h, dark; Table 2). The samples were washed 
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three times with T-PBS at AT, and nuclei were stained by 4′,6-diamidino-2-phenylindole 

(DAPI). The cells were visualized by fluorescence microscopy (LSM 510 meta; Zeiss). 

Samples omitting the primary antibodies served as controls. 

Table 2: Antibodies Employed 

Antigen Antibody Source Label Dilution Company 

Desmin IgG, pAB Rabbit ø 1:200 Abcam 15200 

Fast myosin Serum Rabbit ø 1:200 Abcam 91506 

Slow myosin IgG, mAB Mouse ø 1:100 Abcam 11083 

Rabbit IgG IgG, pAB F(ab′)2 Donkey FITC 1:100 Jackson 711-096-152 

Mouse IgG IgG, pAB F(ab′)2 Donkey Alexa Fluor 488 1:2,000 Abcam 181289 

Antibodies for immunocytochemistry and immunohistochemistry. Antibodies utilized as primary antibodies (lines 1–3) 

and for detection of primary antibodies (lines 4, 5) of cells in chamber slides or on cryosection. FITC: fluorescein 

isothiocyanate; pAB: polyclonal antibody; mAB: monoclonal antibody. 

Injections of Cells in Porcine Cadaveric Urethra Samples 

Fresh cadaveric female porcine urethra samples were obtained from the local abattoir. 

Debris was removed and a catheter was inserted in the urethra. To mimic the elasticity of 

lower pelvic floor tissues during cell injections, the urethra was placed on a soft sponge 

with the ventral side up. By scissors, the urethra was opened longitudinally to gain access 

to the inner side of the tube as described20. For needle injections, a 2-ml syringe was filled 

with labeled MDCs (2.4E06 ml−1 in complete medium) and aliquots of 250 μl were 

injected by WN (23 gauge; 8 mm tip; Cook Medical; Fig. 1A). For WJ injections, labeled 

MDCs (6.0E06 ml−1 in complete medium) were loaded in the dosing unit of the WJ device 

and aliquots of 100 μl were injected in orthogonal position using an upgraded pump and 

controller system (UPaCS) based on an ErbeJet2 device in an improved pressure control 

mode (IPCM). With this system, cell administration into the desired layer is performed by 

a two-phase injection. In the first phase, a high-pressure jet of a transport medium is 

applied at a pressure ≥60 bar to loosen the extracellular matrix of the tissue on its way to 

the point of treatment and to open small interconnecting micro-lacunae for the cells next to 

or within the muscle. In a second step, the pressure of the jet is reduced fast to a low level 

(eg, 10 bars) and cells are gently added to the jet exiting the nozzle35. In these experiments, 

we used pressure settings of 60 bars (Effect 60 = E60) and 80 bars (Effect 80 = E80) for 

tissue penetration and a pressure of 10 bar (E10) for cell injection20. In one set of 

experiments, cells injected by WN or WJ in cadaveric tissue samples were recovered by 
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careful aspiration using a G18 needle and syringe. The injection area was flushed once 

with complete medium to harvest the remaining cells. Cells extracted were pooled, washed 

once with complete medium, seeded in coated six-well plates, and cultured in complete 

medium to determine the yield of fluorescent viable MDCs and to study their proliferation 

after in vitro injections as described recently20. In a second set of experiments, injection 

sides were sealed immediately after cell injections by superglue. The tissue pieces injected 

were excised to prepare cryosections for histology (see below).  
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Figure 1: Schematic overview of cell injections. For cell injections in cadaveric urethra samples, the urethra was 

opened and placed on a sponge with the epithelium (ie, urothelial cell layer) facing up. (A) Injections in the submucosal 

layer by WN were performed at an angle of approximately 30° to 45°. For cell injections, the tip of the WN was inserted 

in the tissue for a few millimeters. Injections by WJ were performed vertically. The tip of the WJ lance was lowered by a 

gauge to the surface of the urothelial layer and moved 2 mm down without tissue penetration to avoid loss of cells by 

splash to the side caused by the Bernoulli effect. The X- and Y-dimensions for histologic evaluation are explained in the 

inserts on top. (B) For transurethral cell injections in living animals by aid of cystoscope under visual control, WJ 

injections were performed. After slightly tilting the device in the urethra, the flexible tip of the injection lance enabled 

angulated WJ injections in the urethra without penetration of the urothelium. (C) Schematic overview for determination 

of the distribution of cells in the tissue targeted and determination of DISIC. WN: Williams needle; WJ: waterjet; 

DISIC: distance between sphincter muscle and injected cells. 
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WJ Injection of MDCs in the Urethra of Female Pigs 

The efficacy of WJ injections of MDCs was studied in vivo in a large animal model18. 

Healthy female landrace hybrid pigs (n = 24, average weight 45 kg) were purchased and 

adapted to the new habitat at six animals per pen in the University’s Animal Facilities 

under ethical husbandry and veterinarian observation for 7 days prior to surgery. On the 

day of surgery (day 1), animals were sedated by atropine (0.05 mg/kg, intramuscularly) 

and azaperone (4 mg/kg, intramuscularly) and then anesthetized (propofol, 4 mg/ kg//h 

intravenously; fentanyl, 30–100 µg/kg/h intravenously; isoflurane, 0.8–1.6 vol%). The 

urethra and bladder of each animal were examined prior to the injections by cystoscopy, 

and healthy urine status was confirmed by urine test strips (Combur10 Test M; Roche). A 

sensor catheter for determination of the urethral wall pressure was introduced by aid of a 

cystoscope under visual control (T-Doc 7 Fr dual sensor catheter; Laborie, Enschede, 

The Netherlands). The urethral wall pressure and the localization of the sphincter complex 

were determined by urodynamic measurement (Aquarius TT UDS120; Laborie) as 

described36. Fluorescent MDCs were injected in the area of urethral wall pressure maxima 

(Supplemental Fig. S1) by WJ employing the UPaCS and IPCM at E60-10 and E80-10 

settings (Supplemental Fig. S2). After surgical intervention, animals were either sacrificed 

to prepare urethral tissue samples for immediate analyses (subcutaneously, day 1) or kept 

in husbandry under veterinarian supervision for a follow-up of 3 or 7 days, respectively, 

and analyzed thereafter. The animal study was approved by the local Animal Welfare 

Authorities (file: CU-01/16; NTP: 33978-3-1). 

Detection of Injected Cells 

For preparation of urethra samples from injected animals, pigs were sedated (atropine 

0.05 mg/kg intramuscularly + azaperone 4 mg/kg intramuscularly) and then anesthetized 

(phenobarbital intravenously, 100 mg/kg), and reflexes were checked. Pigs were sacrificed 

in deep anesthesia by injection of T61 (0.3 ml/kg). Death was confirmed by checking 

reflexes and bladder and urethra were prepared. After retrieval, the tissue samples were 

transported in bags on wet ice immediately to an In Vivo Imaging System (IVIS Spectrum; 

PerkinElmer, Waltham, MA, USA). Fluorescent cells were localized in the urethra by IVIS 

(Supplemental Fig. S3) and the region of interest was excised. These pieces were 

embedded in molds in freezing compound (TissueTec O.C.T.; Sakura, Umkirch, Germany) 

and frozen in liquid nitrogen. 
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Cryosections were generated (20 μm; CM1860UV; Leica, Wetzlar, Germany), stained by 

DAPI, and mounted as described21. PKH26-labeled cells and cells expressing green 

fluorescent protein (GFP) were detected by fluorescence microscopy (Observer C1, 

LSM510 meta; Zeiss). Muscular cells and muscle tissues were visualized by incubation of 

cryosections with a phalloidin-iFluor488 conjugate (1:1,000; AAT Bioquest; Biomol, 

Hamburg, Germany). Urethral tissue samples were explored by H&E and AZAN staining 

as well36. Investigating injected MDCs in consecutive cryosections by microscopy 

determined the distribution of cells in the urethra depending on tissue height (Z-axis; 

Fig. 1). By automated lateral scanning, the width (Y-axis) and depth (X-axis) of cell 

distribution were determined in the area of widest distribution of fluorescent MDCs 

(Observer Z1 with apotome, LSM510 meta, fully automated motorized table; Zeiss). In 

addition, the distance between sphincter muscle and injected cells (DISIC) was 

determined. To measure the DISIC, the center of the injected cells was computed on 

stitched microscopy pictures and the mean distance of the cell center to the 

rhabdosphincter muscle was computed (Fig. 1C; Zen software; Zeiss). To determine 

whether cells were intact after WJ injections, DNA was isolated from four to six 

consecutive cryosections containing PKH26-positive cells. To this end, tissue was 

scratched off, collected in centrifugation tubes, and DNA extracted following the 

instructions of the kit (DNeasy blood and tissue DNA extraction kit; Qiagen). The yield 

and purity of chromosomal DNA were determined by UV spectroscopy (Nanodrop, 

Implen), and intact chromosomal DNA was confirmed by the detection of the gene 

encoding sex-determining region (SRY) using pig-specific primers (Table 1) and PCR as 

described above but using 60°C for primer annealing. The product quality was confirmed 

by melting point analysis and agarose gel electrophoresis. 

Statistics 

Experimental data were recorded by proprietary software programs of the individual 

devices or generated by spreadsheet app (Excel; Microsoft, Albuquerque, NM, USA). For 

statistical analyses, two-sided unbiased t tests were employed (PRISM; GraphPad 

Software, San Diego, CA, USA). P values below .05 (*) or smaller were regarded 

significant and marked in the artwork accordingly. 
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Results 

Characterization of Porcine MDCs 

Muscle cells were isolated from muscle tissue of young male WT or TG landrace piglets 

and expanded as described26. The MDCs proliferated well in vitro up to the sixth passage 

(Fig. 2A). Prominent expression of the myogenic marker genes MYOD1, DES, ACTA2, and 

MYL1 was confirmed by reverse transcription qPCR (RT-qPCR) in all MDC preparations 

in the third or fourth passage of in vitro culture (Fig. 2B). The expression of MYF5 was 

lower in MDCs from TG piglets when compared with MDCs from WT piglets, while 

MYF6 and MSTN were low in both populations (Fig. 2B). In addition, the expression of 

desmin, and fast- and slow-twitch myosin in MDCs was investigated by immune 

fluorescence microscopy (Fig. 2C). Desmin expression was observed in MDCs from WT 

and TG piglets. The expression of fast-twitch myosin was low in WT MDCs and 

somewhat higher in MDCs from TG animals. The expression of slow-twitch myosin was 

observed only in a few MDCs of TG animals (Fig. 2C). 
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Figure 2: Characterization of porcine MDCs. (A) MDCs were isolated and expanded in vitro. The proliferating MDCs 

appeared as adherent populations as exemplified for the first three passages P1 to P3. Size bars = 100 μm. (B) The 

expression of myogenic marker transcripts was explored by RT-qPCR to compare the populations isolated from young 

WT and TG piglets. The graphic presents the normalized mean transcripts amounts and standard deviations (Y-axis) of 

seven genes as indicated (X-axis; WT: n = 1, TG: n = 4). (C) The expression of myogenic marker proteins desmin, and 

fast-twitch and slow-twitch myosin in WT and TG MDCs with specific primary antibodies, followed by counterstaining 

with FITC-labeled or Alexa 488–labeled detection antibodies (green). Nuclei were counterstained by DAPI (blue). Both 

populations expressed desmin. Fast myosin was expressed by WT MDCs at low and by TG MDCs at moderate levels. 

Slow myosin was detected only on a few cells from TG piglets. Size bars = 50 μm. Cells reacted with detection 

antibodies only served as controls (c). MDCs: muscle-derived cells; WT: wildtype; TG: transgenic; FITC: fluorescein 

isothiocyanate; DAPI: 4′,6-diamidino-2-phenylindole; RT-qPCR: reverse transcription quantitative polymerase chain 

reaction. 
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Injection of MDCs by WJ and WM in Tissue Samples 

To explore whether porcine MDCs can be injected by WJ with high viability employing 

the unmodified prototype lance, cells from male piglets were expanded, harvested, 

counted, and injected in capture fluid in 16 independent tests. WJ injection using this lance 

yielded an average normalized MDC viability of 77% ± 10%. In the next experiments, 

MDCs from young WT piglets were expanded and labeled by calcein-AM to flag viable 

cells by green fluorescence and injected by WJ or WN in fresh cadaveric urethra samples 

(n = 12 tests). In addition, injections were performed with TG MDCs (n = 13 tests). In one 

set (ie, 8× WJ injection and 4× WN injection), cells were collected immediately after 

injection, washed, and expanded in vitro for up to 5 days of culture. Prominent differences 

in the yields of fluorescent viable cells were not observed between samples injected by WJ 

versus WN. Cells directly seeded in culture vessels served as control (Fig. 3A). This 

corroborated that WJ injections of MDCs delivered viable cells in tissue samples at 

efficacies comparable to injections by WN, and at the same time confirmed recent studies 

employing WJ injections of porcine stromal cells25. In a second set of experiments, 

cryosections were generated from cadaveric tissue samples immediately after cell injection 

of TG or calcein-AM-labeled MDCs by WJ (n = 8) or WN (n = 5). Immune fluorescence 

microscopy determined the localization of MDCs in cadaveric tissue samples. Fluorescent 

cells were detected after injections by WN and WJ in all samples investigated (n = 13; 

Fig. 3B, C). Injections by WN generated fluid-filled domes in the submucosal layer of 

cadaveric urethrae, and cells tended to cluster at the injection front (Fig. 3B). Injections by 

WJ stretched the submucosal layer of cadaveric urethrae as well, but the cells tended to 

yield less compact clusters (Fig. 3C). Comparable patterns were observed upon WJ 

injection of nano- and microparticles in cadaveric samples (data not shown). 
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Figure 3: Cell injections in cadaveric tissue samples. (A) Examples of calcein-AM-labeled MDCs injected by WJ or 

WN in fresh porcine cadaveric urethra samples, aspirated, washed, and seeded in six-well plates for further expansion in 

culture. Significant differences between yield of viable cells and their proliferation rates were not observed. Noninjected 

calcein-AM-labeled MDCs served as controls. The pictures are representative artwork from a 5-day follow-up. Size bars 

indicate 50 μm. (B) TG MDCs were injected by WN in fresh porcine cadaveric urethra samples. Cryosections were 

generated and stained by fluorescent phalloidin to visualize the injected cells and muscular tissue. The sphincter muscle 

and injected MDCs appear green in the stitched overview (10× objective, left, size bar 2 mm). Injected TG MDCs appear 

yellow in the magnified micrograph (20× objective, right, size bar 0.2 mm). (C) TG MDCs were injected by WJ in fresh 

porcine cadaveric urethra samples. Cryosections were generated and stained by fluorescent phalloidin to visualize the 

injected cells and muscular tissue. The sphincter muscle and injected MDCs appear green in the stitched overview 

(10× objective, left, size bar 2 mm). Injected TG MDCs appear yellow in the magnified micrograph (20× objective, right, 

size bar 0.5 mm). Cell nuclei were counterstained by DAPI (blue). MDCs: musclederived cells; WJ: waterjet; 

WN: Williams needle; TG: transgenic; DAPI: 4′,6-diamidino-2-phenylindole. 
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Transurethral Injection of MDCs by WJ in Live Animals 

Based on the in vitro injections of MDCs (Fig. 3), a preclinical animal study was 

performed with WJ cell injections. MDCs were produced as described above, 

characterized, and labeled by PKH26 staining. Prior to each WJ injection, the sphincter 

complex was localized by measurement of the urethral wall pressure 

(Supplemental Fig. S1). In the first series of experiments, MDCs were injected by the 

improved WJ protocol (UPaCS / IPCM) at pressure settings E60-1020 

(Supplemental Fig. S2) using a further improved prototype lance allowing sidewise 

injections by bending the lance nozzle. Urethral tissue samples were prepared after 1 h of 

in vivo incubation (ie, day 1) or after 3 and 7 days of follow-up. The injected cells were 

localized in the urethrae by IVIS (Supplemental Fig. S3), followed by 

(immuno)fluorescence microscopy of cryosections (Fig. 4A–C). Injected MDCs were 

observed in 94% of treated animals in the submucosa of the urethra (17/18 animals; 

Fig. 4A–C). Higher magnification presented fluorescent cell somata with intact nuclei 3 

and 7 days after injection (Fig. 4D, E). In a second set of experiments, MDCs were injected 

by WJ using the improved UPaCS / IPCM at elevated pressure settings (E80-10) and 

analyzed as described above after 3 days of follow-up (Fig. 5). In 11 of 12 injection sites 

(ie, 91%), corresponding to treatment of six animals by E80-10 WJ injections, fluorescent 

MDCs were detected. In stitched micrographs, fluorescent cells were localized mainly in 

the submucosa of the porcine urethra (Fig. 5A). However, cells appeared somewhat closer 

to the lissosphincter and rhabdosphincter muscle layers when compared with E60-10 

injections. Again, micrographs taken at higher magnification demonstrated fluorescent cell 

somata with intact cell nuclei (Fig. 5B). 
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Figure 4: WJ injections in living animals at moderate pressure levels. Stitched micrographs (10× objective) of 

complete cryosection samples document PKH26-labeled fluorescent red cells in pigs treated by WJ and E60-10 protocol 

(A) prepared on day 1, (B) on day 3, and (C) on day 7 after injections. Cells are localized in the submucosa. Muscle 

tissue is stained by phalloidin and appears green, and cell nuclei are counterstained by DAPI and appear blue. 

Size bars = 2 mm. (D) By larger magnification (40× objective), PKH26 fluorescent cell somata surrounded by defined 

nuclei and detection of the expression of recombinant GFP suggest that cells injected are intact and alive after 3 days of 

follow-up. (E) PKH26-labeled cells were also detected after 7 days of follow-up. Size bars = 20 μm. WJ: waterjet; 

DAPI: 4′,6-diamidino-2-phenylindole; GFP: green fluorescent protein. 
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Figure 5: WJ injections in living animals with elevated pressure levels. Stitched micrographs (10× objective, 

size bar = 2 mm) of complete cryosection samples document PKH26-labeled fluorescent red cells in pigs treated by WJ 

and E80-10 protocol (A) on day 3 after injection. Cells are localized in the submucosa closer to the muscle. Muscle tissue 

is stained by phalloidin and appears green, and cell nuclei are counterstained by DAPI and appear blue. (B) By larger 

magnification (40× objective, size bar = 20 μm), PKH26-labeled fluorescent cell somata surrounded by defined nuclei 

indicate that the injected cells are intact. WJ: waterjet; DAPI: 4′,6-diamidino-2-phenylindole. 

The three-dimensional distribution of cells and the injection depths after injections by WJ 

versus WN in cadaveric urethra samples, as well as the distribution and injection depths of 

cells after WJ injection in the urethra of living cells were measured in consecutive 

cryosections by fluorescence microscopy (Figs. 1 and 6). Rather, narrow cell distribution 

and no major differences were computed in the X- and Y-dimensions of MDC injections in 

cadaveric samples in comparison with living animal injections using the E60-10 protocol 

(Fig. 6A). The computed statistically significant differences between E60-10 injections in 

X-dimensions in living animals versus cadaveric samples as well as the significance 

between E80-10 and E60-10 WJ injections in living animals in Y-dimensions were 

considered biologically irrelevant (Fig. 6A). In contrast, significant differences were noted 

in the Z-dimension between injections in living animals employing the E80-10 versus 

E60-10 injection protocol (n ≤ 12, P < .005; Fig. 6A). Comparably, the distribution of cells 

along the Z-dimension after WN injections in cadaveric samples was significantly higher 

when compared with WJ injections using the E60-10 protocol (n ≥ 5, P < .01; Fig. 6A). 
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Figure 6: Three-dimensional cell distribution in tissues targeted. (A) Consecutive stacks of cryosections were 

investigated to determine the distribution of cells in three dimensions after injection by WJ using the E60-10 or E80-10 

protocol in LA and after injection in CS by WJ using the E60-10 protocol or by WN as indicated. In the X- and Y-axes, 

only minor differences were measured. Distribution of MDCs in the height (ie, Z-axis) was significantly higher after WJ 

E80-10 injections in living animals when compared with WJ E60-10 injections. WJ E60-10 injections in living animals 

yielded a significantly higher cell distribution when compared with WJ E60-10 injections of MDCs in cadaveric tissue 

samples. Due to the angular WN injection in cadaveric samples, MDC distribution along the X-axis was significantly 

higher after WN injection in cadaver tissue samples when compared with perpendicular WJ E60-10 injections. 

(B) Distribution of cells was also investigated in XY-, YZ-, and XZ-planes as indicated. WJ E80-10 injections in living 

animals showed a significantly wider distribution in the YZ-plane when compared with WJ 60-10 injections. 

