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Summary 

Pelvic Organ Prolapse (POP) is defined as the descent of one or more of the pelvic 

structures and includes uterine prolapse, vaginal vault prolapse, and anterior or posterior 

vaginal wall prolapse. The resultant symptoms are urinary and bowel dysfunction, 

incontinence, and sexual dysfunction. POP is primarily caused by childbirth injury, but 

ageing, obesity and other factors also contribute. Common treatment of POP is surgery 

and includes native tissue surgical reconstruction alone or with implantation of either 

synthetic or biological mesh with the former having a higher success rate. However, the 

long-term outcome of synthetic mesh augmented surgery is unsatisfactory due to post-

surgical complications. The most common problems are mesh exposure and pain possibly 

due to scarring, folding and/or contraction of synthetic meshes. Polypropylene (PP) was 

rapidly adopted for POP surgery and was not carefully reassessed to determine whether PP 

met the criteria for treating the damaged pelvic floor tissues.  

Mesenchymal Stem Cells (MSC) have been discovered in almost every adult tissue and 

are highly proliferative, self-renew and differentiate into mesodermal lineages in vitro. 

MSC also have immunomodulatory and angiogenic properties making them ideal 

candidates for cell-based therapies. Recently MSC have been discovered in the 

regenerative endometrial lining of the uterus and specific markers (W5C5/SUSD2) have 

been identified for their prospective isolation. These endometrial MSC (eMSC) fulfil the 

classical criteria of adult MSC and can be obtained under minimally invasive procedures 

without anaesthesia or scarring from premenopausal women. 

Tissue engineering is defined as a combination of cells and materials and is widely used in 

the field of regenerative medicine. Many cell types from the same or a different individual 

can be used in combination with a synthetic, biological or composite material. Of the 

urogenital organs, to date, researchers have only been able to reconstruct the human 

bladder and urethra using tissue engineering approaches. 

In this thesis, new meshes designed specifically for POP repair surgery were evaluated in 

an abdominal wall fascial defect model to evaluate the extent of host tissue response, 

tissue integration and subsequent mechanical properties. Polyamide (PA), Polyamide plus 

Gelatin (PA+G) and Polyether-etherketone (PEEK) showed temporal inflammatory 
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responses that were different to that seen with PP meshes with enhanced 

neovascularisation, collagen production, and decreased inflammation. PA and PA+G 

could be a future treatment option for POP repair surgery. 

Most women who suffer from POP are postmenopausal and we therefore characterised 

eMSC from postmenopausal women treated with or without exogenous estrogen. Similar 

to premenopausal women, eMSC can be obtained by a curettage procedure following 

short-term estrogen treatment. Postmenopausal eMSC are similar to premenopausal eMSC 

in terms of cloning efficiency and phenotype but are available in lower numbers and 

differentiate to a lesser degree.  

The next step was to test the PA+G meshes and eMSC in a nude rat fascial wound model 

as a small preclinical proof of principle animal model. Meshes seeded with eMSC 

improved the tissue integration compared to meshes alone by increasing the 

neovascularisation, altering macrophages from an inflammatory to wound healing 

phenotype, decreasing the foreign body reaction, and improving the biomechanical 

properties in the long term, without engraftment. 

This thesis also provides a comprehensive analysis of sheep vaginal tissue to generate 

baseline data in this large animal preclinical model, including biochemical, biomechanical 

and histological analyses. Sheep that have not delivered lambs have similar biomechanical 

and biochemical properties to parous sheep whereas pregnancy significantly changes both 

the tissue composition and mechanical properties. We also determined regional differences 

in postmenopausal sheep vagina and correlated the biochemical and histological results 

with postmenopausal women. The ovine vagina showed differences between the upper and 

lower region whereas human vagina did to a lesser degree but with similar tissue 

composition. These results can help to understand the biochemical tissue composition and 

passive biomechanical properties of ovine vagina and relate this to the histo-architecture at 

different reproductive stages as part of the establishment of a large animal preclinical 

model for evaluating regenerative medicine approaches for surgical treatment of pelvic 

organ prolapse. The next step would be to test the above mentioned TE construct in a large 

animal model; however this was not feasible within the time frame of this thesis. 

In conclusion eMSC are a promising source of MSC independent of a women’s stage of 

life and could be used for TE purposes. A Tissue Engineering construct might be the 

future treatment for POP but has yet to be evaluated in a large animal preclinical model.  
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A 

CHAPTER 1.  

INTRODUCTION 

1.1 Pelvic Organ Prolapse 

POP is defined as the descent or herniation of one or more of the urogenital tract organs 

into the vagina. Depending on the organ herniated, POP is classified into uterine, vaginal 

vault, anterior and posterior vaginal wall prolapse (Haylen et al. 2010) (Figure 1).  

 

The diagnosis of POP is based on patient’s symptoms, clinical examination and can be 

assisted by imaging. Clinical symptoms of POP include vaginal bulging, pelvic pressure, 

bleeding, discharge, infection, splinting, backache or urinary incontinence. The clinical 

examination is based on the POP- quantification (POP-Q) system as shown in Table 1 and 

Figure 2. Imaging options are ultrasound, radiological as well magnetic resonance imaging 

(Dietz 2004). The prevalence of POP in developing countries is 19.7% (Walker and 

Gunasekera 2011) and almost 25% of all women in the US have one or more symptoms of 

POP, with urinary incontinence the most common (Nygaard et al. 2008). The impact of 

incontinence on the quality of life and daily functioning can be severe (Hunskaar and 

Vinsnes 1991) and comparable to stroke and dementia (Mardon et al. 2006).  

B C 

Figure 1. Schematic drawings of a female pelvis showing different forms of POP. 

A. uterine prolapse. B anterior compartment prolapse (cystocele). C posterior 

compartment prolapse (rectocele). Reproduced with permission from BARD Medical. 
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Table 1. Pelvic Organ Prolapse staging.  
 
Stage Clinical symptoms 

0 prolapse is not demonstrated 

I the most distal portion of the prolapse is more than 1 cm above the 

level of the hymen 

II the most distal portion of the prolapse is 1cm or less proximal to or 

distal to the plane of the hymen 

III the most distal portion of the prolapse is more than 1 cm below the 

plane of the hymen 

IV complete eversion of the total length of the lower genital tract 

Reproduced from Haylen et al., 2010 
 

 

Figure 2. Schematic of the POP- Q system, showing the points of reference and their 

explanation. 

Reproduced with permission from BARD Medical. 
  

Incontinence accounts for >$20 billion pa expenditure in the US, more than the direct 

costs for breast, ovarian, cervical and uterine cancers combined (Varmus 2008). 

Approximately 22,000 POP operations are conducted annually in Australia (Medicare 

2010) and cost approximately $200 million.  

1.1.1 Anatomy of the pelvis 

The pelvis lies between the abdomen and the lower limbs and is divided into the greater 

and the lesser pelvis. The abdominal organs are hosted by the greater pelvis, the urinary 

bladder 

uterus bowel 
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A B 

tract and the internal reproductive organs by the lesser pelvis. The female pelvic viscera in 

the lesser pelvis include urinary organs, the female internal genital organs and parts of the 

digestive tract (Figure 3A, B).  

The female internal genital organs include the ovaries, uterine tubes, uterus and vagina. 

The lesser pelvis provides the skeletal framework for both the pelvic cavity and the 

perineum. The anatomic structures in the female that prevent incontinence and POP 

comprise several muscles of the pelvic floor, the surrounding dense fibromuscular 

connective tissue of the vagina known as the endopelvic fascia, and the suspensory 

ligaments. These structures are known as the three levels of support (Delancey 1992, 

Ashton-Miller and DeLancey 2007) (Figure 4). The levator ani is the most important 

muscle structure in the pelvis and extends through the whole pelvic cavity. It is composed 

of the puborectalis muscle, the pubococcygeus muscle, and the iliococcygeus muscle 

forming a dynamic floor. The pelvic fascia is formed by two layers, the parietal and the 

visceral pelvic fascia acting as connective tissue surrounding the vaginal walls. The 

structural support of the uterus is provided by the pelvic diaphragm, as well as by its 

position on top of the bladder and by the cardinal and the uterosacral ligaments (Figure 

3A, B). Any form of prolapse can occur due to weak muscles or any other failure in this 

complex interaction of the pelvic floor components (e.g. ligaments, endopelvic fascia, 

pelvic floor muscles).  

Figure 3. Normal Female lower urogenital tract.  

A.Median anatomical section. Reproduced with permission from BARD Medical. B 

superior view of bony pelvis and the pelvic ligaments. Reproduced from  

http://my.clevelandclinic.org/obgyn/ womenshealth/urogynecology_pelvic_floor_disorders/treatment.aspx.  
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1.1.2 Causes of Pelvic Organ Prolapse 

The causes of POP are likely multifactorial and depend on the individual (Schaffer et al. 

2005). The biggest risk factors for POP are childbirth, ageing and obesity, with age at 

delivery also playing a role (Hunskaar et al. 2005, Gyhagen et al. 2013).  

Pregnancy and vaginal birth cause strain and injury to the pelvic support structures, 

including damage and/or denervation of muscle bundles (Dietz and Lanzarone 2005), and 

overstretching or tearing of the ligaments and endopelvic fascia. A magnetic resonance 

imaging study showed that 20% of 160 primiparous women sustained damage to levator 

ani muscles, while 0% of the control 80 nulliparous women had these injuries (Ashton-

Miller and Delancey 2009). Single parity is associated with higher risk for the 

development of POP (Odds Ratio (OR) 2.13) than every additional pregnancy (OR 1.1). 

Figure 4. Schematic of the three levels of pelvic organ support.  

Reproduced with permission from Delancey, AJOG 1992. 
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However, no increased risk was shown after more than five parities (Hendrix et al. 2002). 

All women sustain stretching of their pelvic floor during vaginal birth. However, in 10-

20% of women delivering their first child, forceps delivery, prolonged second stage 

labour, large infant birth weight, anal sphincter laceration and episiotomy exacerbate 

pelvic floor injury leading to POP (Ashton-Miller and Delancey 2009). Women 

undergoing caesarean section have a lower risk of developing POP than women after one 

or more vaginal deliveries (Lukacz et al. 2006) although caesarean section does not protect 

all women (Gyhagen et al. 2013). 

Pelvic floor disorders are more common in obese women (Hendrix et al. 2002); women 

with a body mass index more than 26 kg/m² are more likely to undergo surgery for POP 

(Moalli et al. 2003). The cause of this may be due to a higher intra-abdominal pressure but 

is not yet fully understood yet. Women who gained weight at a mean of 4.4 kg had a 

significantly increased incidence of POP, however weight loss is not associated with a 

regression of POP (Kudish et al. 2009). 

Ethnicity also influences the risk for POP. Compared with white women, African 

American women have a lower risk for uterine prolapse, cystocele, and rectocele. Hispanic 

women have the highest rate of uterine prolapse and an increased risk for cystocele, but 

not rectocele. Asian women have the highest risk of cystocele and rectocele, but not 

uterine prolapse (Hendrix et al. 2002) in a US based study.  

Another important factor in the pathogenesis of POP is the vaginal collagen content. The 

endopelvic connective tissue in younger women with pelvic organ prolapse has a lower 

collagen level compared to age-matched controls without POP (Soderberg et al. 2004). A 

contradicting study found that total collagen was increased in the vaginal apex in women 

with POP compared to those without (Moalli et al. 2005). Moalli has also suggested, using 

semi quantitative antibody staining, that collagen type III is elevated in POP and 

instrumental for increased distensibility of the tissue but another more recent study using a 

more sensitive biochemical Western blotting assay, found quite the opposite (Zhou et al. 

2012). Thus, changes in collagen composition of the vagina in women with POP are still 

unclear.  

Increasing age has been discussed as being a risk factor for POP (Hunskaar et al. 2005), 

however it is unclear whether concomitant changes like an increased rate of diabetes or 

other co-morbidities are responsible for this phenomenon. A large retrospective study did 
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not reveal a significant correlation between POP and age, but instead with menopause 

(Dietz 2008).  

1.1.3 Treatment options for Pelvic Organ Prolapse 

POP can be treated either conservatively or surgically. For women having few symptoms 

or a POP-Q of stage 2 or less, observation on a regular basis is acceptable. There is an 

argument that in the case of a defect of the anterior vaginal wall, the post-void residual 

volumes should be followed on a 6 monthly basis to detect compromised bladder 

emptying which could lead to renal damage (Brincat et al. 2010). In practice, regular post 

void residual assessment does not occur indefinitely or regularly, probably due to the 

unawareness of many physicians. 