Comparably, in the XZ-plane, WJ E80-10 injections showed a significantly wider distribution when compared with WJ 

60-10 injections. WJ E60-10 LA injections yielded significantly larger distribution in the XZ-plane when compared with 

injections in cadaveric urethra samples. (C) The distance between the sphincter muscle and the injected cells was 

significantly higher after WJ E60-10 injections in living animals when compared with WJ E80-10 injections. 

WJ: waterjet; LA: living animals; CS: cadaveric tissue samples; WN: Williams needle; MDCs: musclederived cells. 

Significance levels were *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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When the cell distribution was calculated from consecutive samples in a two-dimensional 

manner, the X-Ydistribution (“depth–width”) did not differ between E60-10 WJ and WN 

injections in living animals versus cadaveric samples (Fig. 6B). But in Y-Z-dimensions 

(“width-height”), the E80-10 in the injection area was significantly larger when compared 

with E60-10 injections (n ≥ 12, P < .005; Fig. 6B), while E60-10 WJ injections in 

cadaveric samples in comparison with WN injections did not yield different cell 

distributions in the Y-Z-dimensions (Fig. 6B). Comparing the cell distribution in the 

X-Z-plane (“depth– height”), significant differences were obtained upon WJ injections 

using the E60-10 versus E80-10 mode in living animals (n ≥ 12, P < .05; Fig. 6B). 

WJ injections in the elevated pressure mode E80-10 generated a wider cell distribution in 

X-Z-dimensions. 

In addition, the DISIC was measured after WJ injections in living animals. Using the 

E80-10 WJ protocol, cells were injected significantly deeper in the urethra and closer to 

the rhabdosphincter muscle when compared with E60-10 WJ injections (n ≥ 11, P < .005; 

Fig. 6C). However, a full penetration of the jet was observed in 1 of 6 animals using the 

E80-10 WJ protocol (83% success rate; Fig. 7A) but not in any of the 18 animals using the 

E60-10 protocol. In 1 of 18 animals treated by E60-10 WJ injection, MDCs were found 

deep in the urethra within the lissosphincter and rhabdosphicter muscles (Fig. 7B). Upon 

WJ injections, cells were detected by IVIS and in cryosections in samples from 23 of 24 

pigs treated. The WJ injections reported here yielded an overall success rate of 95.8%. 

WJ injections caused a minor bleeding in 8 of 24 animals. This was observed during 

surgery by transurethral cystoscopy. Small injuries of the inner surface of the porcine 

urethra were noted in cryosection samples prepared immediately after WJ injections. No 

visible injuries but small hematoma was observed 3 days after WJ injection, while after 

7 days of follow-up hematoma was resolved and only minor tissue coloring was noted 

(not shown). Infiltration of mononuclear cells was not observed in tissue samples 3 and 

7 days after WJ injection (Fig. 8), and the urine status was without pathology in all animals 

(not shown). 



Publications 

112 

 

Figure 7: Injection depth reached by WJ in living animals. (A) Cryosamples were generated after WJ injections in 

living animals and stained by phalloidin and DAPI to label muscle in green and cell nuclei in blue. WJ E80-10 injection 

of MDCs caused full penetrations on both lateral injection spots in one of six pigs. In one penetration spot, 

PKH26-labeled MDCs were not detected (yellow arrow), while on the other site PKH26-labeled MDCs were observed 

outside the urethra (white arrow). (B) WJ E60-10 injections yielded a deep penetration in 1 of 18 pigs, and 

PKH26-labeled MDCs were detected in the muscular layers of the sphincter complex. Size bars = 2 mm. WJ: waterjet; 

MDCs: muscle-derived cells; DAPI: 4′,6-diamidino-2-phenylindole. 
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Figure 8: Histological analysis of the urethral tissue after WJ injection. (A) Cryosections from layers containing 

WJ-injected cells from animals after 7 days of follow-up were stained by AZAN to detect the injected MDCs (red color) 

within the submucosal connective tissue (blue color; stitched overview; 2.5× objective, size bar = 2 mm). The area of the 

magnified picture on the left is marked by rectangle. (B) Magnified aspect of the area of MDC injection as indicated 

(20× objective, size bar = 50 μm). (C) Cryosections from layers containing WJ-injected cells from animals after 7 days of 

follow-up were stained by H&E to visualize the tissue structure and to detect infiltration of inflammatory cells (stitched 

overview; 2.5× objective, size bar = 2 mm). The area of the magnified picture on the left is marked by rectangle. 

(D) Magnified aspect of the area of MDC injection as indicated does not show infiltration of mononuclear cells 

(20× objective, size bar = 50 μm). WJ: waterjet; MDCs: muscle-derived cells; H&E: hematoxylin and eosin. 

Detection of Intact Male DNA in Cryosections of Tissue Samples 

After WJ Injection 

Injection of MDCs in cadaveric samples and retrieval for further culture indicated that WJ 

injections delivered viable cells at yields comparable to needle injections (Fig. 3). By 

fluorescence microscopy, intact nuclei of fluorescent cells indicated that the MDCs 

injected by WJ in living animals appeared intact (Figs. 4 and 5). Infiltration of 

mononuclear cells as response to necrosis of injected cells was not observed (Fig. 8). This 

implied that cells injected by WJ were not dead. To verify intact chromosomes in MDCs 
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after WJ injections in living animals, DNA was isolated from consecutive cryosections 

containing fluorescent cells to search for the male SRY allele by PCR. In samples from all 

animals investigated, the 133-bp PCR product was detected (Fig. 9). This is evidence that 

after E60-10 WJ injections and followup of up to 7 days (in 17/18 animals injected) as well 

as after E80-10 WJ injections with a follow-up of 3 days (in 6/6 animals injected), 

sufficient numbers of male cells with intact Y-chromosomes remained in the tissue 

targeted (Fig. 9). From this, we infer that WJ injections delivered cells fast, precisely, and 

gently in the urethra in this preclinical SUI therapy model in 95.8% of animals included, 

without provoking a notable inflammatory response. 

 

Figure 9: Amplification of the male-specific SRY gene by PCR from cryosections. DNA was prepared to detect the 

intact SRY gene by PCR after WJ of MDCs using the (A) E60-10 method at day 1 of f/u, (B) E60-10 method on day 3 of 

f/u, (C) E60-10 method on day 7 of f/u, and (D) E80-10 method on day 3 of f/u. “M” denotes the 100-bp DNA ladder size 

marker; “>” = 600 bp, “*” = 200 bp, “+” = positive control (DNA from porcine male adipocytes), “−“ = negative control 

(DNA from female porcine adipocytes), and “” = the 133-bp SRY PCR product. DNA samples from animals are 

numbered. Note that for E60-10 at 3 days of f/u, cells were found only in five of six animals treated. 

SRY: sex-determining region; WJ: waterjet; f/u: follow-up. 
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Discussion 

Cell therapy of SUI is not yet a standard procedure despite many successfully completed 

preclinical animal studies reporting promising results9,37. Initially, only a few clinically 

feasible studies reported success4, the quality and type of cells injected varied 

considerably37, large cohort studies with the corresponding control groups were mostly 

missing38, follow-up in many studies remained rather short, and outcome was variable and 

not evaluated consistently. Drop-out during clinical feasibility trials seemed not to be 

worth reporting. But a recent meta-analysis comparing outcome of midurethral sling 

surgery versus injection of minced muscular tissue versus in vitro expanded myoblasts 

suggested better efficacy of myoblast injections with a lower risk of adverse effects and 

less invasiveness, albeit at higher costs39. Improving effectiveness of SUI cell therapy was 

explored by complementing cell injections, for instance, by application of cytokines, 

chemokines, or extracellular vesicles4,10,40. But there is ample evidence that such factors act 

only for a limited time. They are rapidly adsorbed to different molecules including 

receptors in the region of interest; they are diluted by serum or lymph, distributed by 

natural movement of the tissue targeted, or degraded in time. We therefore hypothesized 

that effectiveness of cell therapies could also be improved further by a simplified, rapid, 

and even less invasive transurethral cell injection technique. 

SUI cell therapies may support self-healing of the urethral sphincter muscle by activating 

local satellite cells7, by improving vascularization and reducing inflammation41,42, or by 

complementing the deficient sphincter muscle by myogenic cells5,13–15,43,44. But these 

processes may take some time. Cells injected for tissue regeneration or immune 

modulation can stay in situ and survive for several days45. This grants prolonged 

regenerative activity. However, after injection of cells by needle in the heart muscle, 

significant loss of cells in time and appearance of injected cells in remote tissues were 

reported46. We conclude that variable outcome of cell therapies and possibly even failure 

may in part be associated with loss of cells from the tissue targeted by reflux through the 

injection canal and migration of such cell by lymph or blood through the body. To reduce 

loss of cells, injection of regeneration competent cells in the presence of biomaterials 

providing domains for cell attachment was performed47–49. Biomaterials were designed to 

facilitate in situ tissue engineering as well50. But all these attempts included needle 

injections. Moreover, approval of combination therapies of cells plus bioactive components 
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through authorities such as European Medicines Agency or Food and Drug Administration 

is very complex. Therefore, improving cell injection technologies in the first place without 

need for any other components may improve outcome of cell therapies with less efforts. 

The MDCs employed in this study expressed MYOD1, MYF5, and DES. This suggested 

that the cells were enriched for proliferation-competent myogenic progenitor cells 

(myoblasts)51. The expression of MYL1 and fast-twitch myosin implied that these cells may 

match the phenotype of fasttwitch muscles cells of the urethral closure complex52. But 

detailed analyses of individual subsets of the MDC phenotype of cells employed here are 

beyond the focus of this study. However, our study provides evidence that viable MDCs 

were injected in capture fluid and in cadaveric tissue samples. This confirmed our recent 

studies25. As seen before, WJ injections in cadaveric tissue tended to produce injection 

bubbles in the urethrae presenting as domes about 2–3 mm wide and 3–4 mm high. In 

cadaver samples, cells injected were not found distributed in the whole injection area but 

clustered in the center of the bubble. This could not be prevented by complementing the 

transportation fluid or injection media by gelatin, serum, or other carrier materials covering 

integrins and other matrix receptors to avoid cell-to-cell binding (data not shown). We 

consider this an artifact caused by the tissue stiffness reflecting the cells injected by WJ 

impulse from the tissue to the center of the bubble. Comparable patterns were observed 

upon injection of nano- and microparticles in cadaveric samples20,53,54. The significantly 

larger distribution of cells in the z-dimension after angulated WN injection in cadaveric 

tissue compared with orthogonal WJ application reflects probably efflux of MDCs through 

the canal punched by the angulated needle in the tissue in combination with the fluid 

pressure of the injection dome. The significant differences in Z-distribution between WJ 

injections in living animals and WJ injections in cadaveric tissue may in part be explained 

by differences in tissue elasticity. 

We noted small bleeding during WJ injection in living animals and small hematoma right 

after it. But hematoma was resolved within a week’s time completely. Infiltration of 

mononuclear cells was not observed 1 week after injection, although pigs did not get any 

immune suppressive treatment such as corticosteroids, tacrolimus, or ciclosporin55. This 

confirmed that WJ did not cause major injury, and the small injection canal excised by the 

narrow WJ was probably spontaneously closing. Urine or infectious microorganisms were 

therefore not intruding the urethra to a relevant extent, thus facilitating rapid self-healing of 

the injection site. This selfsealing of epithelia and submucosal tissues after WJ injections is 
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a well-described observation in gastrointestinal WJ applications and clearly marks a key 

advantage of this novel method56–58. 

In our recent study, transurethral injections in the porcine urethra by WN reported frequent 

misplacement or loss of cells (n = 96 female pigs). Cells were detected in the urethral 

mucosa or muscle only in about 50% of animals investigated18. Others reported limited 

accuracy of cystoscope-mediated needle injections as well19. In contrast, upon transurethral 

WJ injection, fluorescent MDCs were found in urethrae in 95% of animals included 

(23/24) by IVIS in tissue samples and by fluorescence microscopy in the corresponding 

cryosections. Moreover, full penetration of the urethra, often observed after injection of 

cells by WN18, was noticed only in one pig after an E80-10 WJ injection, but not at all after 

E60-10 WJ injection. On the other hand, the E80-10 injection delivered cells significantly 

closer to the urethral muscle layer when compared with E60-10 injection, corroborating 

our recent study with stromal cells21. However, in (pre)clinical situations, the deeper 

penetration of the E80-10 jet and precise delivery of cells close to the sphincter muscle 

must be balanced with the elevated risk of cell loss by full penetration and raised up tissue 

injury. In this study, we also did not investigate the localization and distribution of cells 

after two versus four WJ injections. Due to the comparably low impact of the E60-10 WJ, 

repeated E60-10 injections could improve the distribution and place more cells closer to 

the urethral muscle when compared with two E80-10 applications without increasing the 

risk of unwanted side effects. Moreover, a precise, deeper, and wider delivery of cells may 

be achieved by adjusting the duration of the twophase injection. Here, we held the duration 

constant to avoid any parameter changes during the study. But this remains to be 

investigated in the next level of studies. Investigation of cell survival upon needle injection 

reported that slow flow rates decreased the percentage of viable cells delivered and 

increased the percentage of cells undergoing apoptosis within 2 days59. This result is in 

favor of short contact times of cells to any narrow injection devices. The two-phased WJ 

technology grants such a short transportation time. 

Detection of the SRY gene by PCR in samples from animals 3 and 7 days after WJ 

injection documented that the injected male cells contained sufficiently intact DNA for 

amplification of this allele. As this experiment was performed as end-point PCR, a 

quantification of the products to determine the number of intact cells is technically 

impossible. But it supports the notion that intact appearing cells with defined nuclei were 

observed immediately after WJ injection, as well as after 3 and 7 days of follow-up. 
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Evidence for necrosis of injected cells or tissue nearby was not detected by H&E staining 

of cryosections. However, in the preclinical context of this study, investigation of cell 

viabilities is only the first level of evaluation. To examine the efficacy of the WJ 

technology for the clinical use intended, future experiments must include additional studies 

to determine optimal cell doses, single versus multiple injections in one session, repeating 

cell injections during follow-up, and possibly other therapies in a suitable animal model 

documenting functional sphincter regeneration. To this end, a porcine model of UI was 

developed recently36. But these aspects were not yet addressed in our current studies. 

Conclusion 

Based on this preclinical model of cell therapy of UI, we conclude that MCDs can be 

injected by cystoscope under visual control precisely and close to the urethral sphincter 

muscle by the novel WJ technology. Using the moderate E60-10 pressure mode, cells are 

delivered with significantly higher success rates when compared with cell injections by 

WN and appear intact during a follow-up of up to 7 days. However, the regenerative 

potential of MDCs to regenerate a deficient sphincter muscle must be investigated in an 

animal model with UI in future studies. 
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Supplementary Materials 

 

Supplemental Figure S1: Determination of Urothelial Muscle Strength by Urodynamics. The urethral muscle 

strength and closure function was determined by a sensor and urodynamics. The scale on this sensor facilitated the 

injection of MDCs by WJ in the area of maximal muscle strength. The maximal urethral closure pressure (pmax) 

describes the location of main sphincter muscle in the urethra. The functional urethral length describes the part in which 

the closure pressure is higher than the intravesical pressure. The area under the curve (AUC) describes the integral of 

urethral wall pressures over the functional length. The arrow points at the WJ injection site. 

 

 

Supplemental Figure S2: Pressure Profiles of the Waterjet System. An upgraded pump and controller system 

(UPaCS) was operated in an improved pressure control mode (IPCM) to facilitate a short water impulse at elevated 

pressures ranging from E40 to E80, which is an equivalent of approx. 40 to 80 bars, respectively (= phase I). By this 

water impulse the tissue targeted is stretched and microchannels are opened in phase I. Within milliseconds pressure 

levels are reduced to E5 – E10 (= phase II). This low pressure is optimal for injection of viable cells in the open 

microchannels with high efficacy in phase II. In this study, pressure profiles of E80-10 (dashed line) and E60-10 

(solid line) were employed. 
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Supplemental Figure S3: Localization of Injected MDCs in the Urethra by IVIS Imaging. Fluorescent MDCs were 

localized in the urethrae after in vivo injections by an In Vivo Imaging System (IVIS) and visualized by a false-color heat 

map, while the remaining organ is shown in grey. This facilitated fast preparations of frozen tissue samples from the 

region of interest and further processing of the samples. 
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Abstract  

BACKGROUND: Urinary incontinence is associated with functional deficiency of the 

urethral sphincter muscle. A causative cell therapy is currently not state-of-the-art. We 

recently developed a swine animal model of urinary incontinence to investigate the 

potential of different cells to improve debilitated sphincter functions. In this study, we now 

developed improved protocols to produce myoblasts suitable for pre-clinical muscle 

therapy studies.  

METHODS: Cells were isolated from striated muscle tissue of 3 boars, expanded 

employing five different protocols for isolation and expansion of cells, and characterized 

on transcript and protein expression levels to determine procedures which yielded muscle 

regeneration-competent cells and multi-nucleated myofibers.  

RESULTS: Swine skeletal myoblasts proliferated well under optimized conditions 

without premature signs of cellular senescence, expressed significant levels of myogenic 

markers including Pax7, MyoD1, Myf5, MyoG, Des, Myf6, CD56, and others, while cells 

expanded following other procedures expressed several of the myogenic genes 

significantly less (p≤ 0.05 each). Upon induction of terminal differentiation, myoblasts 

ceased proliferation and generated multi-nucleated myofibers.  

CONCLUSIONS: Expansion of porcine myoblasts in medium enriched by 15% bovine 

serum and complemented with basic fibroblast growth factor facilitates the production of 

proliferation- and differentiation-competent swine myoblasts. 

 

Keywords 

Porcine myoblast, myogenic differentiation, myofiber, cell-based muscle regeneration, 

large animal model of cell therapy  
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Introduction 

Stress urinary incontinence (SUI) is a debilitating condition affecting more 15% of the 

elderly in our communities [1]. It reduces quality of life for the people affected, is 

associated with psychological distress, and may cause social isolation [2]. In addition, SUI 

is a challenge to medical personnel and health care systems [3]. In women, SUI is 

associated with pregnancy, vaginal delivery, and menopause [4]. In men, SUI is a sequela 

of prostate surgery [5]. For both sexes, injury or persisting inflammation of urogenital 

structures in the lower pelvic region, neuronal failure, age, and dementia also contribute to 

SUI. SUI therapy therefore aims at strengthening this muscle complex or supporting its 

function by other means.  

Along these lines, physical exercise of the lower pelvic floor, complemented by 

electrophysiological stimulation therapy was shown to improve the strength of the lower 

pelvic floor muscles and thus ameliorate or even cure SUI [6]. If such therapies fail to 

satisfy the patients expectations or medical need, cell therapies were considered to 

regenerate urethral sphincter contraction [7-9]. However, despite intensive research, 

especially in the last two decades, a standard cell therapy for SUI of human patients was 

not established and the optimal active component for such cell therapy – myoblasts or 

stromal cells - has not been determined yet [10, 11]. Several preclinical and clinical studies 

employed myoblasts to replace lost or not functional cells of the striated rhabdosphincter 

muscle [9]. Others injected adipose tissue-derived mesenchymal stromal cells to facilitate 

vascularization and tissue regeneration [12]. 

To explore the regenerative potential of porcine myoblasts for future studies in a large 

animal SUI model, we investigated the cell proliferation, marker gene expression and 

differentiation potential of swine striated muscle-derived myoblasts based on two distinct 

protocols [13, 14] and variants of them employing a total of five study cohorts (Fig. 1). We 

report that expansion of swine myoblasts in medium containing fetal bovine serum (FBS) 

and basic fibroblast growth factor (bFGF) facilitates extended cell expansion without signs 

of premature cellular senescence. Such cells expressed significantly higher levels of 

myogenic marker genes, generated multinuclear myofibers more efficiently, and thus are 

recommended for preclinical cell therapy studies focusing on the regeneration of striated 

muscle tissue. 
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Figure 1: Schematic illustration of the five protocols employed. The different combinations of tissue digestion, cell 

isolation procedures, and myoblast expansions in the two different media are summarized. An “1” refers to 

Metzger et al. [13], a “2” points to Ding et al. [14]. Footnote 1 indicates that the tissue was transported to the lab in 

PBS-D (144mM NaCl, 25mM glucose, 5.4mM KCl, 14mM sucrose, 5mM Na2HPO4, 1% ml P/S; titrated with NaOH to 

pH 7.4) complemented with 10% P/S and 10% amphotericin B [13]. Footnote 2 indicates that muscle was transported to 

the lab in DMEM-HG [14]. 
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Material and Methods 

Isolation of swine muscle-derived cells and cell culture 

procedures 

For isolation of cells, the Musculus (M.) semitendinosus of three fresh cadavers of five to 

seven days old German Landrace boars was prepared. Tissue samples were excised 

aseptically and transported at 0°C in the respective media in a sterile container to the 

laboratory (Fig. 1). Myoblasts were isolated, enriched, and expanded following 5 distinct 

procedures based on two different publications [13, 14](Fig. 1). The phenotypic 

appearance of the cells was recorded by microscopy. To determine duplication rate (DR), 

cells were washed with cold PBS, detached by aid of trypsin-EDTA, resuspended in media, 

counted by trypan blue exclusion in a hematocytometer, seeded at an inoculation density of 

2E05 cells per flask, and expanded to approximately 70% of confluence for consecutive 

passages in either M-medium [13] or in D-medium [14]. Terminal differentiation was 

induced by incubation of the cells in differentiation media complemented by 2% horse 

serum as described [14]. Progress of differentiation and generation of syncytia or extended 

fiber-like cells was recorded by microscopy. The study was approved by the State 

Authorities under file number CU01-20G. 