Pelvic floor muscle training (PFMT) is one of the conservative possibilities for treating 

POP. PFMT aims to strengthen the sphincter structures and the supporting muscles of the 

pelvic floor. PFMT is associated with an improvement in POP symptoms due to an 

elevation of the bladder and the rectum as well as a reduction in the frequency and bother 

of symptoms, without causing any harm to the body (Braekken et al. 2010). Primigravid 

women who performed regular PFMT had a significantly lower rate of postpartum stress 

urinary incontinence at 3 months, however the positive effects were gone in the long term 

(Reilly et al. 2002). Similar results were found in a systematic review including several 

randomised trials (Brostrom and Lose 2008).  

The use of a pessary poses another non-surgical treatment. These devices support the 

structures of the pelvis and relieve the pressure on bladder and bowel. Pessaries are 

especially suitable for women who decline surgery either in the short or long term, or who 

are not suitable for anaesthesia. Pessaries are available in different materials and sizes 

(Figure 5) and require the patient to have regular visits to a gynaecologist (Jelovsek et al. 

2007) or to self-manage. There have been reports that complications such as vesicovaginal 

and rectovaginal fistulas, faecal impaction, hydronephrosis, and urosepsis occur, 

emphasizing the necessity of regular monitoring. In any case, it is important to detect 

vaginal bleeding due to tissue erosion or ulceration that may arise during pessary use. No 

randomized trials have been conducted comparing pessaries with other surgical treatment 

options. Surgery is indicated when urination or defecation problems, vaginal erosions or 

other severe conditions occur.  
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Figure 5. Different pessaries. 

Reproduced with permission from http://www.2womenshealth.com/Cystocele-Repair.htm 

1.1.3.1 Surgical treatment of Pelvic Organ Prolapse 

The life time risk for women to undergo surgery for POP and/or incontinence is 19% in 

the general Australian female population (Smith et al. 2010) and 11.1% in a US population 

based cohort (Olsen et al. 1997). The most frequent component of the pelvic organs 

affected by POP is the anterior vaginal wall compared to the posterior vaginal wall or the 

uterus regardless of the uterine status (Hendrix et al. 2002, Handa et al. 2004).  

Surgical treatment for POP aims to restore the normal vaginal anatomy and normal 

bladder, bowel and sexual function. The first operations for prolapse repair were reported 

by the Egyptians and documented in the Ebers papyrus about 3500 years ago (Barbalat and 

Tunuguntla 2012). These early procedures were mostly fully obliterative or largely 

occlusive. The first vaginal hysterectomy for prolapse was performed in the US in 1861 

(Young 2009) and the first anterior vaginal repair in 1913 (McCracken and Lefebvre 

2007). Since then, prolapse surgery has evolved into various forms of native tissue 

reconstruction or mesh-based interventions. Native surgical treatment options for POP 

include hysterectomy, anterior and posterior vaginal repair and vaginal vault suspension, 
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including McCall culdoplasty, 

sacrocolposuspension / sacrocolpopexy 

(Figure 6. ), and uterosacral suspension 

either vaginally, laparoscopically or 

abdominally depending on the affected 

part of the vagina (Young 2009).  

 

1.1.3.2 Anterior vaginal wall 

repair 

The anterior colporrhaphy is one of the standard surgical treatment options for the repair of 

an anterior vaginal wall defect, involving central plication of the fibromuscular layer of the 

anterior vaginal wall. The success rate for this procedure ranges from 40-100%. (Maher 

and Baessler 2006, Carey et al. 2009, Guerette et al. 2009). However, the recurrence rate is 

higher compared to techniques using degradable polyglactin mesh or porcine dermal inlays 

(Maher et al. 2010) (Section 1.1.3.5). Another surgical treatment option is vaginal 

paravaginal repair which has equally high success rates (67-100%). However, this surgical 

procedure can have significant complications such as haemorrhage in up to 20% 

(Mallipeddi et al. 2001, Young et al. 2001). Another surgical approach which is no longer 

widely practised in Australia is the trans-abdominal internal anterior repair in combination 

with Burch colposuspension for patients with grade 1 or 2 cystoceles and stress urinary 

incontinence. It has reasonably good short term results but decreasing efficacy after 5 years 

(Lovatsis and Drutz 2001). 

 

1.1.3.3 Posterior vaginal wall repair 

Only a few treatment options for the posterior vaginal wall repair exist. The original 

posterior colporrhaphy with plication of the levator ani muscle has a high anatomical 

success rate but also a high rate of dyspareunia, vaginal and/ or rectal pain (Kahn and 

Stanton 1997, Ulrich et al. 2014). To minimize this side effect, midline fascial plication 

(posterior colporrhaphy) without levator ani plication, as well as site-specific rectocele 

repair operations, is preferred. Both methods result in similar anatomic and functional 

outcomes with significant improvements in symptoms, quality of life, and sexual function 

with dyspareunia rates ranging from 8-26% (Maher et al. 2004, Paraiso et al. 2006).  

Graft 

Figure 6. Sacrospinous fixation. Reproduced 

with permission from BARD Medical. 
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1.1.3.4 Surgical treatment options with synthetic meshes 

Due to the relatively high failure rates of native tissue surgery, synthetic meshes were 

introduced into POP surgery. Surgical methods for repair of POP have increased in 

number and complexity since the introduction of synthetic meshes. Their aim is to provide 

additional support not provided by existing and damaged pelvic floor musculature, 

ligaments and endopelvic fascia to improve the relatively poor long-term outcomes of 

native tissue surgery alone (Hiltunen et al. 2007). Synthetic meshes have been used in 

abdominal POP surgery as part of the abdominal sacral-colpopexy procedure (Kohli 

2012). Compared with other disciplines, the use of synthetic materials in vaginal POP 

surgery has only been introduced within the last two decades (Kohli 2012). The specialties 

of orthopaedic or general surgery have a long history incorporating the use of synthetic 

materials in surgical procedures and have provided important knowledge and data. The 

meshes used in urogynaecology were originally designed for abdominal hernia repair and 

are well studied for this specific application (Scott et al. 2002, Deprest et al. 2006). Driven 

by marketing, following the success of the synthetic midurethral slings for stress urinary 

incontinence, Polypropylene (PP) meshes were introduced quickly into vaginal POP 

surgery in an attempt to decrease prolapse recurrence rates (De Ridder 2008) without due 

consideration of mesh suitability, particularly mesh mechanical properties. Meshes for 

vaginal repair were introduced as Class II devices where a manufacturer only had to 

demonstrate that a new device was comparable to an existing device, the so called 510k 

path to market. In contrast, Class III devices have to undergo thorough premarket approval 

review. It has only very recently been suggested that new meshes should undergo 

appropriate stringent preclinical testing before entering the market (Deprest and Feola 

2013). Synthetic non-degradable meshes are believed to work by inducing an 

inflammatory foreign body reaction, resulting in fibrosis that provides strength, albeit not 

necessarily optimal, to the weakened support structures (Deprest et al. 2006, de Tayrac et 

al. 2007).  

1.1.3.5 Anterior vaginal wall repair with mesh 

The success rates for anterior colporrhaphy (Figure 7A) with mesh, not using trocar-based 

systems range from 92-97% and from 77-97% for trocar-based systems with POP-Q stage 

≤ 1 as the primary outcome (Hinoul et al. 2008, Milani et al. 2011, Stanford et al. 2011). 

Trocar mesh placement systems allow the mesh to be fixed to an anatomical structure. 
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Mesh complications such as erosion or exposure have been reported to occur in up to 25% 

of cases at an average follow up of 12-24 months. Up to 11% of women with mesh 

exposure require reoperation usually including the removal of the exposed mesh and 

epithelial closure (Jia et al. 2010). The largest randomized clinical trial involving 200 

study subjects compared the success rates between PP mesh and anterior repair alone and 

found significantly better success rates for the mesh group (Altman et al. 2011). A recent 

review also concluded that procedures using mesh in the anterior compartment have better 

long term anatomical success rates, but with increased risks of complications (Maher et al. 

2013). The use of biological materials for anterior defect repairs has shown contradictory 

results (Maher et al. 2011).  

1.1.3.6 Posterior vaginal wall repair with mesh 

Cure rates for posterior vaginal wall repair (Figure 7B) with mesh have been reported 

between 75-92% without trocar use and 92-97% with trocar-based systems with fixing of 

the mesh to an anatomical structure (de Tayrac et al. 2006). The mesh complication rate 

was up to 25% after 1 year (Stanford et al. 2012). Generally, there are not enough 

randomized clinical trials to draw sufficient conclusions to support mesh use in the 

posterior compartment (Maher et al. 2013). 

Figure 7. Schematic of anterior and posterior vaginal wall repair using mesh.  

A. Schematic of anterior vaginal wall repair with a synthetic implant. B. Schematic of 

posterior vaginal wall repair with a synthetic implant. Reproduced from BARD 

Medical. 
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1.1.3.7 Apical compartment repair with mesh 

The most common apical repair surgery is the abdominal sacrocolpopexy (SCP) (Figure 

6).The SCP gives support to the vaginal walls and vault by using an interposition graft 

usually of synthetic mesh and anchoring this to the anterior longitudinal ligament over the 

periosteum of the sacral promontory (indicated by the white line in Figure 6). 

Sacrospinous colpopexy (SSC) fixes the vault or the apex to the sacrospinous ligament, a 

very strong ligament at the back of the pelvis. Both SCP and SSC provide subjective 

success rates of 94% and 91%, respectively with no significant differences in re-operation 

rates for prolapse (RR 0.46, 95% CI 0.19 to 1.11) (Higgs et al. 2005, Maher et al. 2010). 

Mesh or suture erosions after laparoscopic sacrocolpopexy occur in 3-12% of patients after 

an average follow up from 6 to 36 months (Drutz and Alarab 2006).  

The use of biological materials for apical repair does not appear to be beneficial in terms 

of the long term outcome due to rapid resorption of the materials (Yurteri-Kaplan and 

Gutman 2012). 

1.1.3.8 Mesh classification 

Synthetic meshes differ in pore size, composition (polymer type), filament type 

(monofilament vs. multifilament), knitted mesh design and surface properties (coated 

versus non coated). Meshes are divided into four groups as shown in  

 

Table 2. The foreign body reaction to the mesh is dependent on the various mesh 

properties, i.e., monofilament meshes generally induce lower inflammation compared to 

multifilament meshes because immune cells get trapped between the filaments (Klinge et 

al. 2002). Pore size is another determining factor, with larger pore sizes allowing better 

tissue ingrowth with lesser inflammation; however, if the pore sizes are too large, tissue 

ingrowth occurs more slowly and can compromise the structural integrity of the mesh 

(Klinge et al. 2001, Klinge et al. 2002, Pascual et al. 2008). Microporous meshes (<10 µm 

pore size) induce a greater foreign body reaction because the immune cells are unable to 

penetrate the mesh. Overall, a monofilament mesh with a large pore size is the preferable 

option (Huebner et al. 2006); such a mesh might improve tissue integration and therefore 

decrease the rate of side effects. Recently our laboratory has shown that meshes knitted 

from alternative materials (polyether-ether-ketone and polyamide) with similar architecture 

to the commercially available polypropylene meshes have improved biomechanical 
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properties with reduced stiffness and a lower bending rigidity (Edwards et al. 2013) 

(Figure 8).  

 

Table 2. The classification of synthetic biomaterials.  

Mesh type Filamentous structure Pore size 

I Monofilament Macro (> 75µm) 

II Multifilament Micro (< 10 µm) 

III Multifilament Macro/ micro (< 10 µm) 

IV Multifilament Submicro (< 1 µm) 

Adapted from Huebner et al., 2006 

 

 Figure 8. Optical micrographs of meshes.  

A. Polyamide 1, B. Poly-ether-ether-ketone 1, C. Polyform,  

D. Poly-ether-ether-ketone 2. Scale bar: 2000 µm. Reproduced and modified with 

permission from Edwards et al. 2013 
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1.1.4 The mesh dilemma- The knowledge gap 

The ideal implant should be biocompatible, nontoxic, noncarcinogenic and nonteratogenic 

(Bringman et al. 2010). Any material will evoke a foreign body reaction due to the body’s 

recognition of the foreign material through the innate immune system. After mesh 

insertion an inflammatory response occurs. This reaction may reflect poor tissue 

biocompatibility, depending on the extent and type of response and local host factors. The 

foreign body reaction, involving tissue macrophages, is primarily responsible for the 

significant complications arising from the use of synthetic meshes reported in up to 29% 

of cases, including mesh contraction, pain, and exposure of mesh into the vagina or 

erosion into adjacent viscera (Lim et al. 2007). It has been shown that vaginally inserted 

meshes are associated with higher mesh exposure complication rates than abdominally 

inserted meshes (Ozog et al. 2012). Also, the surgeon’s experience, patient selection and 

operative condition seem to have an influence on the graft-related complications (Deprest 

and Feola 2013). As a result of reported complications, the US Food and Drug 

Administration released a warning regarding the use of mesh in urogynaecological 

applications in 2008 and an update in 2011 (2008, 2011). In response to these warnings, 

several companies withdrew some of the mesh devices for vaginal surgery from the 

market in 2012.  