Evaluation of gene expression on transcript levels 

For RNA extraction, cell expansion media was aspirated, adherent myoblasts were washed 

twice with PBS, and cells were detached by trypsin-EDTA. Trypsin activity was stopped 

by the addition of corresponding media supplemented with FCS. The cells were 

sedimented by centrifugation (700 g, 10 min, 4°C), washed twice with cold PBS, and lysed 

to extract total RNA with the RNeasy kit (Qiagen). For cDNA synthesis, the yield and 

purity of RNA were measured by UV spectroscopy (Nanodrop; Implen) and 1 μg of RNA 

was reverse-transcribed using oligo-(dT) primers and MMLV reverse transcriptase (RT) 

(PrimeScript cDNA synthesis kit; TaKaRa). Quantitative real-time polymerase chain 

reaction (qPCR) was performed from cDNA using target gene-specific oligonucleotides 

(Table 1) [15]. After a hot start (5 min, 95°C), cDNA was amplified by PCR in 39 cycles 

(10 sec. 95°C melting, 20 sec. 60°C or 62°C (for primers of Des and MyoD1) annealing, 

30 sec. 72°C extension), and followed by a melting curve analysis for quality management 

(LightCycler 480 II; Roche). The size of PCR products was confirmed by DNA agarose 
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gel electrophoresis. Expression of swine glycerinaldehydephosphate dehydrogenase 

(sGAPDH) and β2-microglobuline (sb2MG) served as housekeeping controls and to 

enumerate the transcript levels of the target genes using efficiency-corrected advanced 

relative quantification program of the LightCycler480 II as suggested by the instruction for 

use of the manufacturer[16]. 

Table 1: Oligonucleotides employed for quantitative reverse-transcription polymerase chain reaction  

Gene Forward Sequence Reverse Sequence Accession No. Reference Size 

GAPDH  CCATCACCATCTTCCAGGAG  ACAGTCTTCTGGGTGGCAGT  NM_001206359.1 

Kobayashi-

Kinoshita, 

2016 

346 

B2MG ACGGAAAGCCAAATTACCTGAACTG TCTGTGATGCCGGTTAGTGGTCT NM_213978.1# [47] 261 

MyoG CGCCATCCAGTACATCGAG TGTGGGAACTGCATTCACTG  NM_001012406.1 [48] 125 

Pax7 AGATCGCAGCAGGGGTAAAG GACCCCACCAAGCTGATTGA XM_021095458.1 Primerblast 209 

Myl1 CTCTCAAGATCAAGCACTGCG GCAGACACTTGGTTTGTGTGG NM_214374.2 [49] 198 

Myf5 GCTGCTGAGGGAACAGGTGGA CTGCTGTTCTTTCGGGACCAGAC NM_001278775.1 [50] 135 

MSTN CCCGTCAAGACTCCTACAACA CACATCAATGCTCTGCCAA NM_005259.3 [50] 141 

ACT CGGGCAGGTCATCACCATC CGTGTTGGCGTAGAGGTCCTT XM_005670976.2## [50] 160 

MYH1 CCAGGGAGAGATGGAGGACA TCAAGTTCACGTACCCTGGC NM_001104951.2 Primerblast 258 

Des ACACCTCAAGGATGAGATGGC CAGGGCTTGTTTCTCGGAAG NM _001001535.1 [49] 176 

Myf6 AGTGGCCAAGTGTTTCGGATC CGCGAGTTATTTCTCCCCCA NM_001244672.1 Primerblast 179 

ACTA1 ACCCGACGCCATGTGTGA GTCGCCCACGTAGGAATCTT NM_001167795.1 Primerblast 184 

MyoD1 CACTACAGCGGTGACTCAGACGCA GACCGGGGTCGCTGGGCGCCTCGCT NM_001002824.1 [50] 145 

Oligonucleotides employed for quantitative reverse-transcription polymerase chain reaction of swine (s) cDNAs in 5’-3’ 

orientation, including gene bank access, reference, and expected DNA product size in base pairs. Primers also amplify 

alternative transcripts for sB2M: # XM_021096362.1; or for sACT: ## XM_021071931.1 and XM_021071930.1, 

respectively. 

Protein detection by immunofluorescence 

Myoblasts were grown on chamber slides to the confluence intended. Medium was 

aspirated, cells were washed twice with cold PBS, fixed by 4% paraformaldehyde 

(Morphisto), and permeabilized with 0.1% Triton X-100 (Merck) at ambient temperature. 

To reduce unspecific binding of antibodies, samples were preincubated with a blocking 

solution (5% dry milk powder in 0.1% Tween-20 in PBS (T-PBS)). The blocking solution 

was aspirated, the primary anti-desmin antibody (1:200 in 0.1%BSA in PBS; Abcam) was 

resuspended, and incubated in black humidified chambers at 37°C for 90 min. Unbound 

primary antibodies were aspirated, the samples were washed three times with T-PBS 

detection antibody (FITC-F(ab')₂ -dk-anti-rbt IgG (H+L), 1:200; Jackson ImmunoResearch 

Laboratories) was added to the samples for incubation in black humidified chambers at 

37°C for 45 min. Samples omitting primary antibodies served as controls. Samples were 
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counterstained by 4′,6-diamidino-2-phenylindole (DAPI; Sigma) to visualize cell nuclei. 

Staining was visualized and recorded by fluorescence microscopy (Axiovert 200 M, 

Axiovision software; Zeiss). Desmin-positive cells were counted with aid of ImageJ 

software (NIH). 

Flow cytometry 

Flow cytometry (FC) was employed to explore the expression of myogenic marker CD56 

antigen on the cells, [17, 18]. Cells were detached by mild proteolysis (Accutase; 

Sigma Aldrich), and aliquots of 5E05 cells were resuspended in PFEA sample buffer and 

sedimented in microtubes [17]. To avoid unspecific antibody binding, cells were incubated 

with preimmune serum (Gamunex, 1:20 in PBS; 20 min, 0°C; Grifols; [17]), washed, and 

incubated with directly labeled antibody (PE anti-human CD56 (NCAM) antibody, 

Biolegend, diluted 1:10 in PFEA) at 0°C for 20 min. Samples were diluted with PFEA, 

cells with bound antibodies were sedimented, and supernatant with unbound antibodies 

was discarded. The cells were resuspended in 300 μl PFEA. Size and granularity of the 

cells were recorded by FC employing forward (FSC-A) and side scatter (SSC-A; LSRII; 

BD Bioscience) to gate for living cells. Then, antibody staining intensities were measured 

by FC [17, 18]. Cells with no antibody staining and FC compensation particles 

(BD Bioscience) were employed for gating. Data were evaluated by FACS-Diva 

(BD Bioscience) and FlowJo (TreeStar Inc.) software. The FCS- and SSC-scatters are 

presented as 2D dot blots, median fluorescence intensity (MFI) of cells staining as 

histograms (thin black line), background fluorescence of unstained cells as shaded 

histograms (grey). 

Statistics 

Data generated were processed by Excel (Microsoft). Statistical analyses were performed 

with GraphPad Prism version 5.04 for Windows (GraphPad Software) and IBM SPSS 

Statistics for Windows, version 29.0 (Armonk: IBM Corpversion 26). Depending on the 

normality distribution, either normal data were used, or the data were transformed via 

log10 to result in an approximately normal distribution. Afterwards, either 

One-Way-ANOVAs were performed. The One-Way-ANOVAs were completed by post 

hoc tests of Tukey. If the transformation to normal distribution failed non-parametric tests 

were performed (Mann-Whitney-U- or Kruskal-Wallis-Test). P-values between 0.05 and 
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0.01 were considered as significant (*), between 0.01 and 0.001 as very significant (**), 

and p-values smaller than 0.001 as highly significant (***).  
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Results 

Proliferation and morphology of swine myoblasts 

Myoblasts were prepared from 3 individual boars. The cells were expanded employing five 

different procedures Prot. 1 to Prot. 5, in either M-media containing horse serum [13] or in 

D-medium complemented with bFGF [14]. The mean cell DR of cells in M-media 

containing horse serum was significantly higher (mean DR M-media: 1.99) when 

compared to expansion in D-media (mean DR: D-media: 1.37; p = 0.038, 

Mann-Whitney-U-Test; *). Cells produced according to Prot.3 presented with the lowest 

mitotic activity (DR: 2.21), while cells produced by Prot.4 showed the highest (DR: 1.18). 

Furthermore, cells appeared with different morphologies (Fig. 2). Cells produced by Prot.1 

and Prot.3 appeared with wider somata and increased granularity (Fig 2A, 2C). Several 

cells in these protocols appeared flat, enlarged, and stretched (Fig. 2E). This resembles 

features of replicative senescence [19]. Cells produced by Prot.2, Prot.4, and Prot.5 

appeared slim and without prominent granularity (Fig. 2B, 2D, 2F). We conclude that 

M-medium containing horse serum leads to cellular senescence and thus prolonged 

duplication rates of porcine muscle-derived cells, whereas D-medium promotes faster 

growth and healthier appearance. 
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Figure 2: Morphology of myoblasts expanded following different protocols. Myoblasts produced following 

Prot.1 (A) and Prot.3 (C) appeared wider and contained more granula when compared to cells expanded following 

Prot.2 (B), Prot.4 (D), or Prot.5 (F), respectively. Myoblasts expanded in K-media (left panel) contained more cells with a 

perinuclear hallow or stretched cells (E, arrows). Size bars indicate 100 μm. The pictures are representative artwork for 

cultures generated from the three individual boars and expanded by different protocols included in this study. 
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Expression of transcripts encoding myogenic markers 

Several marker genes have been identified to play a central role in myogenesis. These 

factors include the gene Pax7 (paired box 7), which is specific for proliferating myoblasts, 

and myogenic regulatory factors [MRFs: MyoD1 (myoblast determination protein 1), 

Myf5 (myogenic factor 5), MyoG (myogenin), Myf6 (myogenic factor 6, alias MRF4)] 

[20, 21]. Therefore, the expression levels of these marker genes, complemented with the 

intermediate filament desmin (Des) found in muscle, were investigated by qPCR (Fig. 3). 

In addition, muscle cell markers ACTA1 (skeletal muscle actin alpha 1), Myl1 (myosin 

light chain-1), MSTN (myostatin), MYH1 (myosin heavy chain 1), ACT (actin) were 

detected by qPCR as well (data not shown). Myoblasts generated by Prot.4 expressed all 

myogenic markers at the highest levels, followed by cells produced by Prot.2 and Prot.5. 

Again, myoblasts generated by Prot.1 and Prot.3 significantly lagged behind (Fig. 3, 

Tab. 2). We therefore conclude that the expansion of porcine myoblasts in D-medium 

favored a skeletal muscle phenotype of pig muscle-derived cells. 

 

Figure 3: Transcript expression of myogenic marker genes in myoblasts. Expression of myogenic markers was 

enumerated by RT-qPCR of cDNA isolated from cells of all three donors upon expansion to the third passage following 

protocols as indicated in three individual sets of experiments. Cells expanded in D-media expressed all myogenic markers 

at higher levels when compared to cells expanded in K-media. The data present the mean values ± standard deviations of 

target gene expression normalized to housekeeping controls. Significant differences are indicated: One-Way-ANOVAs 

with Tukey-Post-Hoc-Tests performed on log-transformed values: *, **. All One-Way-ANOVAs calculated displayed 

significant results (Tab. 2) even if Post-Hoc-Tests could not identify the groupwise differences for all genes (e.g. Myf6). 
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Table 2: Results of One-Way-ANOVA performed on log-transformed values indicating significant results for all 

genes 

Gene p-value 

Pax7 0.001 

MyoD1 <0.001 

Myf5 0.005 

MyoG 0.017 

Myf6 0.019 

Des 0.005 

 

Detection of CD56 by flow cytometry 

The cell adhesion molecule CD56 is a multifunctional protein which is expressed in 

satellite cells and myoblasts [22-24]. We therefore investigated the expression of CD56 on 

swine myoblasts by FC in three independent sets of analyses (Fig. 4). Differences in cell 

size and granularity observed by microscopy were confirmed by FC, as myoblasts 

expanded in M-media had a wider scatter and particle distribution when compared to 

myoblasts expanded in D-media (Fig. 4A). Expression of CD56 in cells expanded in 

M-media following Prot.1 and Prot.3 was very low (Fig. 4B-1, -3). A clear separation of 

the staining peak background was barely recorded in these cells. The percentage of CD56 

positive myoblasts was raised highly significantly in cells expanded in D-media when 

compared to cells in M-media (Fig. 4B-2,-4,-5, 4C). Additionally, the means of MFI of 

myoblasts cultivated in K-media (Prot.1: 410, Prot.3: 475) were lower than the means of 

MFI of myoblasts cultivated in D-media (Prot.2: 8379, Prot.4: 13700, Prot.5: 6730). The 

highest expression levels among all five protocols were recorded in Prot.4 cells (Fig. 4D). 

This corroborated that elevated expression of CD56 on porcine myoblasts was facilitated 

by cell expansion in the D-media lacking horse serum. 
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Figure 4: Characterization of myoblasts by flowcytometry (FC). Size (forward scatter; FSC-A) and complexity (side 

scatter; SSC-A) of myoblasts were determined by FC (A). Myoblasts expanded in M-media showed a broader 

distribution in FSC and SSC, when compared to cells in D-media. Expression of CD56 was enumerated by FC as well 

(B). Representative cells derived from the three boars and expanded by procedures following Prot.1 to Prot.5 are 

displayed as indicated in panels B1 to B5. Expression of CD56 is higher in cells expanded in D-media (B2, B4, B5), 

when compared to cells from K-media (B1, B3), respectively. Gating of CD56-negativ cells (see B) facilitated the 

enumeration of CD56-positive cells (C). Significant differences were found between cells produced in the different 

protocols as indicated: One-Way-ANOVA (p<0.001) with Tukey-Post-Hoc-Tests (***). The median fluorescence 

intensities (MFI) (see B) of the different cells are depicted as well (D). Cells produced in K-media expressed less CD56 

per cell which translated in a low MFI when compared to cells in D-media (D). Similar significant differences were found 

between cells produced in the different protocols as indicated: One-Way-ANOVA (p<0.001) with Tukey-Post-Hoc-Tests 

performed on log-transformed values (**, ***). The data present the mean values ± standard deviations from 

3 independent experiments with cells from the 3 donors expanded in the different media. 
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Expression of desmin in swine myoblasts 

Desmin is a muscle-specific intermediate filament contributing to proper structure and 

function of contractile cells [25, 26]. We therefore compared the expression of desmin in 

myoblasts from all three individual donors after expansion by the five different protocols 

employing immunofluorescence (IF). Desmin was detected by IF in all batches generated 

(Fig. 5A). As the expression levels of an individual protein cannot be delineated from IF 

signal intensities directly, nuclei were counterstained by DAPI, allowing enumeration of 

cell counts of desmin-positive versus desmin-negative myoblasts (Fig. 5B). Populations 

produced by Prot.2 (48.9%; *), Prot.4 (49.1%, *), and Prot.5 (38.7%; not significant) 

presented with significantly more desmin-positive cells, when compared to Prot.1 (8.2%) 

and Prot.3 (7.4%) cultures (Fig. 5B). This confirmed that culture of porcine muscle-derived 

cells in D-media yielded populations enriched for myoblasts when compared to the same 

cells expanded in M-media. 
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Figure 5: Detection of intracellular desmin by immunofluorescence. Myoblasts were prepared following the five 

different protocols as indicated, fixed, and stained with anti-desmin reagents as indicated (A, left panel). Incubation of 

cells with secondary antibody only served as control (A, right panel). Nuclei were visualized by DAPI. The micrographs 

are representative for cells from all batches included in this study. More cells expressed desmin upon expansion in 

D-media when compared to cells in M-media (A). Size bars indicate 100 μm. The percentage of desmin expressing cells 

as function of the protocol employed was enumerated in micrographs using ImageJ (B). Desmin was detected in 

significantly less myoblasts generated by Prot.1 or Prot.3 when compared to cells produced by Prot.2, Prot.4, or Prot.5. 

The data present the mean values of 3 independent experiments ± standard deviations. Significant differences are 

indicated: One-Way-ANOVA (p=0.002) with Tukey-Post-Hoc-Tests (*, **). 

Myogenic differentiation to generate myofibers 

Terminal differentiation and formation of myofibers was stimulated in myoblasts, 

expanded from cells of all three donor animals by Prot.1 to Prot.5, and differentiated 

following established protocols [14]. As controls, cells were maintained in either M-media 

(Fig. 6, left column) or D-media (Fig. 6, middle column). After incubation in 

differentiation media (Fig. 6, right column), extension of cells was noted by microscopy in 

cells produced by Prot.2, Prot.4, and Prot.5 after 2-3 days (not shown). After 4 days of 

differentiation, cells were fixed to visualize desmin expression and multinucleated 

myofibers by IF (Fig. 6). Myoblasts expanded following Prot.2, Prot.4, and Prot.5, yielded 

long myofibers and expressed desmin (Fig. 6), while the other cultures yielded short and 

less (Prof.1) or no (Prot.3) elongated myofibers (Fig. 6). Most of the myoblasts expanded 

initially in M-media (Prot.1, Prot.3) did not survive the media change to D-media. Only 

very few intact cells and nuclei were recorded after DAPI staining. But they survived the 

media change to differentiation media, however, without efficient myotube formation 
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(Fig. 6). Interestingly, cells expanded initially in D-media, survived the media change to 

M-media, and even started a kind of differentiation as well (Fig. 6). This difference in 

syncycia and myotube formation was corroborated by investigating the transcripts of the 

differentiated populations (Fig. 7, Tab. 3). Expression of Pax7 were low in myoblasts and 

remained low in myofibers of cells generated by Prot.1 and Prot.3. This indicated a lower 

amount of progenitor cells prior to differentiation. In addition, upon differentiation to 

myofibers, a reduction of Pax7 was expected but not recorded (Fig. 7). Expression patterns 

of MyoD1, Myf5, and Des were comparably low. Transcripts encoding Myf6 were reduced 

in Prot.1 cells or remained low in Prot.3 cells after differentiation (Fig. 7). In contrast, the 

expression of Pax7 was elevated in Prot.2, Prot.4, and Prot.5 myoblasts and was reduced 

upon differentiation (Fig. 7). Myf6, a factor associated with terminal differentiation, was 

elevated in myofibers differentiated from Prot.2, Prot.4, and Prot.5 cells, respectively 

(Fig. 7). The changes in transcript levels recorded for Pax7 and Myf6 confirmed the 

success of terminal differentiation of porcine myoblasts. [27, 28]. Expression of Des was 

and stayed high in Prot.2, Prot.4, and Prot.5 cells (Fig. 7). We conclude that expansion of 

porcine muscle-derived cells in D-media facilitated the expansion of 

differentiation-competent myoblasts without promoting premature replicative senescence. 

Table 3: Results of Kruskal-Wallis-Tests indicating significant results for all genes except for Pax7 

Gene p-value 

Pax7 0.184 

MyoD1 0.006 

Myf5 0.028 

MyoG 0.017 

Myf6 0.045 

Des 0.008 
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Figure 6: Terminal differentiation of myoblasts. Myoblasts were expanded by Prot.1 to Prot.5 in M- or D-medium and 

maintained in M- and D-medium for controls as indicated. Differentiation of cells was induced. Generation of elongated 

muscle fibers was recorded by immunofluorescence of desmin expression. Nuclei were counterstained by DAPI. 

Myoblasts expanded in D-media generated multinucleated elongated myofibers, while cells expanded by Prot.1 and 

Prot.3 died upon change to D-medium and did not generate myofibers efficiently. Inserts show control staining omitting 

the primary antibody. Size markers indicate 100 μm. The figure shows representative micrographs from a series of three 

independent experiment using cells from three individual boars each. 
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Figure 7: Expression of marker genes in myofibers. Transcripts encoding myogenic marker genes were enumerated by 

RT-qPCR in Prot.1 to Prot.5 cells after terminal differentiation and in corresponding controls. Data are 

mean values ± standard differentiation from three independent experiments using cell from three donors produced by the 

five different protocols. Most overall test values appeared to be significant (Kruskal-Wallis-Test) (Tab. 3) except for 

Pax7. However, all performed Post-Tests were not significant. 
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Discussion 

Success of preclinical animal studies paved way for clinical feasibility studies aiming at 

cell therapy of stress urinary incontinence (SUI) by autologous cells [7, 29, 30]. Despite 

initial enthusiasm some years ago, cell therapy of SUI is not yet a clinical 

standard [10, 11]. Various reasons for this seemingly contradictory situation must be 

considered, including the lineage and quality of the cells applied in preclinical animal 

studies. The tissue targeted by SUI cell therapy – the urethral sphincter muscle - consists in 

part of smooth muscle tissue, which resembles anatomically the lissosphincter [31]. In 

addition, striated muscle cells of the outer rhabdosphincter reinforce the contractile 

complex [31]. Therefore, either stromal cells derived, for instance from adipose tissue [12] 

or skeletal myoblasts [9, 32, 33] were employed in both, preclinical or in clinical 

studies [7, 8]. Production of regeneration competent human mesenchymal stromal cells 

from bone marrow, adipose tissue, and other sources as well as the production of skeletal 

myoblasts, e.g., from M. soleus under good medical procedure conditions is 

state-of-the-art [8, 9, 32, 33]. In contrast, production protocols or phenotypes of cells 

applied in animal SUI studies were not always disclosed in great detail, thus impeding the 

interpretation of therapy versus outcome [34]. In some studies, the myoblasts employed 

were investigated prior to their application to some extent [35-37]. But sufficient 

information regarding the quality measures of porcine muscle cells, which had been used 

in SUI models for regenerative therapy, has not been found. 

In preclinical and clinical studies, quality measures for muscle cells applied should address 

several analyses, including phenotype, stage of differentiation, stress resilience, and 

replicative senescence. Expression of Pax-7, MyoD-1, and Myf-5 are expressed in 

activated satellite cells and proliferating skeletal myoblasts, and therefore seem specific for 

the desired phenotype [20, 21, 28, 38]. Myogenin is especially expressed during the 

myogenesis [28], whereas desmin, muscle-specific intermediate filament, is found in 

different stages of myoblasts differentiation corresponding to the prominent expression in 

our cultures [25]. The expression profile of cells expanded with Prot.4 showed the highest 

accordance with the expected markers of myoblasts. 

The source of cells used for cell-based therapy or tissue engineering may also influence the 

outcome. In clinical situations, M. soleus is one of the preferred sources for myoblast 

production [9]. Even-toed ungulates such as pigs do not have M. soleus. In our preparatory 
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studies, we therefore explored the phenotypes of myoblasts isolated from other skeletal 

muscles of adult animals. With the exception of desmin, expression of the markers 

investigated in cells from adult pigs was not quite convincing (not shown). To get the first 

clues of an improved myoblast culture, we therefore included in this study only cells 

isolated from M. semitendinosus of very young boars, as they contained sufficient amounts 

of myogenic progenitors, including satellite cells [39]. But many patients suffering from 

SUI are not quite young anymore. Thus, rejuvenation of cells prior to their application may 

become a challenge for future research. Moreover, muscle tissue may contain fast- and 

slow-twitch fibers. In the omega-shaped rhabdosphincter muscle type I slow-twitch fibers 

prevail and enable baseline tonic activity and to a large part voluntary sphincter control. 

Depending on the clinical situation, this difference in muscle type may influence the 

outcome of a cell therapy as well. 

The quality of cells produced in vitro depends on cell culture conditions. Supplementation 

of expansion media by 10% bovine plus 10% horse serum yielded a prolonged 

proliferation rate in our study and seemed at the same time to facilitate replicative 

senescence [13, 19]. Recently, horse serum was used as a stimulus to induce the 

differentiation of preconditioned mesenchymal stromal cells to become elongated 

myogenin-positive cells [40], while serum deprivation of C2C12 myoblasts reduced the 

percentage of myogenin- and MyoD-positive cells, indicating a reduction of cells 

undergoing terminal differentiation and cell fusion [41]. In our study, complementation of 

differentiation media by horse serum facilitated the generation of multinucleated myofibers 

in cells expanded in D-media. This was not only obvious by comparing the number of 

elongated myofibers expressing desmin, but also by investigation of the changes in marker 

gene expression after differentiation. The phenotype of proliferation-competent myoblasts 

and of myofiber formation is also regulated in vitro by aFGF (FGF-1) and bFGF 

(FGF-2) [42]. While autocrine and exogenous FGF supported the expansion of myoblasts 

and blocked terminal differentiation, deprivation of bFGF from myoblast media facilitated 

generation of myofibers [14]. In combination with the other parameters investigated in this 

study, generation of myofibers induced by bFGF deprivation may be a sufficient proof for 

regeneration competent myoblasts for SUI treatment. 

However, in our control experiments, cells expanded ex vivo in M-media did not survive a 

media change to D- media. This indicated that the factors contained in M-media allowed 

for myoblast expansion but failed to mount resilience to cell death. The cell death observed 
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after a change from M- to D-media was associated with a kind of factor deprivation. 

Resilience to cell death induced by factor starvation after injection may be a key for the 

success of clinical application of cells. But detailed analyses of the factors participating in 

enhancing cell viability in D-media are beyond the focus of this study. Of note, cell death 

upon media change correlated with low expression of CD56 in myoblasts expanded in 

M-media and CD56 expression is needed for efficient muscle differentiation [23]. 

Injection of cells in a tissue is known to cause stress [43] and cell death was reported upon 

injection of cells in the urethral sphincter [44]. An elevated expression of CD56 on 

myoblasts seems important in this regard. CD56 is not only expressed on myoblasts and 

may therefore serve as a cell surface marker for such cells. It also was associated with 

resistance to cellular stress [45]. But it remains to be investigated in vivo in an animal 

model of SUI therapy to explore if the myoblasts generated by the procedures investigated 

here are able to recover muscle deficiency significantly. 

However, upon isolation of cells from three individual boars from three independent litters 

and different parents, we noted that myoblasts from the third donor expressed the marker 

genes investigated at lower levels when compared to the two earlier preparations 

(not shown). As the cells were produced under identical procedures and protocols, to the 

best of our knowledge, we conclude that interindividual differences in tissue characteristics 

may exist in domestic pigs. Such interindividual differences were noted, for instance, by 

epigenetic analyses of cohorts [46]. In clinical situations, complementing quality measures 

by epigenetic analyses could help to generate even better cells for muscle regeneration and 

thus avoid cell therapy with less potent myoblasts. But such strategies are beyond the focus 

of this study. Moreover, improved selection or enrichment of regeneration competent cells, 

for instance by antibody-dependent techniques such as panning, MACS, or FACS, may 

yield better clinical outcome for SUI patients as well. But the definition of suitable markers 

for human myoblasts selection must await further studies. 
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Abstract  

Background Animals serve as important models for exploring the pathology, diagnosis, 

and therapy of different diseases and injuries. While smaller animals are preferred for bulk 

cohort studies, larger animals offer opportunities to investigate surgical procedures at 

proportions close to the human situation. We therefore investigated urethral sphincter 

deficiency in pigs to develop a preclinical model of urinary incontinence. German landrace 

gilts and Göttingen minipigs were included in this study. Urethral sphincter deficiency was 

induced surgically by transurethral electrocautery and balloon dilatation, and the 

deficiency was determined by urodynamics after injury and during follow-up. In 

cryosections, sphincter injury was visualized by histochemistry.  

Results In two cohorts of female Göttingen minipigs (total n = 20) sphincter deficiency 

was induced. One cohort of minipigs showed an initially significant urethral sphincter 

deficiency (n =16, p<0.001). However, spontaneous regeneration was observed within one 

to two weeks. The other cohort of minipigs (n=4) displayed a not significant reduction of 

urethral sphincter pressure and an increase in muscle strength over time as well. In 

contrast, German landrace gilts presented immediately after treatment with significant 

sphincter deficiency (n =6, 21%, p<0.001) and suffered from significant loss of sphincter 

function for at least five weeks (67%, p<0.01).  

Conclusion Göttingen minipigs inherit significantly superior sphincter regeneration 

capacities compared to landrace pigs. This difference may bias preclinical studies in 

urology and other fields and explain in part seemingly contradictory results from different 

animal studies. 

Keywords 

Wound healing animal model, urinary incontinence, sphincter deficiency, Göttingen 

minipigs, landrace pigs 
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Background 

Urinary incontinence (UI) is a significant personal, social, and medical challenge. A recent 

meta-analysis reported a mean UI prevalence of 41% (range 9% – 75%), and 26% of 

women reported daily loss of urine (1). In women, UI is associated with pregnancy, 

vaginal delivery, and hormonal changes in menopause (2, 3), while in men injuries after 

prostate cancer surgery predominate (4). In some cases, physical exercise of lower pelvic 

floor muscles may improve the situation, sometimes complemented by 

electrophysiological stimulation, bio-feedback devices, or chemicals (5). If these therapies 

fail to yield improvement, surgical therapies including cell therapies can be considered (6). 

However, studies reporting on cell therapy of UI grant a quite diverse picture. In several 

preclinical animal studies, advantages of cell therapies were reported but cohort sizes were 

often small, follow-up times were short, or studies did not yield an overall significant 

outcome (7-10). Some clinical studies suffered from similar problems (11-13), other 

studies were retracted (not cited) or not published nor reported to the authorities (compare 

e.g., EMA registry on SUI cell therapy). However, some recent papers rated the efficacy of 

UI cell therapies over other treatments (14, 15), while others reported little benefit (16). 

Robust and relevant large animal models of human diseases or deficiencies investigating 

the efficacies and kinetics of different UI therapies are essential to solve these 

issues (17-23). 

A variety of UI animal models were introduced in the field, ranging from rodents (24, 25) 

to farm animals (8, 17), and non-human primates (26, 27). Rodents facilitate studies with 

larger cohorts and grant statistical advantages for regimen with small molecules 

(chemicals, proteins) but come with an entirely different anatomical situation compared to 

human patients. For instance, precise needle injections of active components in a rodent’s 

urethra require excellent surgical skills. Moreover, in rodents transurethral application of 

medication and transurethral follow-up seem impossible. In contrast, the anatomy and 

build of Macaca fascicularis, a non-human primate, comes closer to the human situation 

and studies in cynomolgus monkeys provided results in favor of UI cell therapy (28). 

However, this animal model is too small to develop working prototypes of surgical 

instruments intended for later clinical use. We therefore extended our experimental work 

with gilts as UI models, as they provide size and metabolism suitable for preclinical studies 

with standard-size surgical instruments (17, 20, 21, 23). However, rapid growth of young 
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landrace pigs may cause technical difficulties for long-term follow-up of UI therapy. 

Hence we investigated if a combination of transurethral injury of the sphincter complex 

plus urethral dilatation produced a significant and lasting sphincter deficiency in Göttingen 

minipigs (GM). The GM were selected based on their slow growth kinetics leveling off at a 

mean weight of 45 ± 15 kg at about 20 months of age, thus facilitating long-term 

studies (19). Female German landrace gilts (GL) served as control cohort (17). Prior to 

experimental induction of sphincter deficiency, the sphincter muscle complex was 

localized under visual control by cystoscope and transurethral determination of the urethral 

wall pressure. To do so, standard urethral pressure profilometry (s-UPP) and 

high-definition urethral pressure profilometry (HD-UPP) were employed (17). 

Immediately after injury and during follow-up, the spontaneous functional recovery of the 

urethral closure complex was also determined by s-UPP and HD-UPP. 

In GM, a robust and durable model of urinary incontinence was not established by 

electrocautery of the sphincter muscle in combination with urethral balloon dilatation. 

Sphincter closing pressure was reduced in GM but was no longer significantly different 

from pretreatment values as early as one or two weeks after treatment due to spontaneous 

tissue regeneration without active therapy. Even enhanced muscle injury by enforced 

electrocautery failed to establish a lasting UI model in gilts of this breed. In contrast, 

moderate sphincter injury followed by urethral dilatation in GL generated a significant 

sphincter deficiency lasting for five weeks. This leads to the conclusion that GL seem a 

better model to study cell therapies after sphincter injury. This breed difference may also 

apply to therapy studies of other muscles or tissues. 
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Figure 1: Schematic overview of animal experiments. Timelines of surgically induced urethral sphincter deficiency 

were investigated in three animal cohorts. Sphincter deficiency was induced in cohort 1 (16 GM gilts) by two proximal 

electrocauteries and balloon dilatation. The overall follow-up lasted for six weeks. After 1, 3, 5, and 6 weeks 4 GM each 

were taken out of the study to prepare sphincter samples for histology as indicated by numbers in red boxes. Cohort 2 

(four GM gilts) was treated by two proximal and two distal electrocauteries and balloon dilatation. The overall follow-up 

lasted for four weeks. After sacrifice, urethral sphincter tissue was analyzed by histology. Cohort 3 (six GL) were treated 

by two proximal electrocauteries and balloon dilatation as cohort 1 animals. The overall follow-up lasted for five weeks. 

After sacrifice, urethral sphincter tissue was analysed by histology. Urodynamics (green ovals) were performed on day 0 

immediately before and immediately after induction of sphincter deficiency (violet triangles) and weekly thereafter as 

indicated. 
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Results 

Sphincter regeneration after moderate injury in Göttingen 

minipigs 

Sphincter deficiency was induced in 16 GM of cohort 1 in the area of maximal urethral 

wall pressure by proximal electrocautery followed by balloon dilatation (17) (Figure 1). 

The degree of muscle deficiency was enumerated by s-UPP immediately after induction of 

sphincter deficiency and during follow-up for a total of six weeks (Figure 2). When 

computing the sphincter insufficiency for the four animals completing the study in 

cohort 1, significant differences were recorded between sphincter function before induction 

of deficiency and immediately after surgery (Figure 2A; 60.5% ±26.6%; n=4; p<0.01). 

However, as early as one week after surgery and during follow-up, significant differences 

were not recorded anymore (Figure 2A). Nevertheless, sixteen gilts entered the study in 

cohort 1 but one, three, and five weeks after surgery four animals each were taken out of 

the study for histology (Figure 1). We therefore imputed the missing data to maintain a 

virtual cohort size of 16 GM. In the imputed total population a significant loss of sphincter 

function was recorded immediately after induction of incontinence (56.9% ±19.7%; n=16; 

p<0.001) and after one week of follow-up (68.8% ± 26.8%; n=16; p<0.001) when 

compared to the same animal prior surgery (Figure 2B). Still, no significant difference was 

calculated for two weeks of follow-up (Figure 2B; 93% ± 34.6%). Virtually significant 

differences were computed between the urethral wall pressure before induction of 

incontinence compared to three to six weeks after surgery (Fig. 2B). Urinary infection, 

white and red blood cell counts, as well as urine chemistry (pH, glucose, etc.) were 

monitored throughout the study, and pathological abnormalities were not recorded in 

14/16 animals of cohort 1. However, 2/16 animals suffered from urethral infection after 

induction of sphincter deficiency.  
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Figure 2: Boxplots of urodynamic measurements of cohort 1 determined with standard urethral pressure 

profilometry (s-UPP). A: Boxplots and p-values were calculated, and nonparametric analyses are reported for the four 

GM which completed six weeks of follow-up period. The areas under the curve (AUCs) were obtained from the original 

measurements. In these analyses, a significant result is computed only between “Before” and “After” surgery 

(p<0.01; **). All other comparisons were not significant (n.s.). B: Urodynamic measurements were performed 

immediately before (Before) and immediately after (After) induction of sphincter deficiency, and weekly during 

follow-up (Week 1-6). The areas under the curve (AUCs) were obtained from the original measurements. Since after 1, 3, 

and 5 weeks, four GM each were taken out, the missing data were imputed, averages were built, and p-values were 

calculated from these averages via nonparametric analyses to maintain an artificial/virtual cohort size of sixteen animals 

throughout the study. Highly significant results (***) were computed for the AUC median pairs “Before” to “After” and 

“Before” to “Week 1” (p<0.001), respectively. “Before” to “Week 2” was not significant, but “Before” to weeks three to 

six were significant again, as indicated by asterisks. The x-axes present the time points of urodynamic measurements, the 

y-axes the urethral wall pressure as AUC in arbitrary units (AU).  
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From cohort 1, four animals each were sacrificed one, three, and five weeks after induction 

of incontinence to investigate the sphincter tissue by histology (Figure 1, 3). Tissue injury 

was noted one week after electrocautery and balloon dilatation (Figure 3A, 3D). In the 

mucosa no blebs were visible. Signs of infiltration of mononuclear cells were not observed 

(Figure 3A). After three weeks of follow-up, tissue regeneration was visible by 

histochemistry in cohort 1 animals. Blebbing of the mucosa was observed (Figure 3B, 3E). 

Structural changes and muscular abnormalities in the rhabdosphincter were evident in three 

of four animals investigated in detail (Figure 3E). One of the four animals showed no 

muscular irregularities (data not shown). After five weeks of follow-up, the muscular layer 

and the mucosa appeared almost normal in cohort 1 animals (data not shown), except for 

two animals in which each one suggested electrocautery location with still interrupted 

muscular layer was recorded (Figure 3C, 3D). These histological analyses of tissue 

samples (Figure 3) corroborated the results of the urodynamics indicating a rapid 

functional sphincter regeneration in GM (Figure 2B).  
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Figure 3: Histological analyses of representative animals of cohort 1 at weeks 1, 3, and 5 after induction of 

sphincter insufficiency. HE (A-C) and Azan (D-F) staining of consecutive 20 µm-cryosections of one representative 

animal per time point of cohort 1. A,D: One week after surgery, histochemistry shows serious injury of the urothelial 

layer, incision in the mucosa (arrow), and interrupted muscle structures. Mucosal blebs were not found. B, E: Three 

weeks after surgery, incisions are not observed anymore, the urethral layer is intact, in the mucosa blebs are found, but 

the sphincter muscle shows structural irregularities (arrow). C, F: Five weeks after surgery, the urethral layer is intact, in 

the mucosa blebs are visible, and the sphincter muscle layer is slightly interrupted in one animal (arrow). Scale bars 

indicate 1000 µm. 

Sphincter regeneration after enhanced injury in Göttingen 

minipigs 

In contrast to our recent study employing GL (17), a functional sphincter recovery in 

cohort 1 GM was observed as early as one to two weeks after surgery (Figure 2). We 

hypothesized that two proximal electrocauteries were not sufficient to establish a robust 

SUI model in GM. In a small feasibility study, four GM were treated by four 

electrocauteries, placing two injuries just distal and two just proximal outside the zone of 

maximal urethral wall pressure, and complementing the electrocauteries by balloon 

dilatation (Figure 1). Significant differences in the urethral wall pressure were not recorded 

after enhanced induction of sphincter deficiency compared to the wall pressure before 
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surgery (Figure 4). To confirm the results obtained by s-UPP, urethral wall pressure was 

also measured by HD-UPP (Figure 5). The HD-UPP prototype recorded the urethral wall 

pressure by eight sensors positioned on the catheter in a spiral-shaped distribution (29-31). 

The HD-UPP facilitated a high-resolution measurement as function of the urethral stretch s 

(in mm) from bladder neck and the angular position  (in deg) of an individual measuring 

point. Pressure levels are indicated by colors in two-dimensional (2D) blots 

(Figure 5A - F). The green zone of elevated wall pressure with a width of approximately 

30 mm indicated the wall pressure maximum and did not disappear nor change color after 

surgery. However, a narrowing of the (“green”) zone of maximal urethral wall pressure 

was noted immediately after surgery and during follow-up. The HD-UPP prototype also 

allows to present the urethral pressure profiles as histograms using the same colors as in 

the 2D blots (Figure 5G – L). A difference in the maximal urethral wall pressure was not 

recorded in animals before surgery and during follow-up up to four weeks, and pressure 

levels of approximately 100 cm H2O were measured (Figure 5G – L). The data generated 

by s-UPP to compute mean differences and statistics (Figure 4) were utilized to generate 

pressure histograms as well. The s-UPP histograms confirmed the narrowing of the zone of 

maximal urethral wall pressure after surgery and during follow-up compared to animals 

before treatments (Figures 5G – L). Utilizing s-UPP, slightly higher pressure levels of 

approx. 150 mm H2O were determined (Figure 5M – R) when compared to HD-UPP 

histograms (Figure 5G – L). Both sensor types failed to determine significant differences 

between animals before versus after induction of sphincter deficiency. Therefore, this 

study was terminated after four weeks to comply with animal welfare regulations. As a 

prototype sensor was employed for HD-UPP in these experiments, differences observed 

between HD-UPP and s-UPP can be explained by a different calibration of the device. 