The success of a mesh design is, in part, dependant on mesh mechanical properties. An 

ideal material should have appropriate strength, stiffness, structural integrity, flexibility 

and elasticity. A big difference between mesh mechanical properties and the native tissue 

is a known risk factor for poor tissue compliance and complications. The ideal mesh for 

vaginal POP surgery has not yet been reported (Bringman et al. 2010). When I began this 

study, there were no reports on the development of new meshes for POP surgery. Only just 

recently studies have attempted to develop alternative biomaterials to improve tissue 

regeneration and biocompatibility (Boennelycke et al. 2011). There is an urgent need to 

develop meshes which match the biomechanical properties of human vaginal tissue for 

tissue compatibility and optimal tissue integration, to provide adequate treatment for 

women suffering from POP. 
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This section was published in Expert Opinion on Biological Therapies (Appendix 1) 

1.2 Stem Cells 

Stem cells are responsible for the development and regeneration of tissue and organ 

systems. There are three main types, embryonic stem cells, induced pluripotent stem cells 

and adult stem cells. Embryonic stem cells are derived from the inner cell mass of the 

blastocyst embryo and as pluripotent cells they can differentiate into all cell types derived 

from the three embryonic germ layers, ectoderm, endoderm and mesoderm (Alvarez et al. 

2012) (Figure 9). Induced pluripotent (iPS) cells are also pluripotent and are produced by 

reprogramming somatic cells (Takahashi et al. 2007). In contrast, adult stem cells are rare, 

long-lived cells found in most adult tissues, for example haematopoietic stem cells are 

multipotent and were first discovered in 1961 by Till and McCulloch (Till and Mc 1961). 

Adult stem cells also self-renew but are more restricted in differentiation repertoire (i.e. 

multipotent) and are less proliferative than embryonic stem cells.  Problems associated 

with embryonic stem cells are their unpredictable differentiation and tendency to generate 

teratomas (Prokhorova et al. 2009), ethical issues and difficulty of access, therefore 

making adult stem cells an easier, safer, attractive option for cell-based therapies.  

 

Figure 9. The origin and specialisation of stem cells. 

Reproduced with permission from http://www.scq.ubc.ca/stem-cell-bioengineering/ 
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1.2.1 Stem cell properties 

Adult stem cells are not readily recognisable in tissues. Until markers are discovered, they 

are identified by their functional properties; self-renewal, differentiation and proliferative 

capacity (Gargett 2007). 

1.2.1.1 Colony-forming unit activity 

In contrast to mature cells, 

stem cells are able to show 

colony-forming unit (CFU) 

activity. CFU is defined as the 

ability of a single cell to form a 

clone of cells when seeded at 

extremely low density (Loeffler 

et al. 1997) (Figure 10). 

1.2.1.2 Self renewal 

Only a small number of 

stem/progenitor cells are 

present in any adult tissue. 

These cells are generally 

quiescent, and possess the 

ability to re-enter the cell cycle 

by certain signalling pathways 

enabling them to self-renew 

and replace themselves and at the same time differentiate into the functional cells of the 

tissue in which they reside. Several molecular and biochemical pathways are involved in 

stem/progenitor cell entry into cell cycle, which cell types they differentiate into and the 

number of progeny produced (Fuchs and Segre 2000). Asymmetric cell division is the 

process where an identical daughter cell and a more differentiated daughter cell is 

produced (Fuchs and Segre 2000) (Figure 11). An alternative process is symmetric 

division leading to either two identical stem cells or two more differentiated daughter 

progenitor cells, which then differentiate into two transit amplifying cells (Loeffler et al. 

1997, Morrison et al. 1997). Stem cells are able to self-renew and replace themselves but 

also provide populations of differentiated cells that perform the function of a tissue.  

Figure 10. Stromal colony forming units from human 

endometrium.  

Reproduced with permission from Chan et al., 2004. 
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Figure 11. Hierarchy of tissue stem cell differentiation.  

Stem cells undergo asymmetric cell divisions, which enable them to self-renew and 

replace themselves or differentiate to give rise to committed progenitors. These proliferate 

and give rise to more differentiated functional cells with no capacity for proliferation. 

Reproduced with permission from Chan et al. (2004) 

Transit amplifying cells are rapidly proliferating cells before their final differentiation into 

mature functional cells (Figure 11).  

1.2.1.3 High proliferative potential 

One objective verification of stem cell activity is determining their proliferative potential 

or cellular output from a single cell, which is greater for stem cells compared to any 

progenitor or transit amplifying cells (Pellegrini et al. 1999, Gronthos et al. 2003). For 

example conjunctival keratinocyte stem cells formed holoclones (epidermal stem cells), 

which had the greatest proliferative capacity compared to their more differentiated 

progeny cells which generated smaller meroclones (mixture of stem cells and 

differentiated cells) and paraclones (transit amplifying cells) (Pellegrini et al. 1999).  
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1.2.1.4 Stem cell differentiation 

Stem cell differentiation includes the change of the cell phenotype and function involving 

changes to gene expression and signalling pathways. Stem cells undergo several tiers of 

incremental differentiation with each round of cell division until they produce fully 

differentiated (specialised) and post-mitotic functional tissue specific cells (Figure 11). 

During the process of differentiation the original stem cell loses the capacity to self-renew 

and differentiate into more than one lineage.  

1.2.1.5 Tissue reconstitution in vivo 

Another key feature of stem cells is their ability for regenerating tissues by producing 

replacement cells after tissue damage or cellular loss (Clarke and Smith 2005). This has 

been elegantly demonstrated in a mouse model where the epithelium of an entire organ 

(mammary gland) was reconstituted from a single epithelial stem cell using the mammary 

fat pad assay (Shackleton et al. 2006), however studies in humans are sparse for tissues 

other than bone marrow and its populations of haemopoietic stem cells (Kapoor et al. 

2007).  

1.2.1.6 Stem Cell Niche 

The regulation of adult stem cell fate decisions (i.e. to self-renew or differentiate) is 

determined by the neighbouring niche cells and surrounding extracellular matrix (ECM) 

(Schofield 1978). Niche cells generate signals that regulate stem cell proliferation and cell 

fate decisions (Eckfeldt et al. 2005). However, current knowledge on the characteristics 

and mechanism of niche cells in human stem cell systems is generally sparse. Adhesion 

molecules like cadherins or integrins play a role in anchoring adult stem cells in the niche 

during inactivity as well as in managing asymmetric cell divisions (Zhang et al. 2003, 

Fuchs et al. 2004, Wilson and Trumpp 2006).  

1.2.2 Mesenchymal Stem Cells 

1.2.2.1 Properties and phenotype of MSC 

Mesenchymal stem cells or mesenchymal stromal cells or multipotent stromal cells (MSC) 

are defined as plastic adherent, clonogenic cells with a characteristic surface phenotype, 

capacity to proliferate extensively and differentiate into several mesodermal lineages 

(Vaananen 2005). MSC were first discovered in bone marrow in 1966 and later described 
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by Friedenstein et al. as adherent fibroblast-like cells (Friedenstein et al. 1976). According 

to the International Society for Cellular Therapy (ISCT), MSC must fulfil three main 

criteria; plastic-adherence, multilineage differentiation into osteoblasts, adipocytes and 

chondrocytes, myocytes and other connective tissue cells in vitro, and possession of key 

surface markers, including CD29, CD44, CD73, CD105 and CD146 but not the 

haematopoietic cell markers CD34, CD45, CD14, CD11b, CD79α, CD19 and HLA-DR 

(Dominici et al. 2006, Caplan 2007). MSC from different tissue sources may possess 

unique markers that can be used for their prospective isolation. For example, CD271 and 

STRO-1 have been used to identify and isolate and enrich bone marrow MSC (Simmons 

and Torok-Storb 1991, Buhring et al. 2007). Therefore, these criteria may not be 

applicable to MSC from every tissue type since MSC possess different surface markers 

depending on their origin and the MSC definition may need revision (Keating 2012).  

1.2.2.2 Sources of MSC 

MSC have been identified in most tissues including bone marrow, adipose tissue, dental 

pulp, umbilical cord, corneal stroma, cord blood, skeletal muscle, periosteum, scalp tissue, 

pancreas, placenta, synovial membrane and endometrium (Gronthos et al. 2000, Schwab 

and Gargett 2007, Crisan et al. 2008, Brooke et al. 2009). MSC appear to transdifferentiate 

into several cell lineages other than their mesodermal germ layer of origin, making them 

an attractive source for cell-based therapies for future treatment options (Pittenger et al. 

1999). Furthermore, substantial evidence indicates that MSC are a subset of pericytes that 

line blood vessels (Schwab and Gargett 2007, Caplan 2008, Crisan et al. 2008, Masuda et 

al. 2012) and promote tissue repair. MSC are a heterogeneous population, especially when 

obtained by the plastic adherence method. A more pure population can be obtained when 

MSC are extracted with antibodies against specific surface markers. 

MSCs were originally thought to aid tissue repair by transdifferentiation (Griffin et al. 

2010, Prockop and Youn Oh 2012) into the cell types required. However, there is 

increasing recognition that MSC act in a paracrine manner by homing to damaged tissues 

and secreting copious quantities of bioactive molecules. These molecules promote 

angiogenesis, limit fibrosis and scarring, inhibit apoptosis and promote tissue specific 

progenitor cells to proliferate (Caplan 2009, Murphy et al. 2013). MSC also dampen the 

inflammatory response and modulate both the innate and adaptive immune system.  
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1.2.2.3 Anti-inflammatory properties of MSC 

MSCs also function in modulating the inflammatory responses; however the mechanisms 

are still unclear and these functions are yet to be fully elucidated (Le Blanc and Ringdén 

2005, Chen et al. 2006, Kaplan et al. 2011, Le Blanc and Mougiakakos 2012, Prockop and 

Youn Oh 2012) . However, in an inflammatory milieu, cytokines such as tumor necrosis 

factor alpha (TNF-α) and IFN-γ license MSC (Krampera 2011) to produce anti-

inflammatory mediators including prostaglandin E2 (PGE2) (Ylostalo et al. 2012), 

Indoleamine 2,3-dioxygenase (IDO) (Meisel et al. 2004) and nitric oxide (Ren et al. 2008), 

which in turn modulate the function of natural killer (NK) cells and macrophages, key 

cells involved in the innate immune response. When macrophages are co-cultured with 

MSC, their production of pro-inflammatory cytokines such as TNF-α and IL-6 are 

diminished and anti-inflammatory cytokines such as IL-10 increased (Kim and Hematti 

2009, Maggini et al. 2010). MSC production of PGE2 drives a phenotypic change in 

macrophages from pro-inflammatory (M1) to anti-inflammatory wound healing (M2) 

phenotypes (Kim and Hematti 2009) through interaction with macrophage prostanoid 

receptors. MSC also modulate the inflammatory response through Toll-Like Receptor 

(TLR) signalling. Viral dsRNA activation of TLR-3 receptors on MSC initiates production 

of anti-inflammatory effectors that reduce the inflammatory response of macrophages, 

while a pro-inflammatory macrophage response results from lipopolysaccharide (Gram 

negative bacterial cell wall component) activation of TLR-4 on MSC. This suggests that 

there are two different MSC phenotypes, MSC1 (pro-inflammatory) and MSC2 (anti-

inflammatory) (Waterman et al. 2010). These phenotypes were speculated to result from 

stimulation by low concentrations of agonists, levels likely expected in vivo. Further 

studies are needed to confirm the differential effects of TLR-3 and TLR-4 stimulation to 

confirm these MSC phenotypes, as others have also shown that LPS stimulated MSC exert 

an anti-inflammatory response (Maggini et al. 2010, Foraker et al. 2011). 