Urinary infection, white and red blood cell counts, as well as urine chemistry (pH, glucose, 

etc.) were monitored throughout the study, and pathological abnormalities were not 

recorded. 
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Figure 4: Boxplots of urodynamic measurements of cohort 2 determined with standard urethral pressure 

profilometry (s-UPP). Urodynamic measurements were performed with standard urethral pressure profilometry (s-UPP) 

with four cohort 2 animals as described in Figure 2B. Areas under the curve (AUCs) were calculated from the original 

measurements. No significant p-values were obtained for any of the comparisons. The x-axis presents the time points of 

urodynamic measurements, the y-axis the urethral wall pressure as AUC in arbitrary units (AU). 
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Figure 5: Urethral wall pressure analyses of cohort 2 monitored over four weeks after incontinence induction with 

two distinct devices. A – L: Urodynamic measurements were performed with a high-definition urethral pressure 

profilometry (HD-UPP) prototype immediately before incontinence induction (“Before”), immediately after incontinence 

induction (“After”), and weekly during follow-up (Week 1-4). One representative animal is depicted. In week 2, no data 

were measured with the HD-UPP due to technical failure of the prototype. The results of HD-UPP measurements are 

displayed in two versions. Mode 1 (A-F) displays the urethral wall pressure as three-dimensional graph (stretch “s” in 

mm on the x-axis, angular position θ = clockwise angle in degrees on the y-axis, and urethral wall pressure “p” in 

cm H2O as a color range from blue (=0 cm H2O) to yellow (=150 cm H2O). Mode 2 (G-L) displays a two-dimensional 

view of the data produced by HD-UPP. On the x-axis, the stretch in mm is shown, while on the y-axis the urethral wall 

pressure is displayed in cm H2O. Note the different dimensions on the y-axis of the graphs. The color code in modes 1 

and 2 did not show any difference over time in the height of urethral wall pressure but indicate a smaller width of 

maximal wall pressure for “After” and “Week 1", respectively. M - R: In addition, urodynamic measurements were 

performed in all animals by standard urethral pressure profilometry (s-UPP). The graphs show data of the same animal 

and time points as in A – L. The colored curves represent the vesical pressure Pves (blue) and urethral pressure Pura (red) 

measured with sensors, and the calculated urethral closure pressure Pclo (green). This data set was used to compute the 

AUC for Figure 4. The upright violet start- and the turquoise end- lines indicate the range selected for AUC calculations. 

The graphs supported the results of A-L. 

Histochemistry of sphincter samples from cohort 2 animals of the proximal 

electrocauteries was performed after animals’ sacrifice after four weeks of follow-up 

corresponding to cohort 1 animals. Infiltration of mononuclear cells was not observed. At 

that time point, apparent signs of tissue injury were not recorded in the urothelial, mucosal, 

and submucosal layers of the urethra. The sphincter muscle stained with regular patterns 

(Figure 6). The results corroborated that GM recovered from induction of sphincter 

deficiency by balloon dilatation plus fourfold electrocautery quite fast (Figures 5, 6). 

Considering GM as SUI models, reliable differences in sphincter recovery were not 
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observed after moderate versus enhanced electrocautery and balloon dilatation  

(Figures 2 – 6). 

 

Figure 6: Histological analysis of representative animal of cohort 2. Representative HE (A) and Azan (B) staining of 

consecutive 20 µm-cryosections of one representative animal of cohort 2 after four weeks of follow-up. Staining provided 

no evidence for interrupted muscle structures and no interruption of the urothelial structure resulting from the 

electrocautery was observed. Small blebs in the mucosa were visible. Scale bars indicate 1000 µm.  
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Sphincter regeneration after moderate injury in German landrace 

gilts 

To verify the improved sphincter regeneration in GM included in this study, sphincter 

insufficiency was induced in six GL applying the moderate procedure comparable to 

cohort 1 animals distally in the zone of maximal urethral wall pressure. The animals were 

observed for five weeks of follow-up (Figure 1). In contrast to GM, a significant and 

lasting sphincter muscle deficiency was observed in GL after moderate injury using a 

double electrocautery plus balloon dilatation. This was evident immediately after surgery 

and during follow-up (Figure 7). The mean urethral wall pressure dropped immediately 

after surgery to 20.8% ± 12.2% (p<0.001). Spontaneous tissue regeneration and wound 

healing during follow-up elevated the wall pressure to 71.7% ± 19.4% three weeks after 

surgery. Nevertheless, it remained significantly below levels determined in untreated 

animals throughout the follow-up of five weeks (p<0.01 to p<0.001; Figure 7). To 

corroborate the results obtained by s-UPP after moderate induction of sphincter deficiency, 

HD-UPP was performed in cohort 3 animals as well (Figure 8). As explained above, green 

and yellow colors indicate elevated urethral wall pressure in 2D blots (Figure 8A – G). 

Immediately after induction of sphincter deficiency and during follow-up, sphincter muscle 

activity or urethral wall pressure remained at (“blue”) base levels (Figure 8B – G). The 

histogram mode of the HD-UPP determined about 80 cm H20 urethral wall pressure prior 

to surgery (Figure 8H), a reduction to about 20 cm H20 (Figure 8I – K) immediately after 

surgery and during early follow-up, reaching a peak three weeks after surgery (50 cm H2O; 

Figure 8L), and leveling off at about 40 cm H2O, after four and five weeks, respectively 

(Figure 8M, N). The data generated by s-UPP to compute mean differences and statistics 

(Figure 7) were utilized to generate pressure histograms as well (Figure 8O - U). By 

s-UPP, a urethral wall pressure maximum of 100 cm H2O was recorded in animals prior to 

induction of sphincter deficiency (Figure 8O). After surgery, the wall pressure dropped 

below 50 cm H2O and remained below this level during follow-up (Figure 8P – U). 

Urinary infection, white and red blood cell counts, as well as urine chemistry (pH, glucose, 

etc.) were monitored throughout the study, and pathological abnormalities were not 

recorded. 
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Figure 7: Boxplots of urodynamic measurements of cohort 3 determined with standard urethral pressure 

profilometry (s-UPP). Urodynamic measurements were performed with standard urethral pressure profilometry (s-UPP) 

immediately before incontinence induction (“Before”), immediately after incontinence induction (“After”), and weekly 

during follow-up (Week 1-5). The areas under the curve (AUC) indicating urethral sphincter function were calculated 

from the original measurements. Significant and highly significant p-values were computed for all comparisons as 

indicated (**, ***) using “Before” as control. The x-axis presents the time points of urodynamic measurements, the 

y-axis the urethral wall pressure as AUC in arbitrary units (AU). 
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Figure 8: Urethral wall pressures of cohort 3 monitored over five weeks after incontinence induction with two 

distinct devices. A – N: Measurements of urethral wall pressure were performed with a high-definition urethral pressure 

profilometry (HD-UPP) in cohort 3 pigs as described in figure 5. One representative animal is shown. Urodynamics with 

HD-UPP in mode 1 (A-G) display the urethral wall pressures as three-dimensional graphs and in mode 2 (H-N) as 

two-dimensional histograms. The color code (A – G) and histograms (H - N) depicted normal sphincter function only 

before (A, H) but not after surgical treatment nor during follow-up (B – G, I – N). O-U: In addition, urodynamic 

measurements were performed in all animals by standard urethral pressure profilometry (s-UPP) as well. The graphs 

show data of the same animal as in A – N. Details are explained in the legend to figure 5. The graphs also support the 

results of A-N. 

After follow-up and animals’ sacrifice, cryosections of urethral sphincter samples were 

analyzed by histochemistry (Figure 9). Infiltration of mononuclear cells was not observed 

by HE staining, but the tissue integrity presented with irregularities (Figure 9A). By AZAN 

staining disruption of the muscular layer and replacement by connective tissue was 

recorded. Moreover, in the mucosa no blebs were found suggesting compression of the 

tissue by balloon dilatation. (Figure 9A, 9B). These findings are in line with the results 

obtained by s-UPP and HD-UPP (Figures 7, 8). Moreover, it confirmed that moderate 

induction of sphincter deficiency by double electrocautery followed by balloon dilatation 

persisted in GL significantly during follow-up of five weeks. Thus, GL have proven as 

robust large animal model of stress urinary incontinence.  



Publications 

171 

 

Figure 9: Histological analysis of representative animal of cohort 3. Representative HE (A) and Azan (D) staining of 

consecutive 20 µm-cryosections of one animal of cohort 3 five weeks after induction of sphincter deficiency. Interruption 

of muscular structures and connective tissue in the zone of the urethral rhabdosphioncter muscle were seen by HE and 

AZAN staining (arrows). Alterations in the mucosa or urothelial layer were not noted. Scale bars indicate 1000 µm.  
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Discussion 

Porcine models of diseases gained interest recently upon completion of the sequencing of 

the porcine genome, generation of mutant lines by recombinant technologies, and based on 

the fact that e.g., size of organs, omnivore metabolism, genetics, and other characteristic 

are more closely related to humans when compared, for instance, to rodents (32, 33). 

Among different porcine breeds, smaller ones such as GM are preferred through their 

limited growth and weight even after extended follow-up (34). We therefore hypothesized 

that GM may provide a large animal model of UI to facilitate studies on effects of cell 

therapy with an extended follow-up but without biasing anatomic changes due to the 

growth of the animals (19). However, in contrast to recent studies employing landrace 

gilts (17, 35), significant sphincter deficiency was recorded in GM only up to one to two 

weeks after induction of urethral muscle injury. Even enhanced electrocautery followed by 

balloon dilatation failed to induce a significant sphincter deficiency in GM. In contrast, 

moderate surgical intervention employing only two lateral electrocauteries of the urethral 

sphincter yielded a significant, robust, and lasting sphincter deficiency in GL. Moreover, 

the level of reduction of urethral wall pressure immediately after electrocautery and 

dilatation was only about 40 – 45% in cohort 1 and cohort 2 compared to about 80% in 

cohort 3 animals. This difference could indicate that the tissue elasticity of the sphincter 

complex, the mechanical resistance to dilatation, vascularization, and other specificities 

differ in GM in relevant ways from GL. Such characteristics of the breeds may at least in 

part contribute to the significant difference in SUI induction observed between cohort 1 

and 2 animals when compared to cohort 3 animals. Therefore, we suggested that 

differences in the outcome of this preclinical study were most likely associated with the 

breed of the animals, including the anatomy of the sphincter. 

Differences in the regeneration of the critical contractile compound in our model, the 

muscle tissues of the urethral sphincter, must be considered when discussing the 

differences in sphincter regeneration measured. Growth patterns of smooth muscle cells 

isolated from GM compared to GL provided evidence that cells of GL proliferated faster 

and seeded scaffolds better than those isolated from GM (36). Moreover, a higher content 

of smooth muscle cells was reported in GL arteries compared to GM vessels (37). In one 

model for muscular ventricular septal defect therapy, GL presented with good results (38), 

while other authors claimed Yucatan minipigs as preferable model for the same 
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therapy (39). In a surgical model for cardiomyoplasty, GM and GL performed 

comparably (40). However, GM granted a superior model for studies of post-myocardial 

infarction heart failure (41). This finding would align with our results: better muscle 

regeneration of GM compared to landrace breeds. In previous studies, left ventricular 

ejection after myocardial infarction was slightly higher in GM (i.e., 11.3%) when 

compared to Yorkshire swine (42). Again, these findings corroborate our study as GM 

regenerated the sphincter complex faster than GL. Moreover, significant differences 

between cartilage and chondrocytes were observed between hybrid pigs and GL, 

respectively (43). Nevertheless, GM were characteristic of limited repair capacity of 

osteochondral defects (44). This indicates that GM do not inherit better tissue regeneration 

capacities in general compared to other breeds. These studies support the hypothesis that 

the differences in muscle regeneration in GM and GL explain at least in part the significant 

differences observed in spontaneous sphincter regeneration.  

Another aspect merits discussion as well. Our recent study provided evidence that in GL 

the maximal urethral wall pressure is localized approximately in the middle of the urethra, 

about 5 cm distal of the bladder (17). In GM, the urethral wall pressure maximum was 

localized somewhat more proximal (Figure 5). Additionally, the two breeds display 

different urodynamics profiles in untreated conditions as reported recently and confirmed 

by our results (45) (Figure 5M, Figure 8O). While GL display a smaller peak in maximal 

closure pressure, GM represents more with a wider plateau of maximal closure pressure. 

As electrocautery is a rather pointed injury, it may not harm the wider plateau of the 

maximal sphincter strength in GM efficiently which might result in a higher loss of wall 

pressure obtained in GL compared to GM Therefore, this difference in sphincter injury 

could contribute to the different outcomes of our incontinence induction and seems 

essential for the SUI model. 

In this study, the sphincter injury by electrocautery targeted the zone of the urethral wall 

pressure maximum. Here the urethral sphincter complex is predominated by smooth 

muscle tissue in GL as well as in GM, while striated muscle tissue is found only in the very 

distal parts of the porcine urethra (17, 46). The composition of the contractile tissue of the 

urethral sphincter does not discriminate between the two breeds included.  

Age of the animals could also contribute to the differences observed. However, at least in 

the human situation, an elevated risk for extended urinary incontinence after mechanical 

stress by pregnancy or lower pelvic floor muscle trauma upon vaginal delivery is known to 



Publications 

174 

correlate with increased age of the mother (47, 48). Therefore, the older female GM were 

expected to suffer from more severe sphincter deficiency when compared to the younger 

GL. So, the age of the animals seems not a key factor contributing to the shorter and not 

significant incontinence in GM. The health status of all animals was monitored throughout 

the study by expert veterinarians. The urine status, body temperature, animal behaviour, 

increase of weight during follow-up of all animals included provided no evidence for 

differences of illness nor malady between the breeds (data not shown).  

However, differences in urethral vascularization and blood supply could contribute to 

improved sphincter regeneration in GM. Improved blood supply could also activate local 

satellite cells or other progenitor cells to facilitate tissue regeneration (49). To the best of 

our knowledge, this has not been investigated in detail in GM versus GL, but in GM 

hepatic blood flow and perfusion were significantly lower than in landrace hybrids (50). If 

vascularization is critical in the context of this study, we would expect that sphincter 

regeneration in GL should not lag significantly behind the functional recovery observed in 

GM. Nevertheless, detailed studies on urethral vasculature and blood supply are beyond 

the focus of this study. The composition of the extracellular matrix of the porcine urethra 

should not be disregarded when investigating differences in sphincter deficiency and 

regeneration (51). In human tissue samples of the elderly, collagen content increases and 

muscle tissue reduction were reported (52). The sphincter tissue of older GM could 

therefore be more resistant to tissue injury generated by electrocautery. This hypothesis is 

also supported by our finding that fourfold electrocautery applied in cohort 2 animals did 

not cause a significant sphincter deficiency when compared to the twofold electrocautery 

used in cohort 1 animals. But again, a detailed investigation of the differences in sphincter 

histology and regeneration in GM on molecular levels is beyond the focus of this study. 
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Conclusion 

Göttingen minipigs inherit an elevated potential for rapid sphincter muscle regeneration 

and therefore failed to serve as robust animal model of urinary incontinence. This 

enhanced potential for muscle regeneration may influence the outcome of animal studies 

performed with this breed and should be taken into account when comparing studies 

performed in different breeds. 
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Material and Methods 

Animal model of urinary incontinence and wound healing 

Female Göttingen minipigs (GM; n = 20, mean weight approx. 25 kg, 12 months of age) 

were obtained with excellent health status and reports directly from the breeder (Ellegaard, 

Dalmose, Denmark). They were housed prior to surgery under specific conditions in the 

animal facility in cohorts of four to six gilts in separate pens for two weeks. German 

landrace gilts (GL; n = 6, mean weight approx. 30 kg, 3 months of age) were obtained with 

excellent health status directly from the breeder (Benz GbR, Bingen, Germany) and housed 

in the animal facility in one pen for two weeks prior to surgery. Before induction of 

sphincter deficiency, animals were sedated by pre-medication (atropin: 0.05 mg/kg body 

weight (bw) i.m. and azaperon: 4.0 mg/kg bw i.m.), followed by midazolam: 1.0 mg/kg bw 

i.m. and ketamin (14 mg/kg bw i.m.). The localization and muscular strength of the 

urethral sphincter complex were determined by cystoscopy under visual control measuring 

the urethral wall pressure using s-UPP (also known as urodynamics) in sedation 

(Aquarius TT, Laborie, Portsmouth, NH, USA) as described recently (17). Then, the 

animals were anesthetized (propofol: 5 mg/kg bw i.v. under controlled respiration with 

0.6 - 1.6 Vol% isoflurane, complemented if needed by fentanyl: 5μg/kg bw i.v.). To 

establish the animal model of urinary incontinence, sphincter deficiency was induced in 

deep anesthesia. In cohort 1, GM (n = 16) were treated by two lateral electrocauteries 

(Erbe Hybridknife, mode monopolar cut, effect 4, power 100 W max.; ERBE 

Elektromedizin, Tuebingen, Germany) just proximal of the wall pressure maximum 

followed by balloon dilatation as described (17). In cohort 2, GM (n = 4), sphincter 

deficiency was established by two lateral electrocauteries proximal and two additional 

lateral electrocauteries distal of the urethral wall pressure maximum, followed by balloon 

dilatation as described above. Cohort 3 GL (n = 6) were treated as cohort 1 GM. Of note, 

maximum wall pressure was located more distally in the urethra. Immediately after 

induction of sphincter deficiency and thereafter during follow-up, sphincter function was 

monitored weekly by s-UPP for up to six weeks. The urine status was determined weekly 

to monitor, e.g., bleeding, protein, or alike (Combur 10 test, Roche, Pentzberg, Germany). 

In animals of cohort 2 and 3, a high-definition prototype device with improved local 

resolution was used (i.e., high-definition urethral pressure profilometry (HD-UPP) in 

addition to s-UPP monitoring (17, 30). From cohort 1 GM, four animals each were 
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sacrificed after 1, 3, 5, and 6 weeks of follow-up to prepare urethral tissue samples for 

histological analyses. GM of cohort 2 and GL of cohort 3 were sacrificed after 4 and 

5 weeks of follow-up, respectively, to prepare urethral tissue samples as well (Figure 1).  

During husbandry in the animal facility, animals were observed daily, and the health status 

was monitored by trained personnel. Depending on the breed, animals were given specific 

food and water ad libitum. The cohort sizes were calculated based on the assumption that 

induction of sphincter deficiency generated a drop in urethral wall pressure (i.e., sphincter 

muscle strength measured by urodynamics) of 60% below control levels. Randomization, 

blinding, or masking were not included in this feasibility study. The animal study was 

approved by the State of Baden-Württemberg Animal Welfare Authorities under file 

number 35/9185.81-2 / CU01-20G, and performed in full compliance with the 

ARRIVE 2.0. standards. 

Generation of cryosections and histochemistry 

After follow-up, gilts were sacrificed (phenobarbital, lethal). The urethral sphincter was 

prepared, cut open dorsally, suspicious tissue samples were embedded in freezing 

compound (Tissue Freezing Medium, Leica, Richmond, USA), frozen in liquid nitrogen, 

and stored at -80 °C. Cryosections were generated (20 μm, Leica CM1860 UV, Leitz, 

Wetzlar) and mounted on super frost slides. To visualize the urethral tissue, histochemistry 

was performed using AZAN trichrome- and HE-staining protocols (17). The samples were 

evaluated and recorded by microscopy (Zeiss Axio Vert.A1, Zeiss, Oberkochen). 

Overview pictures were generated by ‘Image Composite Editor’ software (Microsoft, 

Redmond,WA, USA). 