1.2.2.4 Immunomodulatory properties of MSC 

The immunosuppressive effects of MSC on the adaptive immune system predominantly 

affect T-cell proliferative responses to foreign, non-self MHC molecules on antigen 

presenting cells (APC). These immunomodulatory properties of MSC have been exploited 

for treating graft versus host disease and indeed bone marrow MSC have been used in a 

successful clinical trial for this purpose (Le Blanc et al. 2008). More recently placental 
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stromal cells were also successfully used for the treatment for acute graft-versus host 

disease with a response rate of 75% in a trial of 8 patients (Ringden et al. 2013). Much still 

remains to be learned about the normal role of MSC in immunomodulation and the role 

this might play in tissue repair and how this can be manipulated to create new 

therapeutics. 

1.2.2.5 Identification of MSC in human tissues. 

MSC are rare and few are available for harvest from adult tissues, requiring their 

substantial expansion ex vivo. As with most adult stem cells, prolonged culture of MSC 

results in their spontaneous differentiation to fibroblasts (Li et al. 2011). In addition, the 

numbers of MSC present in the bone marrow decrease with ageing, with a tenfold loss 

occurring within the first 10 years of life, and a similar rate of loss continuing into 

adulthood (Haynesworth et al. 1993). Furthermore, MSC defining surface markers are also 

expressed on fibroblasts and other cells, making it difficult to identify and purify MSC 

from adjacent tissue cells (Alvarez et al. 2012). MSC are predominantly identified by their 

properties in cell culture; CFU activity and multipotency, but flow cytometry phenotyping 

and fluorescence- activated cell sorting (FACS) using recently identified novel markers 

(Stro-1, TNAP/W8B2) have also been used by some (Shi and Gronthos 2003, Buhring et 

al. 2007, Sobiesiak et al. 2010). Furthermore, MSC change their surface marker expression 

in culture, making it more difficult to obtain pure MSC (Boquest et al. 2005). 

Identification of specific markers for MSC purification is a priority of current research, 

together with optimisation of culture conditions to prevent spontaneous differentiation and 

loss of MSC activity, and to achieve the desired cell type for transplantation (Tang et al. 

2012). 

1.2.2.6 Survival of transplanted of MSC 

Many animal and human studies have demonstrated a beneficial effect of MSC infusion or 

implantation on tissue and organ repair. MSC travel to sites of tissue damage when infused 

intravenously, where they secrete bioactive molecules that promote tissue repair, with little 

evidence of engraftment (Prockop 2009). When infused cells are tracked in vivo after 

administration, few are found as they are rapidly trapped in the lungs and cleared from 

tissues. For example, intravenous injection of bmMSC in a mouse model of coronary 

artery disease (coronary vessel ligation) significantly improved myocardial parameters 

after 3 weeks; however, the cells were not detected after 48 hours (Lee et al. 2009). Large 
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numbers of MSC were found in the lungs where they induced upregulation of 50 genes 

including TNF-α (Lee et al. 2009). In contrast, the inflammatory response in a rat model of 

corneal injury was reduced after intraperitoneal infusion of bmMSC. After 10 million cells 

were injected, <10 were detected on day 3 suggesting that the cells do not engraft but 

rather release anti-inflammatory cytokines and proteins, including TNF-α-–stimulated 

gene/protein 6 (TSG-6) (Roddy et al. 2011). Similar results were observed in a model of 

peritonitis and sepsis (Nemeth et al. 2009, Choi et al. 2011).  

It has been suggested that MSC act through a “touch and go” mechanism. MSC rapidly 

migrate to the damaged site and are cleared after release of their anti-inflammatory and 

immunomodulatory payload (Uccelli et al. 2008). Culture expanded bmMSC do not 

express HLA class II cell surface molecules indicating their lack of involvement in the 

specific immune response (Koc et al. 2000). MSC can therefore be used in an allogeneic 

setting and there are several companies developing “off the shelf” allogeneic products 

(Mesoblast, Medistem) with the advantage that a single donor can produce thousands of 

doses. It is currently unclear if immune rejection will be provoked if repeated doses from 

different individuals are administered. A recent review did not find an increased rate of 

toxicity events after unmatched heterologous MSC administration, suggesting that MSC 

are “ immune- privileged” (Lalu et al. 2012). In most of these studies, multiple doses of 

MSC have not been administered and therefore it is still uncertain whether allogeneic 

MSC might initiate an immune response in these circumstances. Multiple treatments are 

not an issue for autologous MSC and regulatory requirements are simpler (Murphy et al. 

2013).  

1.2.3 Endometrial MSC 

The endometrium undergoes regular cycles of shedding and regeneration for over 400 

times during a woman’s reproductive years (Edwards SL 2010) suggesting that a MSC 

population may be responsible for generating the stromal vascular compartment each 

month. Indeed, recently, a small population of clonogenic endometrial stromal cells with 

typical adult stem cell properties of self renewal, high proliferative potential and 

multilineage mesodermal differentiation capacity was identified in human endometrium 

(Gargett et al. 2009). These cells are clonogenic and self-renew as demonstrated by serial 

cloning in culture. They are also highly proliferative, undergoing 30 population doublings 

with a total cellular output of several billion cells from a single cell indicating their 
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capacity for ex vivo expansion and potential utility in cell-based therapies. These were 

defined as endometrial mesenchymal stem-like cells (eMSC). Cells with eMSC properties 

have also been identified as a component of the Side Population (SP) cells (Cervello et al. 

2010, Masuda et al. 2010, Cervello et al. 2011). EMSC can be easily obtained by uterine 

biopsy from premenopausal women with access via the cervix (Ulrich et al. 2013) (Figure 

12). In contrast, the procurement of bmMSC and adipose MSC requires at least local 

anesthesia, while the endometrium is one source of human MSC that usually does not 

require an anaesthetic (Gargett et al. 2012). Clonogenic endometrial stromal cells were 

found in both reproductive age and postmenopausal women, and in the endometrium of 

women on oral contraceptive therapy (Schwab et al. 2005) indicating that eMSC could be 

harvested from women of all ages irrespective of hormonal status or treatments.  

 

Figure 12. Schematic showing isolation procedures for obtaining endometrial 

stem/progenitor cells from human uterus and menstrual blood.  