Statistics 

Raw data were used for statistical analyses. All statistical analyses were performed with 

R Statistical Software (v4.2.2) (53), and the nparLD R package (v2.2) (54) was used for 

calculations of ANOVA-type statistics reported in the figures. Nonparametric analyses 

were chosen due to small sample sizes and not normal data distributions. P-values < 0.05 

were determined as significant and marked in the figures by asterisks (p<0.001 ***; 

p<0.01 **, p<0.05 *). For the evaluation of data of cohort 1, multiple imputation was 

performed using the amelia R package (v1.8.1) (55). 100 imputed data sets were created 

with a linear time effect, lower bound set to zero, and lags and leads defined as the 
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y-variable “area under the curve (AUC)”. To analyze the results with the nparLD 

R package, averages of the imputed data sets were built. For better comparison, raw data 

were normalized to the time point “Before” incontinence induction as 100% for each 

animal.  
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List of abbreviations 

bw  body weight 

GL  German landrace gilts 

GM  Göttingen minipigs 

HD-UPP high-definition urethral (wall-) pressure profilometry 

s-UPP  standard urethral (wall-) pressure profilometry, alias urodynamics 

SUI  stress urinary incontinence 

UI  urinary incontinence 
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Abstract  

The leading cause of stress urinary incontinence in women is the urethral sphincter muscle 

deficiency caused by mechanical stress during pregnancy and vaginal delivery. In men, 

prostate cancer surgery and injury of local nerves and muscles are associated with 

incontinence. Current treatment often fails to satisfy the patient's needs. Cell therapy may 

improve the situation. We therefore investigated the regeneration potential of cells in 

ameliorating sphincter muscle deficiency and urinary incontinence in a large animal model. 

Urethral sphincter deficiency was induced surgically in gilts by electrocautery and balloon 

dilatation. Adipose tissue-derived stromal cells and myoblasts from Musculus 

semitendinosus were isolated from male littermates, expanded, characterized in depth for 

expression of marker genes and in vitro differentiation, and labelled. The cells were 

injected into the deficient sphincter complex of the incontinent female littermates. 

Incontinent gilts receiving no cell therapy served as controls. Sphincter deficiency and 

functional regeneration were recorded by monitoring the urethral wall pressure during 

follow-up by two independent methods. Cells injected were detected in vivo during 

follow-up by transurethral fluorimetry, ex vivo by fluorescence imaging, and in 

cryosections of tissues targeted by immunofluorescence and by PCR of the SRY gene. 

Partial spontaneous regeneration of sphincter muscle function was recorded in control gilts, 

but the sphincter function remained significantly below levels measured prior to induction 

of incontinence (67.03±14.00%, n=6, p<0.05). Injection of myoblasts yielded an improved 

sphincter regeneration within five weeks of follow-up but did not reach significance 

compared to control gilts (81.54±25.40%, n=5). A significant and full recovery of the 

urethral sphincter function was observed upon injection of adipose tissue-derived 

mesenchymal stromal cells within five weeks of follow-up (100.4±23.13%, n=6, p<0.05). 

Injection of stromal cells provoked slightly stronger infiltration of CD45pos leukocytes 

compared to myoblasts injections and controls. The data of this exploratory study indicate 

that adipose tissue-derived mesenchymal stromal cells inherit a significant potential to 

regenerate the function of the urethral sphincter muscle. 
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Impact statement 

Urinary incontinence is a significant medical challenge and current therapies often do not 

satisfy patients’ needs. This study investigates the potential of two different types of cells, 

stromal cells versus myoblasts, head-to-head in a robust animal model of incontinence. The 

stromal cells outperformed the myoblasts. Autologous stromal cells can be isolated from 

adipose tissue of patients without intolerable side effects in sufficient amounts and 

produced with much less efforts under GMP-compliant conditions. Our results suggest 

confirmatory preclinical studies to verify the efficacy of stromal cell-mediated sphincter 

regeneration and recommend such cells for future clinical trials. 

Keywords 

Stress urinary incontinence; cell therapy; adipose tissue-derived mesenchymal stromal 

cells; myoblasts; large animal model of incontinence 
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Introduction 

Therapy of stress urinary incontinence (SUI) is a significant medical challenge as 

increasing parts of the ageing population worldwide present with involuntary loss of urine. 

For women, a prevalence of urinary incontinence (UI) of 45% and higher was estimated, 

for men about 25% are reported. Many incontinent patients suffer from SUI 1-5. Chronic UI 

contributes to dermal irritations, local inflammations, urinary infections, and other 

comorbidities 6,7. 

SUI is caused by an insufficiency or a loss of the urethral sphincter muscle function 8. In 

women, SUI is mainly associated with pregnancy, vaginal delivery, and hormonal changes 

in menopause 9, while in men sequela of prostate surgery predominate 10. Mild forms of 

SUI can be managed by adapting the daily routine, drug treatment, and lower pelvic floor 

muscle training, sometimes complemented with electrophysiology or biofeedback 11,12. If 

such regimen fails to satisfy the patient’s needs or expectations, different surgical 

treatment options are available 13,14. However, they all inherit side effects that must be 

considered.  

Loss of muscle cells of the urethral sphincter apparatus and displacement of striated 

muscle tissue by collagen fibres were reported in the elderly 15. This supported the 

hypothesis that surgical application of muscle fibres 16 or injection of myogenic progenitor 

cells (MPCs) could strengthen the urethral muscle 17-22. Application of active components, 

including cell culture supernatants and exosomes, were explored as well 23-25. Others 

investigated if mesenchymal stromal cells (MSCs), including adipose tissue-derived 

stromal cells (ADSCs), could restore urethral sphincter function 26-30. However, some 

clinical studies did not yield convincing outcome 31, some included small cohorts only, and 

some had to be retracted (not cited). Moreover, mechanisms contributing to cell-based 

sphincter regeneration are not understood in detail. As study designs of the preclinical and 

clinical studies published differed considerably, the regenerative potential of the two main 

active compounds investigated so far, MSC-like cells such as ADSCs versus myoblasts or 

MPCs, cannot be compared directly 28,32. We therefore set out to investigate head-to-head 

if ADSCs or MPCs perform better in sphincter regeneration. To this end, we employed our 

porcine large animal model of SUI 33 and injected ADSCs or MPCs from a male littermate 

together with fluorescent-labelled microparticles to facilitate the detection of the cells 
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applied in tissues targeted in vivo and ex vivo. In addition, we searched for injected male 

cells by PCR of the sex-determining region Y (SRY) gene in cryosections of treated gilts. 
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Methods 

Establishing a preclinical model of stress urinary incontinence 

German landrace gilts (n = 18) were obtained directly from the breeder (Benz GbR) with 

excellent health status. Before surgery, animals were sedated. Prior to induction of 

sphincter insufficiency, the urethral sphincter muscle was localized by transurethral 

urodynamics, also known as urethral pressure profilometry (UPP) as described 

recently 33,34. The sphincter muscle was injured by two lateral electrocauteries just distal of 

the wall pressure maximum followed by balloon dilatation in deep anaesthesia 33. 

Immediately after surgery, efficacy of sphincter deficiency was confirmed by UPP. After 

SUI induction, the health and urine status were monitored by trained personnel. In 

addition, the regeneration of the sphincter muscle was monitored weekly by UPP 33. The 

study was approved by the State of Baden Württemberg Animal Welfare Authorities under 

file number 35/9185.81-2 / CU01-20G and performed in full compliance with the 

ARRIVE 2.0. standards and all other relevant regulations. 

Production of myoblasts (MPCs) from Musculus semitendinosus 

Tissue samples from Musculus (M.) semitendinosus were aseptically prepared from young 

male littermates of the gilts included in the study. In the laboratory, MPCs were isolated 

and expanded employing a slightly modified protocol 35 based on recent papers 36,37. For 

MPC characterization, expression of desmin and CD56 were explored by 

immunofluorescence (IF) and flow cytometry (FC), respectively (Table 1) 35,36,38. 

Expression of myogenic transcripts were determined by RT-qPCR. Differentiation of 

MPCs was induced as described 36. Syncytia and multi-nuclear myotubes were recorded by 

IF using anti-desmin antibodies and DAPI counterstaining. To investigate the functional 

competence of the porcine myotubes, electrophysiology was employed. In brief, MPCs and 

myotubes were either stimulated electrically or by caffeine to prove the release of calcium 

from intracellular compartments 39,40. Before injection, MPCs were labelled by CMFDA as 

requested by the supplier (ThermoFisher). 
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Table 1: Antigens and antibodies 

Antigen Use Host Reactivity Clone Label Dilution Source 

CD14 FC mouse human TÜK4 
directly 

FITC 
1:10 BioRad 

CD45 FC mouse pig K252.1E4 
directly 

FITC 
1:10 BioRad 

CD29 FC mouse pig 
NaM160-

1A3 

directly 

AF647 
1:10 BD Pharmingen 

CD44 FC rat 
mouse/ 

human 
IM7 

directly 

PE 
1:10 BioLegend 

CD90 FC mouse human 
5E10 

(RUO) 

directly 

FITC 
1:5 BD Pharmingen 

MHC  

class I 
FC mouse pig JM1E3 

directly 

FITC 
1:10 BioRad 

CD56 FC mouse human MEM-188 
directly 

PE 
1:10 BioLegend 

CD45 IF mouse pig K252.1E4 unlabelled 1:200 Invitrogen 

Desmin IF rabbit 
mouse/ rat/ 

human 
polyclonal unlabelled 1:200 Abcam 

Anti-ms IF goat mouse polyclonal AF555 1:200 Invitrogen 

Anti-rbt IF donkey rabbit  FITC 1:200 Jackson-Dianova 

DAPI IF ø ø ø ø 1:1000 Sigma 

Antibodies employed for flow cytometry (FC) and immunofluorescence (IF) stainings. 

Production of adipose tissue-derived mesenchymal stroma cells 

(ADSCs) 

Subcutaneous fat tissue was also aseptically prepared from male littermates of the female 

gilts in the study. The ADSCs were isolated and expanded as described recently 41,42. In 

brief, fat was minced and further degraded by proteolysis. Cells were washed, counted, 

seeded, and expanded in expansion media 41. For characterization, ADSCs were analysed 

for expression of cell surface markers by FC (Table 1). In addition, in vitro differentiation 

along the adipogenic and osteogenic lineages was induced 41, and confirmed as described 

respectively 43. Expression of cytokines was determined by RT-qPCR. Prior to injection, 

ADSCs were labelled by CMFDA as requested by the supplier (ThermoFisher). 

Transurethral cell therapy and follow-up 

Three days after its induction, sphincter deficiency was confirmed by UPP. Two aliquots 

(250 𝜇l each, 6x105 CMFDA-labelled cells plus 6x105 FITC-labelled microparticles) were 

injected by transurethral route using a cystoscope under visual control in the urethral 
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sphincter complex as described 44. During follow-up of five weeks, animals were 

monitored weekly by transurethral fluorimetry to localize the fluorescent cells and 

microparticles. Furthermore, weekly UPP was performed to determine the sphincter 

muscle regeneration. In addition, the urine was monitored to reveal abnormalities. 

Analyses of urethral tissues targeted 

After five weeks of follow-up, the final transurethral fluorimetry and UPP were performed 

and the gilts were sacrificed. The bladder and the urethral sphincter were prepared. The 

area of injection of fluorescent cells and microparticles was localized using a fluorescence 

imaging system. The region of interest was cut out, embedded in freezing compound, 

frozen, and stored at -80°C. Cryosections were generated (20 μm) and mounted on slides. 

Cryosections containing fluorescent microparticles were considered to represent injection 

sites. To visualize the urethral tissue, HE- and AZAN-trichrome staining was performed 33. 

Muscle tissue was detected by a phalloidin-iFluor594 conjugate (1:1000). Infiltration of 

inflammatory cells was visualized immunofluorescence (IF) with a cross-reactive anti-

CD45 antibody (Table 1). The samples were recorded by microscopy. 

PCR was employed to detect male SRY-DNA in cryosections as described 34,45. Tissue was 

scratched off from 8 consecutive cryosections and DNA was extracted (DNeasy extraction 

kit). The product identity was confirmed by melting point analysis of the products and 

agarose DNA electrophoresis. 

Data processing and statistics 

Statistical analyses were conducted with the nparLD R package (v2.2) in R Statistical 

Software (v4.2.2) (Fig.4A, 4B) and an One-Way-ANOVA in IBM SPSS Statistics for 

Windows (v.29.0) (Fig.4D) 46,47. P-values were reported as p<0.001 ***, p<0.01 **, 

p<0.05 *, and p>0.05 ns. To be able to compare the results, normalization of raw data to 

“Before” incontinence for each animal was performed (Fig.4C).  

 

Detailed descriptions of methods and materials employed are presented online ( www…) 

  



Publications 

193 

Experiments 

Quality measures of cells produced prior to cell therapy 

applications 

Porcine MPCs were isolated and expanded as described 35. The cells proliferated as 

adherent population (Fig. 1A). A uniformly distributed population was recorded by FC of 

forward and side scatters (not shown), and a prominent expression of CD56 was observed 

(Fig. 1B) 36. The cells expressed Pax7, a marker for satellite cells, as well as other 

myogenic markers such as MyoD, Myf5, myogenin, Myf6, and desmin (Figs. 1C, os1A) 48. 

Immunofluorescence with anti-desmin antibodies provided evidence of efficient generation 

of extended myotubes. By DAPI counterstaining several nuclei per myotube were detected 

in individual myofibers (Fig. 1D). In addition, MPCs and terminally differentiated 

myotubes were stimulated by electrodes and caffeine to explore electrophysiological 

responses. While myoblasts failed to respond to stimulation (Figs. os2A, os2B), myotubes 

responded well to electrophysiological stimulation and caffeine (Figs. 1E, 1F, os2C). 

Taken together, the experimental results suggested that bona fide porcine MPCs were 

generated 36. 

Porcine ADSCs were isolated and expanded as described recently 41,42 and presented as 

adherent fibroblast-like (Fig. 2A). Expression of monocyte marker CD14 and leukocyte 

marker CD45 was not observed (Fig. 2B), but CD29 and CD44 were expressed at high 

mean fluorescence intensities (MFI), while CD90 and MHC class I were detected on 

moderate levels (Fig. 2C). The adipogenic and osteogenic differentiation potential of the 

ADSCs was confirmed by Oil Red O staining and von Kossa staining, upon differentiation 

(Figs. 2D, 2E). The expression of cytokines associated with tissue regeneration was 

explored by RT-qPCR, and a prominent expression of VEGF was enumerated, bFGF, 

IGF1, TGF𝛽1, and HGF were moderate, BDNF, GDNF, and CXcl12 were somewhat 

lower, while IGF2 remained at detection levels (Figs. 2F, os1B). Taken together, the data 

suggested that bona fide ADSCs were generated 49. 
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Figure 1: Characterization of porcine MPCs. A: Morphological picture displaying adherent, monocultural growth of 

MPCs. Scale bar indicates 100 µm. B: Uniform expression of myoblast marker CD56 in MPCs determined by flow 

cytometry with PE-labelled anti-CD56 antibody. Cells omitting staining were used as controls (grey-shaded curve). 

Gating of CD56-negative cells helped determine the prominent expression of 98.8% CD56-positive cells. C: Relative 

mRNA expression pattern of myogenic markers of normally expanded MPCs (3. Passage) and differentiated MPCs 

(Differentiation) with their corresponding control (Control Differentiation), indicating bona fide MPCs capable of 

differentiation into myotubes as indicated by elevated expressions of Myf6, Myl1, and ACTA1, as well as decreased 

levels of Pax7, MyoD1, and Myf5. D: Immunofluorescence staining for desmin in MPCs (upper panel) and after 

differentiation in myotubes (lower panel). Generation of myotubes is shown by elongation in desmin staining. 

Counterstaining of nuclei with DAPI confirms multi-nucleated myotubes. Inserted images display control stainings 

without primary antibody. Scale bars indicate 100 µm. E: Electrophysiological measurement of electrode-stimulated 

myotubes with 4 V for 50 ms every two seconds. Outflow of Ca2+ was determined, resulting in peak outflows every two 

seconds after stimulation. F: Electrophysiological measurement of electrode-stimulated myotubes after addition of 

30 mM caffeine. Outflow of Ca2+ was determined, resulting in highly increased outflow after caffeine-addition 

diminishing with time. 



Publications 

195 

 

Figure 2: Characterization of porcine ADSCs. A: Morphology of ADSCs showing plastic-adherent, fibroblast-like 

growth of cells. Scale bar indicates 100 µm. B, C: Expression of surface markers of ADSCs. Cells without staining were 

used as controls (grey-shaded curves). Gating aided in determination of enumeration of positive cells. Monocyte (CD14) 

and leucocyte (CD45) markers were not expressed on ADSCs (B). CD90 and MHC I were moderately expressed, and 

CD29 and CD44 were prominently expressed on ADSCs (C). D: Successful adipogenic differentiation of ADSCs 

determined after staining with Oil Red O. E: Successful osteogenic differentiation of ADSCs stained by von Kossa. 

F: Relative mRNA expression pattern of cytokines produced by ADSCs displaying a prominent expression of VEGF, 

followed by moderate expression levels of bFGF, IGF-1, TGF𝛽1, and HGF, while IGF-2 stayed at baseline level.  
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Functional follow-up of sphincter recovery by fluorimetry and 

urodynamics 

To confirm injections and to localize the fluorescent cells and particles in the urethral 

sphincter complex in vivo, transurethral fluorimetry was applied. Fluorescence was 

recorded in the urethra approximately 5 - 7 cm distal of the bladder neck (Fig. 3). Overall, 

significant differences in fluorescence densities or particle frequencies were not observed 

between MPC- or ADSC-treated gilts during the follow-up of five weeks (Figs. 3, os3). 

This suggested that neither cells nor particles migrated or difused over noticeable distances 

in situ. But in some individuals prominent fluorescence was recorded while in others less 

signal was observed during follow-up. However, this procedure is not a quantitative 

method and can only qualitatively report on the presence and location of the fluorophores 

in tissue. 

 

Figure 3: In vivo fluorimetry of labelled cells and microparticles. Representative pictures of in vivo fluorimetry of 

green labelled cells and microparticles in the urethra of pigs. Strong fluorescent signals are visible. No difference 

between the two different cell types was detected (A: MPCs, B: ADSCs) 

The urethral sphincter complex of the gilts was injured by electrocautery and dilatation, 

and the sphincter deficiency was determined by UPP 33. A highly significant drop of 

urethral sphincter muscle strength (USMS), also referred to as urethral wall pressure, was 

recorded by UPP immediately after induction of sphincter deficiency in the controls 

(20.8±12.2%, n=6, p<0.001) when compared to the USMS prior to surgery (Fig. 4A). The 

same highly significant drop in USMS was recorded immediately after induction of 

sphincter deficiency in gilts to be treated on day three with MPCs (= cohort 2; 

19.64±15.99%, n=5, p<0.001) or ADSCs (= cohort 3; 24.32±18.1%, n=6, p<0.001) 

(Fig. 4A). One week after SUI surgery, corresponding to day four after cell injection, 

sphincter deficiency remained significant in controls, (40.5±21.4%, n=6, p<0.001), 

cohort 2 (47.06±14.63%, n=5, p<0.001) and 3 (58.53±23.51%, n=6, p<0.01) animals 
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compared to starting levels (Fig. 4A). During weekly follow-up, regeneration of USMS 

was observed in all cohorts. But differences between controls and cell-treated gilts were 

noted. While the USMS remained significantly below starting levels in controls, animals 

treated with MPCs yielded significance in USMS two, three, and five weeks after surgery 

compared to starting levels (Fig. 4A). In animals treated with ADSCs significant USMS 

differences were not recorded three and five weeks after surgery (Fig. 4A). We therefore 

investigated the functional sphincter regeneration relative to the induced SUI (Fig. 4B). In 

control animals a significant gain of sphincter function was not observed one week after 

surgery, while in both, MPC- and ADSC-treated gilts a significant USMS elevation was 

recorded (p<0.001; Fig. 4B). In all cohorts the sphincter recovery was significant after two 

weeks when compared to the levels determined after SUI induction (p<0.001; Fig. 4B). 

This confirmed that cell therapy facilitates an early sphincter regeneration. 

To compare the kinetic of sphincter recovery directly, the UPP data were normalized to the 

USMS of the starting levels. As early as one week after surgery a trend of elevated 

sphincter function was noted in cell-treated gilts (Fig. 4C). The ADSC-treated animals 

tended to increase the USMS better compared to MPC-treated gilts or controls. Only two 

weeks after surgery, MPC-treated animals showed a higher median USMS when compared 

to the ADSC-treated cohort (Fig. 4C).  

In addition, the normalized overall functional sphincter regeneration was evaluated as well 

(Fig. 4D). The controls regenerated the USMS spontaneously to a mean level of 

67.03±14.00% compared to the same animals prior to SUI induction (= 100%). This level 

was a significant increase in comparison to the USMS recorded immediately after SUI 

induction (p<0.001; 4B), but it also remained significantly below levels prior to surgery 

(p<0.001; Fig. 4A). This confirmed that electrocautery plus balloon dilatation of the 

urethral sphincter complex yielded a robust pig model of SUI.  

Gilts of cohort 2 received MPCs and increased the normalized USMS within five weeks of 

follow-up to 81.54±25.40% (Fig. 4D). This was a significant elevation in USMS in 

comparison to the UPP levels immediately after SUI induction (p<0.001; Fig. 4B). 

Nevertheless, this level of regeneration was not significantly different from the USMS 

prior to SUI induction (Fig. 4A). Additionally, an elevated but not significant sphincter 

regeneration was measured compared to controls (Fig.4D). We conclude that MPCs 

facilitated an accelerated regeneration of the sphincter deficiency as induced in our SUI 

model. 
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Gilts of cohort 3 received ADSCs and regenerated the USMS in full within five weeks of 

follow-up to 100.4±23.13% recovery (Fig. 4D). This was a significant increase in USMS 

in comparison to the levels measured by UPP immediately after SUI induction (p<0.001; 

Fig. 4B) but not different at all compared to USMS starting levels (Fig. 4A). This amount 

of regeneration by ADSCs was significantly higher compared to controls (p<0.05) and 

superior but not significant compared to the regeneration by MPCs (Fig. 4D). 
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Figure 4: Boxplots of urodynamic data measured with urethral pressure profilometry over five weeks. Urodynamic 

measurements were conducted using urethral pressure profilometry. Over five weeks, animals of each group 

(Control n = 6; MPC n = 5; ADSC n = 6) were measured before and directly after incontinence induction, as well as 

weekly thereafter. Areas under the curve (AUCs) were calculated and statistical tests performed. A, B: Measured AUC 

values in arbitrary units (y-axis) for each group are separately displayed. On the x-axis the time points of measurements 

are plotted. Significances were calculated between each time point and the value before incontinence induction (A). 

Controls remained significantly different over the whole follow-up, while the MPC-injected group displayed no durable 

significance after 2 weeks and the ADSC-injected group after 3 weeks. Additionally, significances were calculated 

between each time point and the value after incontinence induction (B). Only in controls, the difference between the time 

points after and week 1 were not significant. All other comparisons showed highly significant differences. C, D: Urethral 

sphincter muscle strength (USMS) was determined by AUC values, normalized to the measured values of before 

incontinence induction. Cell-treated animals displayed a better improvement compared to controls starting after 

1 week (C). At the last time point of week 5, statistical analyses were performed (D), resulting in significant improvement 

of ADSC-treated animals compared to controls. MPC-treated animals also displayed higher levels but remained not 

significantly different. 
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Ex vivo localization of injected cells in the tissue targeted 

As animals in cohort 3 fully recovered after five weeks, this exploratory preclinical animal 

study was terminated to comply with the animal welfare regulations. The bladders and 

urethras were harvested. Identification of the distribution of the labelled cell and particles 

injected on day 1 was achieved by fluorescence imaging (Fig. 5). Fluorescent signals were 

obtained in almost all urethras of cell-treated gilts. In some samples, even the two lateral 

injections could be still seen (Fig. 5). This result is in line with the in vivo fluorimetry 

(Figs. 3, os3) and the UPP analyses during follow-up (Fig. 4).  

 

Figure 5: Fluorescence imaging of FITC-labelled microparticles and CMFDA-labelled cells distribution in 

prepared, dorsally opened urethrae. Representative images of urethrae of pigs injected with microparticles and ADSCs 

(A) or with MPCs (B) obtained 5 weeks after injection. The areas presenting the most intense fluorescence signal 

represented the site of injection and were excised and prepared for cryosectioning. 

Investigation of inflammatory responses upon cell injection 

Fluorescent signal obtained ex vivo (Fig. 5) was used to guide tissue resection for 

cryosection preparation 34. Representative examples of tissues of control animals, 

MPC-treated, and ADSC-treated animals are presented (Figs. 6 – 8, os4). These figures 

document a representative animal with better (top panels) and another one with worse 

outcome (bottom panels). In controls with better spontaneous tissue regeneration 

(Fig. 6A - 6D), HE-staining did not indicate a noticeable infiltration of mononuclear cells 

five weeks after SUI induction (Fig. 6A). AZAN-staining confirmed irregularities of the 

urethral sphincter muscle (Fig. 6B). In this sample, CD45pos leucocytes were not found 

(Fig. 6C). Phalloidin-staining corroborated the results (Fig. D). Comparable results were 

obtained in a control animal with worse regeneration (Figs. 6E – 6H). A few CD45pos 
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leucocytes were detected along the interruption sites but they remined only slightly visible 

(Fig. 6G). 

Tissue samples from MPC-treated gilts are presented in figure 7. HE-staining revealed no 

evidence for massive infiltration of mononuclear cells in the animal with good recovery. 

Tissue stretching and injury were not observed (Fig. 7A). By AZAN-staining only minor 

irregularities of the muscular were recorded (Fig. 7B). Green fluorescence was observed in 

this animal with better regeneration. Almost no CD45pos leukocytes were recorded 

(Fig. 7C). Continuous phalloidin-staining confirmed that the omega-shaped sphincter 

muscle was not interrupted and fluorescence war recorded within the muscle layer 

(Fig. 7D). In a MPC-treated animal of worse recovery, infiltration of mononuclear cells 

was also not observed (Fig. 7E), but AZAN-staining indicated interrupted muscle tissue 

and an irregular submucosal layer (Fig. 7F). Green fluorescence was not observed, 

indicating that the MPCs were possibly misplaced or lost during follow-up. Infiltration of 

CD45pos leukocytes was not recorded (Fig. 7G). By phalloidin-staining an interruption of 

the sphincter muscle was corroborated (Fig. 7H). These results indicate that the efficacy of 

SUI cell therapy depends at least in part on exact injection of the active component.  

Two examples of ADSC-treated gilts are presented in Figure 8. An example each with 

better (Fig. 8A – 8D) and worse (Fig. 8e – 8H) regeneration is shown. Again, HE-staining 

revealed no evidence for massive infiltration of mononuclear cells (Fig. 8A). 

AZAN-staining showed muscular tissue throughout the sample (Fig. 7B). A distinct green 

fluorescence was observed in the muscle of this animal with better regeneration and the 

two lateral sites of cell injection were seen (Fig. 8C). This correlated well with the IVIS 

results (Fig. 5B). Some CD45pos cells were recorded (Fig. 8C). Continuous 

phalloidin-staining confirmed that the omega-shaped sphincter muscle was not interrupted 

(Fig. 8D). In an ADSC-treated animal of worse recovery, massive infiltration of 

mononuclear cells was not observed (Fig. 8E), and AZAN-staining did not indicate muscle 

tissue injury (Fig. 8F). By fluorescence microscopy, slight green fluorescence behind the 

muscle layer was observed in consecutive cryosections, indicating that few cells in the 

injured sphincter correlated with worse outcome. Little infiltration of CD45pos leukocytes 

was recorded (Fig. 8G). Phalloidin-staining corroborated a continuous muscle layer 

(Fig. 8H). Overall, the ADSC injections corroborated that efficacy of SUI cell therapy 

depends at least in part on exact injection of the active component. 
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Figure 6: Histological and immunofluorescent analyses of representative animals of controls after 5 weeks of 

follow-up. Consecutive 20-µm cryosections were stained. Scale bar represents 1000 µm. A - D represent an animal with 

better tissue regeneration; E - H represent an animal with worse tissue regeneration. A, E: HE stainings showed no 

evidence of infiltration of mononuclear cells. B, F: AZAN stainings displayed some irregularities in the muscle structure 

(green arrows). C, G: Immunofluorescence staining for CD45-positive cells. Counterstaining with DAPI for nuclei was 

performed. Inserts show magnified regions of interest. In the animal with better regeneration no signs of inflammation 

were seen (C), while in the animal with worse regeneration slight accumulation of CD45-positive cells along the injection 

site were visible (D, yellow arrows). D, H: Phalloidin staining (red) documented the striated muscle and corroborated the 

results of AZAN stainings. 
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Figure 7: Histological and immunofluorescent analyses of representative MPC-treated animals after 5 weeks of 

follow-up. Consecutive 20-µm cryosections were stained. Scale bar represents 1000 µm. A - D represent an animal with 

better tissue regeneration; E - H represent an animal with worse tissue regeneration. A, E: HE stainings showed no 

evidence of infiltration of mononuclear cells. B, F: AZAN stainings displayed only minor irregularities in the muscle 

structure of the better-regenerated animal (B, green arrow), while in the animal with worse regeneration, the muscle 

structure was interrupted (F, green arrow). C, G: Immunofluorescence staining for CD45-positive cells. Counterstaining 

with DAPI for nuclei was performed. Inserts show magnified regions of interest. In both animals, almost no signs of 

inflammation were seen. The arrow indicates the injection site of fluorescent microparticles and MPCs (C, yellow arrow). 

However, in the animal with worse regeneration also almost no microparticles were found. D, H: Phalloidin staining 

(red) shows the striated muscle and corroborates the results of AZAN stainings with some irregularities (D, yellow arrow) 

and interruption (H, yellow arrow). 
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Figure 8: Histological and immunofluorescent analyses of representative ADSC-treated animals after 5 weeks of 

follow-up. Consecutive 20-µm cryosections were stained. Scale bar represents 1000 µm. A - D represent an animal with 

better tissue regeneration; E - H represent an animal with worse tissue regeneration. A, E: HE stainings showed no 

evidence of infiltration of mononuclear cells. B, F: AZAN stainings displayed no interruptions or irregularities of the 

urethral muscle layer in both animals. C, G: Immunofluorescence staining for CD45-positive cells. Counterstaining with 

DAPI for nuclei was performed. Inserts show magnified regions of interest. In both animals, slight and local infiltration 

of CD45-positive cells are visible. Yellow arrows indicate the injection sites of fluorescent microparticles and ADSCs 

found in both animals. The animal with better regeneration showed two injection sites and more distributed particles in 

the muscle layer (C). In the animal with worse regeneration only one injection site was detected, and particles were found 

mostly behind the muscular layer (G). D, H: Phalloidin staining (red) displays the striated muscle and corroborates the 

results of AZAN stainings showing a complete muscular structure. 
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Amplification of male DNA by PCR from cryosections of tissues 

targeted 

To investigate if the male cells injected were detectable in tissue samples after five weeks 

of follow-up, PCR of DNA extracted from cryosections was performed in samples from all 

three cohorts (Fig. 9). By agarose gel electrophoresis false-positive PCR products were 

seen in the same samples running slightly above the expected SRY PCR product (Fig. 3A). 

This slightly larger PCR product was observed in samples from 1/2 MPC-treated and 

1/2 ADSC-treated samples, but also in 1/2 control animals which did not receive any male 

cells (Fig. 9A). Therefore, melting point analyses of the PCR samples were performed 

(Fig. 9B). These analyses proved correct SRY-PCR products only in amplifications of 

DNA extracted directly from male cells in culture or from cryosections prepared 

immediately after cell injections, but not in any of the cryosections from cohort 1 – 3 

animals (Fig. 9B). We conclude that the urethral samples from cell-treated gilts did not 

contain the numbers of male cells sufficient for detection by PCR after five weeks of 

follow-up. 
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Figure 9: Detection of SRY-Gene in cryosections of controls and cell-treated animals. DNA of injected male cells 

was detected after five weeks of follow-up by PCR. A: Agarose gel of PCR products from randomly distributed 

cryosections from urethral tissue samples of the two representative animals (compare Figs. 6 – 8) of controls, MPC-, and 

ADSC-treated gilts. Positive control (+, male cells only) and negative control (-, female cells only) were analysed as well. 

Additionally, an injection of male MPCs into cadaveric tissue and direct isolation was investigated (MPC cadaveric). The 

expected PCR product of 133bp was seen in the positive controls and the MPC cadaveric injection (red arrow). A slightly 

larger PCR product was detected in the half of the samples. B: Melting curve analyses of PCR products. Only the 

positive controls and the MPC cadaveric probe resulted in specific melting curves (blue arrow), while the others 

displayed no specificity. 
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Discussion 

Many preclinical and clinical SUI cell therapy studies built on the hypothesis that injection 

of cells facilitates a functional sphincter regeneration 19-21,30,50. Some of these studies 

reported success, while others remained less optimistic 31,51,52. We therefore compared the 

efficacy of MPCs and ADSCs SUI therapy in a porcine SUI model. Among others, several 

aspects merit discussion in the context of SUI cell therapy. 

Isolation of autologous myoblasts causes more challenges when compared to the isolation 

of ADSCs from subcutaneous fat. The production of differentiation-competent MPCs 

under GMP-compliant conditions seems more complex compared to production of 

ADSCs 53,54. There is evidence that activation of satellite cells in the sphincter muscle is 

important for a therapeutic effect 16. Therefore, advanced myoblast therapies of SUI 

include injection of MPCs plus electrophysiological stimulation 19,21. However, our results 

suggest that application of ADSCs yielded a superior sphincter regeneration compared to 

myoblasts. The kinetics of early USMS increase is comparable between MPC and ADSC 

application, suggesting that time-consuming differentiation of myoblasts to myotubes is 

not contributing to the SUI regeneration. Moreover, efficient regeneration of striated 

muscles requires more than adding additional myotubes. Myoblasts alone may not be 

capable of regenerating the vasculature, enervation, and extracellular matrix needed for 

satisfactory function of the sphincter 53,55. The different secretome of ADSCs compared to 

MPCs may contribute to the sphincter regeneration observed. The distinct expression of 

VEGF in combination with IGF-1 by ADSCs may contribute to improved muscular 

regeneration, to the regeneration of peripheral nerves, and to angiogenesis 56. However, 

this was not explored in this study in detail. A transient bulking effect of the cell injection 

itself cannot be excluded in the first phase after cell therapy 44. The quality of injected cells 

may influence the outcome as well. For production of MPCs we recently optimized the 

protocol and such MPCs were employed here 35. However, MPCs from other muscles may 

yield better regeneration to comply with the composition of the urethral sphincter muscle 

regarding fast- and slow-twitch fibers 36,57. Experiments along these lines are ongoing. 

Muscle injury and regeneration go along a pattern of inflammatory responses up to three 

weeks, followed by a non-inflammatory phase of tissue remodeling 58. We detected 

CD45pos leukocytes in cell-treated gilts. Our data suggest that the paracrine action of 

injected cells is driving the regenerative processes 55,59. This hypothesis is supported by the 
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correlation between the numbers the fluorescent particles (as surrogate for injected cells) 

detected by macroscopic ex vivo fluorescence and fluorescence microscopy after five 

weeks of follow-up and clinical outcome. As mechanism of action we propose the local of 

activation satellite cells 16,17 and general processes of muscle repair by ADSCs 60,61. 

Dose-response analyses of cell application could not be performed yet but are part of 

current and future studies. Overall our results emphasized that precise cell injection is 

critical component for therapy success 34,42,44. This is especially critical for MPC injections, 

as their terminal differentiation in myotubes and functional integration in the 

rhabdosphincter is required. This process works efficiently only, when the MPCs are 

placed in a healthy muscular environment 51,62. 

Long-term survival of injected cells in situ seems not to contribute to therapy success, as 

clear differences in the slope of sphincter regeneration were observed early on. This was 

especially evident after MPC injection, while after ADSC injections a trend of further 

elevation of USMS was noted three to five weeks after cell application. This is in line with 

recent reports employing stromal cells and wound-healing models 63,64. Moreover, DNA of 

male cells was not detected after five weeks of follow-up, indicating that neither ADSCs 

nor MPCs survived. Evidence indicating that MPCs differentiated in situ to myotubes or 

integrated in the rhabdosphincter was not found. In contrast, in our recent study injected 

cells were detected early after application 34. We conclude that early processes are critical 

for overall sphincter regeneration. 

Our experiments have explicit limitations. The cohort size was optimized to an exploratory 

study. Consequently, the standard deviations are remarkable and inter-individual outcome 

depends on a few single animals. Significance of MPC therapy over spontaneous 

regeneration may be achieved in larger cohorts, and the kinetics of cell therapy versus 

spontaneous regeneration may stand out more clearly. Our analyses focused on the efficacy 

of MPC versus ADSC in SUI therapy. The involvement of inflammation, vascularization, 

and the contribution of cells located in the tissue targeted were not investigated in great 

detail. The characteristics of the animal’s breed and age may also influence the outcome 

and in part explain the differences reported by other studies 51,65,66. Nevertheless, a 

systematic comparison between animal breeds, age, donor muscles as sources for MPCs, 

the role of inflammatory processes, and the contribution of other cells in situ are beyond 

this exploratory study. 
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Here, young gilts provided the SUI model and young boars served as cell source. Typical 

SUI patients are older. In women, SUI is associated with sphincter injury by pregnancy and 

vaginal delivery, but sequela develops decades later 2,5,9,10. Still, success of cell therapy 

was reported in young and elderly patients 18,20-22. As mesenchymal stromal cells such as 

MSCs, ADSCs, or placenta-derived MSCs express very little MHC class I 67-69, SUI 

therapy with homologous juvenile mesenchymal stromal cells may be envisioned for 

elderly human patients 70. However, this again, is beyond the focus of this study. 

To conclude, ADSCs regenerated the sphincter deficiency in our SUI model within five 

weeks in total and achieved better regeneration than MPC-treated gilts and a significant 

outcome compared to mock-treated controls. ADSCs might therefore be suitable 

candidates for further feasibility studies 30. 
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Abbreviations 

ADSCs adipose tissue-derived mesenchymal stromal cells 

FC  flow cytometry 

IF  immunofluorescence 

IHC  immunohistochemistry 

MPCs  myogenic progenitor cells, also referred to as myoblasts 

(q)PCR (quantitative) polymerase chain reaction 

RT  Real Time 

SRY  sex determining region Y 

SUI  stress urinary incontinence 

UI  urinary incontinence 

USMS  urethral sphincter muscle strength 

UPP  urethral pressure profilometry, alias urodynamics 
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Supplementary Materials 

 

Figure os1: Agarose gels of specific primers. A: Specific primers of myogenic factors showing expected product sizes. 

B: Specific primers of cytokines of ADSCs showing expected product sizes. 
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Figure os2: Electrophysiological measurements of MPCs. A: Electrophysiological measurement of electrode- and 

caffeine-stimulated MPCs. Outflow of Ca2+ was determined. However, no reaction of cells was visible to stimulation. 

B: Image of Cal-520 AM-stained myoblasts under stimulation. C: Image of Cal-520 AM-stained myotubes under 

stimulation. 
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Figure os3: Video of in vivo fluorimetry of labelled cells and microparticles. Representative video of in vivo 

fluorimetry of green labelled cells and microparticles in the urethra of a pig. Clear fluorescence signals are visible 

throughout the porcine urethra. 
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Figure os4: Controls to immunofluorescence stainings of CD45. Corresponding controls to the stainings of CD45 in 

consecutive 20 µm-cryosections presented in figures 6 - 8. Controls were stained with secondary antibody only. No 

unspecific reactions were detected. 
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Supplementary Extended Methods 

Establishing a preclinical model of stress urinary incontinence 

German landrace gilts (n= 18; body weight approx. 30 kg, 3 months of age) were obtained 

directly from the breeder (Benz GbR) with excellent health status. The gilts were housed in 

the animal facility in one pen prior to surgery for two weeks. During husbandry, animals 

were observed, fed with specific food, given water ad libitum every day, and the health 

status was monitored by trained personnel. Prior to induction of sphincter deficiency, 

animals were sedated by pre-medication (atropin: 0.05 mg/kg body weight (bw) i.m. and 

azaperon: 4.0 mg/kg bw i.m.), followed by midazolam: 1.0 mg/kg bw i.m. and ketamin 

(14 mg/kg bw i.m.). Prior to induction of sphincter insufficiency, the urethral sphincter 

muscle was localized in sedation by transurethral urodynamics under visual control using 

an air-charged dual sensor catheter (Aquarius TT, Laborie) as described recently 1,2. 

Urethral pressure profilometry (UPP), sometimes called urodynamics, was performed to 

monitor sphincter function. To induce sphincter deficiency as model of SUI, the sphincter 

muscle was injured by two lateral electrocauteries (ERBE Hybridknife, mode monopolar 

cut, effect 4, power 100 W max.; ERBE Elektromedizin) just distal of the wall pressure 

maximum followed by balloon dilatation (2 way balloon catheter, 20 mL filling, approx. 

37 mm diameter ⩯ 110 Fr; Teleflex Medical) in deep anaesthesia (propofol: 5 mg/kg bw 

i.v. under controlled respiration with 0.6 - 1.6 Vol% isofluran, complemented if needed by 

fentanyl: 5μg/kg bw i.v.) 1. Immediately after surgery, efficacy of sphincter deficiency was 

confirmed by UPP. The animals were observed during follow-up daily and fed with a 

specific diet and water ad libitum. After induction of sphincter deficiency, the health status 

(body weight, body temperature) and urine status (Combur 10 test, Roche) were monitored 

by trained personnel. In addition, the regeneration of the sphincter muscle was monitored 

weekly by UPP 1. The study was approved by the State of Baden Württemberg Animal 

Welfare Authorities under file number 35/9185.81-2 / CU01-20G and performed in full 

compliance with the ARRIVE 2.0. standards and all other relevant regulations. 

Production of myoblasts (MPCs) from Musculus semitendinosus 

Tissue samples from Musculus (M.) semitendinosus were aseptically prepared from young 

male littermates of the gilts included in the study. To this end, boars were sedated by 

pre-medication as described above and sacrificed by a lethal dose of phenobarbital. The 
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dermis was cleaned and disinfected. By scalpel and scissors a small incision was made and 

parts of the M. semitendinosus were removed aseptically. The muscle samples were 

submerged in pre-cooled medium and transported on wet ice to the laboratory. There, 

MPCs were isolated and expanded employing a slightly modified protocol 3 based on 

recent papers 4,5. In brief, muscle tissue was minced mechanically and further degraded by 

aid of collagenase I, DNase I and trypsin from bovine pancreas 5. Erythrocytes were lysed 

and debris was removed. The yield and viability of MPCs were determined. MPCs were 

seeded and expanded on gelatine-coated flasks and expanded in F10 medium 

complemented with 15% FBS, 5 ng/mL bFGF, and antibiotics 4. For MPC characterization, 

expression of desmin and CD56 were explored by immunofluorescence (IF) and flow 

cytometry (FC), respectively (Table 1) 3,4,6. Expression of myogenic transcripts including 

skeletal muscle actin alpha 1 (ACTA1), myogenin (MyoG), desmin (Des), myostatin 

(MSTN), myogenic factor (Myf5), myogenic factor (Myf6), myosin heavy chain 1 

(MYH1), myosin light chain 1 (Myl1), myogenic differentiation 1(MyoD1), myogenin 

(MyoG), paired box 7 (Pax7) were determined by RT-qPCR (online supplement 

Fig. os1A). Differentiation of MPCs was induced by medium enriched with 2% horse 

serum 4. Syncytia and multi-nuclear myotubes were recorded by IF using anti-desmin 

antibodies and DAPI counterstaining. To investigate the functional competence of the 

porcine myotubes, electrophysiology was employed. In brief, MPCs and myotubes were 

expanded on cover glasses and plates were loaded with 2 µmol Cal520-AM 

(AAT Bioquest) for 45 min at 37°C. Cells were placed in a Zeiss Cell Observer system 

equipped with a Yokogawa spinning disk confocal imaging under environmental control. 

Allowing to record at 37°C and nominal 5% CO2 electrophysiologic stimulation was 

induced with platinum electrodes in close vicinity to the cells. Stimulation pulses were 

applied as rectangular biphasic pulses of +/- 4 V for 50 ms every two seconds. After a 

baseline recording 300 mM caffeine was added to a final concentration of 30 mM and 

stimulation was continued. In both cases, release of calcium from intracellular 

compartments was recorded as described 7,8. Evaluation was conducted with FIJI. Prior to 

injection, MPCs were labelled by CMFDA as requested by the supplier (ThermoFisher). 

Production of adipose tissue-derived mesenchymal stroma cells 

(ADSCs) 

Subcutaneous fat tissue was aseptically prepared from the same boars utilized for 

preparation of MPCs (see above). Subcutaneous adipose tissue was harvested aseptically, 
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tissue samples were submerged in pre-cooled medium, and transported on wet ice to the 

laboratory. There, ADSCs were isolated and expanded as described recently 9,10. In brief, 

fat was minced by blades and further degraded by proteolysis. Cells were washed, counted, 

seeded, and expanded in DMEM low glucose complemented by 10% FBS and 

antibiotics 9. For characterization, ADSCs were detached by mild proteolysis (Accutase, 

Sigma), washed and analysed for expression of cell surface markers by FC (Table 1). 

Detection of CD14 and CD45 facilitates the exclusion of monocytic cells or leukocytes. 

Staining of CD29, CD44, and CD90 indicated mesenchymal lineage of the cells. Low 

expression of MHC class I was important in the context of homologous injection of male 

cells in littermate gilts. In addition, in vitro differentiation along the adipogenic and 

osteogenic lineages was induced 9, and detected by Oil Red O staining and von Kossa 

staining, respectively 11. Moreover, the cytokine expression of produced ADSCs was 

analysed via RT-qPCR using specific primers (Table 2) regarding their potential to secrete 

paracrine factors. Insulin-like growth factor 1 and 2 (IGF-1, IGF-2), basic fibroblast 

growth factor (bFGF), hepatocyte growth factor (HGF), transforming growth factor ß 1 

(TGFß1), brain-derived neurotrophic (BDNF), glia cell line-derived neurotrophic factor 

(GDNF), C-X-C motif chemokine 12 (Cxcl12), and vascular endothelial growth factor 

(VEGF) expression patterns were determined (online supplement Fig. os1B). Prior to 

injection, ADSCs were labelled by CMFDA as requested by the supplier (ThermoFisher). 

Analysis of marker gene expression by RT-qPCR, flow cytometry, 

and immunofluorescence 

The expression of a panel of marker genes was investigated by reverse transcription of 

mRNA followed by real time quantitative polymerase chain reaction (RT-qPCR), flow 

cytometry, and immunofluorescence. For RT-qPCR cells were harvested, RNA was 

isolated (RNeasy kit, Qiagen) 12, cDNA was generated (PrimeScript, TaKaRa) and gene 

expression was investigated by PCR using specific oligonucleotides (Table 2; 

LightCycler 480, Roche) at optimized cycling protocols 2,3. Amplification of swine 

GAPDH and 𝛽2 microglobulin served as housekeeping controls 13. Melting curves were 

checked after each PCR run and expected product sizes were confirmed by agarose gel 

electrophoresis.  

For detection of cell surface markers FC and IF were employed. For FC cells were washed 

twice with cold PBS, detached by mild proteolysis (Accutase, Sigma), counted by trypan 
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blue dye exclusion, and 5x105 cells were blocked with pre-immune serum and then reacted 

in 50 𝜇L FC buffer with labelled primary antibody (Table 1) for 20 min. on ice 6,11. 

Unbound antibodies were washed off and cells were investigated by flow cytometry 

(LSR II, BD Bioscience). Unlabelled cells and compensation beads served as controls. 

Data were evaluated by FACS Diva and FlowJo (both BD Bioscience) software 

programs 6,11. For IF, cells seeded in chamber slides and expanded to reach 70% of 

confluence. The cells were washed twice with cold PBS, fixed by 4% paraformaldehyde, 

blocked by 5% milk powder in PBS-Tween (30 min, room temperature, humidified 

chamber), and incubated with anti-desmin antibody for 90 min at 37°C in a humidified 

chamber. After three washing steps with PBS-Tween, the cells were incubated with the 

secondary antibody anti-rbt (45 min, 37°C, humidified chamber). Thereafter, cell nuclei 

were counterstained by DAPI and images were obtained with AxioVert200M (Table 1). 
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Table 2: Pig-specific oligonucleotides for qPCR 

Gene Forward Sequence Reverse Sequence Accession No. Reference Size 

GAPDH  CCATCACCATCTTCCAGGAG  ACAGTCTTCTGGGTGGCAGT  NM_001206359.1 

(Kobayashi-

Kinoshita et 

al. 2016) 

346 

B2MG ACGGAAAGCCAAATTACCTGAACTG TCTGTGATGCCGGTTAGTGGTCT NM_213978.1# (71) 261 

MyoG CGCCATCCAGTACATCGAG TGTGGGAACTGCATTCACTG  NM_001012406.1 (72) 125 

Pax7 AGATCGCAGCAGGGGTAAAG GACCCCACCAAGCTGATTGA XM_021095458.1 Primerblast 209 

Myl1 CTCTCAAGATCAAGCACTGCG GCAGACACTTGGTTTGTGTGG NM_214374.2 (34) 198 

Myf5 GCTGCTGAGGGAACAGGTGGA CTGCTGTTCTTTCGGGACCAGAC NM_001278775.1 (73) 135 

MSTN CCCGTCAAGACTCCTACAACA CACATCAATGCTCTGCCAA NM_005259.3 (73) 141 

MYH1 CCAGGGAGAGATGGAGGACA TCAAGTTCACGTACCCTGGC NM_001104951.2 Primerblast 258 

Des ACACCTCAAGGATGAGATGGC CAGGGCTTGTTTCTCGGAAG NM _001001535.1 (34) 176 

Myf6 AGTGGCCAAGTGTTTCGGATC CGCGAGTTATTTCTCCCCCA NM_001244672.1 Primerblast 179 

ACTA1 ACCCGACGCCATGTGTGA GTCGCCCACGTAGGAATCTT NM_001167795.1 Primerblast 184 

MyoD1 CACTACAGCGGTGACTCAGACGCA GACCGGGGTCGCTGGGCGCCTCGCT NM_001002824.1 (73) 145 

BDNF TGTATACGTCCCGAGTCATGCT GTATTCCTCCAGCAGAAAGAGAA 

GAG 

NM 214259 (Hausman, 

Barb et al. 

2008) 

74 

GDNF ATGCCCGAGGAGTATCCTGA CACCAGCCGTCTGTTTTTGG AB675653.1 Primerblast 354 

bFGF GCGACCCTCACATCAAACTAC AGCCAGTAATCTTCCATCTTCC AJ577089.1; 

XM_021100546.1 

(Liu, Ji et 

al. 2012) 

113 

IGF-1 GACGCTCTTCAGTTCGTGTG CTCCAGCCTCCTCAGATCAC NM-214256 (Casado, 

Gomez-

Mauricio et 

al. 2012) 

141 

IGF-2 TCAGGCTAGTCTCTCCTCGG GTGGTTGAGGGGTTCAATTTTTGG NM-213883 (Casado, 

Gomez-

Mauricio et 

al. 2012), 

Primerblast 

142 

HGF ATGGTACTTGGTGTCATTGTTCCT TTGATGTAAAGAGAGTTGTGTTAA 

TGG 

CU656003 (Tetzlaff, 

Murani et 

al. 2009) 

183 

TGFß1 GCCTGCTGAGGCTCAAGTTA ATCAAAGGACAGCCACTCCG NM_214015 (Kobayashi-

Kinoshita et 

al. 2016) 

131 

VEGF GACGAAGGTCTGGAGTGTGTG GGATTTTCTTGCCTCGCTCTATCTT AF318502 (Tetzlaff, 

Murani et 

al. 2009); 

Primerblast 

161 

Cxcl12 GTCAGCCTGAGCTACAGATGC TGTTTAAAGCTTTCTCCAGGTATTC NM_001009580.1 (Han, Jeong 

et al. 2018) 

196 

Oligonucleotides employed for quantitative reverse-transcription polymerase chain reaction of swine cDNAs in 5’-3’ 

orientation, including gene bank access, reference, and expected DNA product size in base pairs. Primers also amplify 

alternative transcripts for sB2M: # XM_021096362.1. 
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Transurethral cell therapy and follow-up 

Three days after its induction, sphincter deficiency was confirmed by UPP. Then two 

aliquots 250 𝜇l each containing 6x105 CMFDA-labelled cells plus 6x105 FITC-labelled 

microbeads (ø 20 𝜇m,  = 1.05 g/mL, microParticles) were injected (Williams cystoscopic 

injection needle; Cook Medical) by transurethral route using a cystoscope under visual 

control. Cells and particles were injected in the urethral sphincter complex as described 14. 

During follow-up of five weeks, animals were sedated for transurethral fluorimetry weekly 

to localize the fluorescent cells and microparticles (modified D-light-P, Image-1S-connect, 

Image-S1-H3-link, Karl Storz). Then weekly UPP was performed to determine the 

sphincter muscle regeneration as described above (Aquarius TT). In addition, the urine was 

monitored to monitor pathological abnormalities (Combur 10 test). 

Analyses of urethral tissues targeted 

After five weeks of follow-up, the final transurethral fluorimetry and UPP were performed 

and the gilts were sacrificed (phenobarbital, lethal). The bladder and the urethral sphincter 

were prepared. The area of injection of the CMFDA-labelled fluorescent cells and 

FITC labelled microparticles was localized using a planar fluorescence imaging system 

(IVIS Spectrum In Vivo Imaging System, Perkin Elmer) using a filter pair with 

λex = 500 nm and λem = 540 nm, f2, a binning of 8, an exposure time of 1s and displayed 

with a smoothing of 3x3 pixels after fluorescent background correction. Images were 

analysed using the Living Image software (Perkin Elmer). Areas presenting a fluorescent 

signal above background fluorescence were excised, embedded in freezing compound 

(Tissue Freezing Medium, Leitz), frozen in liquid nitrogen, and stored at -80 °C. 

Cryosections were generated (20 μm, Leica CM1860 UV, Leitz) and mounted on super 

frost slides. Cryosections containing fluorescent microparticles were considered to 

represent the area of injection. To visualize the urethral tissue, histochemistry was 

performed using HE- and AZAN-trichrome protocols via Axio Ver.A1 (Zeiss) and stitched 

together by aid of Image Composite Editor (Microsoft) 1. Muscle tissue was detected in 

cryosections by a phalloidin-iFluor 594 conjugate as requested by the supplier (1:1000, 

Biomol). To detect infiltration of inflammatory cells, immune fluorescene (IF) was 

performed with a cross-reactive anti CD45 antibody and the secondary AF555-labeled 

anti-ms-antibody (Table 1). Stained samples were recorded by microscopy (Leica DMi8, 

LASX software), and exported as TIFF files for evaluation. 
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Polymerase chain reaction was employed to detect male SRY-DNA in cryosections. Tissue 

was scratched of from 8 consecutive cryosections and DNA was extracted as requested by 

the supplier (DNeasy extraction kit, Qiagen). The SYR gene was amplified by PCR 

(LightCycler 480, Roche) using a hot start step (5‘‘ 95°C), 40 amplification cycles 

(30‘‘ 60°C, 60‘‘72°C, 10‘‘ 94°C) and pig-specific oligonucleotides 

(5’ GACAATCATAGCTCAAACGATG / 5‘ TCTCTAGAGCCACTTTTCTCC; gene 

bank access number NC_010462.3, product size 133 bp) as described 2,15. The product 

identity was confirmed by melting point analysis of the products and agarose DNA 

electrophoresis. 

Data processing and statistics 

Statistical analyses were conducted with the raw data in the nparLD R package (v2.2) in 

R Statistical Software (v4.2.2) (Fig.4A, 4B) and the ANOVA-like type statistics was 

calculated and reported 16,17. To be able to compare the results, normalization of raw data 

to “Before” incontinence for each animal was performed (Fig.4C). For normalized data, 

after testing for normality distribution, a One-Way-ANOVA in IBM SPSS Statistics for 

Windows (v.29.0) (Fig.4D) was performed. P-values were reported as asterisks 

(p<0.001 ***, p<0.01 **, p<0.05 *, and p>0.05 ns).  
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VII. Discussion and Outlook 

Urethral sphincter insufficiency is one of the leading causes of SUI 1,2. Since current 

standard treatments do not provide satisfactory results 1,3-6, improved techniques for SUI 

cell therapy are being explored as they tackle the underlying pathology and etiology 7. This 

thesis investigated the injection of progenitor cells from adipose and muscle tissue for the 

therapy of urethral sphincter insufficiency in a large animal model. It included the 

examination of a novel cell injection technique (Publication 1, Publication 2), the 

optimization of cell production and cell quality management (Publication 3), the validation 

and possible transfer of the urethral sphincter insufficiency in the large animal model of 

pigs (Publication 4), and the determination of the regeneration potential of two different 

cell types in the incontinence model of the large animal pig (Publication 5). Detailed 

discussions are provided in the publications.  

Publication 1 and Publication 2 showed that the waterjet technology is suitable for cell 

therapies. Both studies reported rapid injections of cells without a clinically significant 

decrease in viability. Viability was determined by cell counting after injection into fluids 

and cadaveric samples (Publication 1) and by assessing intact DNA seven days after 

injection into living animals (Publication 2). Publication 1 demonstrated that a cell 

injection by the waterjet does not alter the characteristics of the cells except for their 

biomechanical elasticity. However, it remains to be clarified whether these changes in cell 

morphology are helpful, as they are associated with increased migration potential, or 

whether the waterjet device needs to be optimized 8. Combining the data of the two 

publications with the existing data 9-11, the waterjet technology outperforms the needle 

injections in terms of reproducibility, precision, and cell distribution in situ. The viability 

of waterjet-injected cells is constantly above 80% 9, Publication 1, and the application process is 

not dependent on the surgeon regarding the pressure and speed applied on the syringe. In 

needle injections, only about 67–73% of injected cells are located in the urethral wall 12,13, 

while the waterjet improved the precision of cell injection to above 95% (Publication 2). 

Additionally, Publication 2 demonstrated wider cell distribution in the tissue supporting the 

data of an earlier study 11. Moreover, the waterjet provides the capability to adapt the 

injection depth of the cells by modifying the applied pressures at the waterjet device 9,11. 

This ability might be crucial for future studies. As the muscle mass in the rhabdosphincter 

decreases with age, a risk factor for UI, the need to adjust the penetration depth of the cells 
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may arise 14,15. Current studies were performed only in healthy pigs 11, Publication 2, therefore 

requiring the investigation of cell injection in incontinent pigs to determine and optimize 

the pressure profiles of the waterjet device. Additionally, larger cohort studies are needed 

to provide safety and performance requirements for the CE certification.  

Publication 3 and Publication 4 were prerequisites for conducting the experiments in 

Publication 5. Publication 3 established an optimized protocol for the isolation, production, 

and characterization of porcine MPCs. Nevertheless, interindividual differences in batches 

isolated from different piglets were observed. Publication 4 validated the urethral sphincter 

incontinence model established before and extended the follow-up to five weeks 16. 

However, the transfer of the incontinence induction via balloon dilatation and 

electrocautery from landrace gilts to female Göttingen minipigs was not successful. 

Göttingen minipigs showed improved regeneration of the urethral sphincter muscle even 

after more severe incontinence treatment. Therefore, long-term follow-up studies must be 

deferred because they are challenging to perform in landrace pigs due to the growth curve. 

Nevertheless, in Publication 5, MPCs produced by the optimized protocol could be 

compared to ADSCs in the validated sphincter insufficiency model of landrace pigs 

regarding their regeneration potential. This study confirmed the promising results of cell 

therapy efficacy reported in other preclinical and clinical studies 4,7. However, because this 

study (Publication 5) was also conducted in a small cohort, future studies must be 

conducted as preclinical confirmatory studies to provide more reliable data in terms of 

statistics as well. In our SUI model, ADSCs displayed better regeneration compared to 

MPCs in a follow-up of five weeks. MPCs showed an improvement but were not 

significantly different from the controls. Therefore, optimization is still required in the 

isolation and production of MPCs since they are currently not exploiting their full 

potential. These further investigations are still pending. Various muscle sources are 

currently being explored for their potential to regenerate the sphincter deficiency. Different 

muscle sources are reported to have different amounts of Pax7 expressions related to the 

presence of more differentiable progenitor cells in these muscles 17. Furthermore, the 

precise injection of the cells has to be addressed in future studies. Especially for MPCs, the 

precise injection into the muscle layer is critical because they are reported to not 

differentiate outside this structure, limiting their regeneration potential 18,19. In    

Publication 5, the state-of-the-art injection method of needle injection was used. In future 

animal studies of SUI therapy, the waterjet technology will be employed due to its more 
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precise and wider distribution of cells (Publication 2), granting a better comparison of the 

different cell types applied.  

In conclusion, this thesis provides insights into the regeneration potential of two cell types. 

MPCs and ADSCs both show the potential of regenerating a sphincter deficiency in pigs, 

with ADSCs being the more promising cell type. However, the precise injection seems to 

be critical as well. Additionally, new data were generated to support the medical product 

approval of the waterjet device for cell therapy. This technique might provide better results 

in cell therapy and might help generate more reliable data in treating SUI with cell therapy. 

Overall, still several studies are necessary before cell therapy is applicable in humans.  
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VIII. Abbreviations 

ADSC adipose-derived stromal cells 

AUC area under the curve 

ICS International Continence Society 

ISCT International Society for Cellular Therapy 

MPC myogenic progenitor cell/myoblast 

MRF4/Myf6  myogenic regulatory factor 4/myogenic factor 6 

MSC mesenchymal stromal cells 

MUI mixed urinary incontinence 

Myf5 myogenic factor 5 

MyoD1 myoblast determination protein 1 

MyoG myogenin 

Pax7 paired box protein 7 

Pclo urethral closure pressure 

Pura urethral pressure 

Pves bladder pressure, intravesical pressure 

SUI stress urinary incontinence  

UI urinary incontinence 

UUI urgency urinary incontinence 
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