Endometrial stem/progenitor cells are sourced from hysterectomy, endometrial biopsy and 

menstrual blood. Culture dishes indicate when culture occurs in the isolation or 

characterisation procedures. Adult stem cell features conducted on the various cell 

populations are shown as dot points. Adapted and reproduced with permission from World 

Scientific Publishers, Singapore (Gargett 2010). 
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1.2.3.1 EMSC Differentiation  

Large endometrial stromal colony forming units (CFU) undergo multilineage 

differentiation into four mesodermal lineages when cultured under appropriate conditions, 

including smooth muscle, fat, cartilage and bone (Gargett et al. 2009). Cultured 

endometrial stromal cells containing eMSC not only differentiate down typical 

mesodermal lineages, but also into other non-endometrial cells, including platelet 

releasing megakaryocytes in vitro (Wang et al. 2012), possibly by a direct 

transdifferentiation mechanism that does not involve de-differentiation or transition 

through distinct hierarchies of haematopoietic stem cells (Ladewig et al. 2013). EMSC 

also differentiate into ectodermal and endodermal lineages including neural cells in vitro 

and in vivo (Wolff et al. 2011, Mobarakeh et al. 2012) and insulin- producing cells in vitro 

(Santamaria et al. 2011) making them a possible source for use in neurodegenerative 

diseases like stroke, Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral 

sclerosis, epilepsy, trauma and intoxications, and for treatment of diabetes. In these studies 

unfractionated human endometrial stromal cells were used and it is presumed that the 

approximately 1-5% eMSC that would be present in these cultures were responsible for 

this differentiation.  

1.2.3.2 Origin of eMSC  

The precise origin of eMSC is not entirely clear. An endogenous source derived from 

residual fetal stem cells has been proposed (Gargett 2007), while there is also some 

evidence that bone marrow cells may incorporate into human and mouse endometrium and 

contribute to the generation of endometrial cells (Taylor 2004, Du and Taylor 2007). 

Currently it is not known if these incorporating bone marrow derived cells are 

haematopoietic stem cells, MSC, myeloid cells or endothelial progenitor cells (Gargett 

2007), but they do not contribute to the SP population (Cervello et al. 2012). In women 

transplanted with a single antigen HLA mismatched bone marrow, significant chimerism 

ranging from 0.2 to 52% of the endometrial glands and stroma was observed in 4 patients 

(Taylor 2004). Most glands, however, consisted entirely of either host or donor-derived 

cells indicating monoclonal derivation. In other studies, chimeric endometrial glands were 

reported in three women who had received gender mismatched bone marrow transplants 

(Ikoma et al. 2009). Due to the low levels of engraftment of bone marrow cells in 
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endometrium, it seems therefore more likely that eMSC originate from resident 

stem/progenitor cells than bone-marrow derived cells; however more research is needed. 

1.2.3.3 Prospective isolation and scale up culture of eMSC 

MSC from bone marrow and adipose tissue are frequently obtained from simple culture of 

adherent cells and contain a mixture of fibroblasts and MSC. STRO 1 has been used to 

purify bmMSC but this marker did not purify clonogenic eMSC from human endometrium 

(Schwab et al. 2008). Specific markers have been identified for the prospective isolation of 

eMSC from human endometrium as the co-expressing CD140b+ CD146+ -cell population 

(Schwab and Gargett 2007). This CD140b+CD146+ population fulfils the minimal criteria 

for MSC, including multipotency, clonogenicity and surface phenotype (CD29, CD44, 

CD73, CD90 and CD105 expression). A recent gene profiling study of the 3 populations 

sorted from endometrial stromal cells on the basis of CD140b and CD146 expression 

confirmed that eMSC are found in the double positive population and the expressed genes 

were involved in angiogenesis, inflammation, immunomodulation, cell communication 

and proteolysis (Spitzer et al. 2012).  

A recent development was the identification of a single marker, W5C5 for eMSC (Masuda 

et al. 2012). The W5C5 antibody detects the SUSD2 transmembrane protein expressed on 

the cell surface (Sivasubramaniyan et al. 2013). Extracting eMSC via magnetic beads is 

possible with a single marker and preferable to FACS sorting as it is rapid, uses simpler 

technology and is less traumatic for the cells (Masuda et al. 2012). On average, 4.2% of 

endometrial stromal cells are positive for W5C5 (Masuda et al. 2012). The W5C5+ eMSC 

fulfil the minimal criteria for MSC (Dominici et al. 2006) making them preferable for use 

as a cell-based therapy in proof-of-principle animal models (Ulrich et al. 2013). 

Furthermore, W5C5+ cells generate stromal tissue when xenografted into 

immunocompromised mice (Masuda 2012) (Section 1.2.4.5) 

1.2.3.4 Ex vivo culture of eMSC for cell-based therapies 

The niche regulates stem/progenitor cells by providing a specific physiological 

environment. Niche cells produce growth factors and other cytokines that together with 

extracellular matrix molecules regulate their functional state. Certain growth factors 

support the growth of eMSC in serum free medium, including fibroblast growth factor 2 

(FGF2), epidermal growth factor (EGF), transforming growth factor-α (TGF- α) and 

platelet-derived growth factor-BB (PDGF-BB) (Schwab et al. 2005). Due to their rarity in 
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tissues, yields of freshly isolated eMSC are small which makes in vitro expansion 

necessary. In preparation for clinical use, protocols have been developed for serum-free, 

xeno-free culture expansion of eMSC (Rajaraman et al. 2013). In the first steps to achieve 

clinical grade production of eMSC, a serum free medium comprising several growth 

factors was developed and cells were cultured in hypoxic O2 concentrations, without 

changing surface marker expression, differentiation capacity or proliferative potential 

(Rajaraman et al. 2013). 

1.2.3.5 W5C5+ eMSC Regenerate Stromal Tissue in vivo 

One of the most important functions of stem cell populations is their ability to reconstruct 

the appropriate tissue in vivo. W5C5+ eMSC reconstituted endometrial stromal tissue after 

transplantation under the kidney capsule in non-obese diabetic severe combined 

immunodeficient interleukin-2 receptor γ-deficient (NOD SCID γ or NSG) mice (Masuda 

et al. 2012). Similarly endometrial stromal tissue was also reconstituted when human 

endometrial SP cells were transplanted under the kidney capsule of immunocompromised 

mice (Masuda et al. 2010, Cervello et al. 2011). These findings indicate that prospectively 

isolated, culture-expanded eMSC have the capacity to regenerate tissue and therefore have 

utility as a cell-based therapy (Ulrich et al. 2013).  

1.2.4 Endometrial Regenerative Cells from menstrual blood 

The endometrium is partially shed during menstruation every month, leaving behind the 

basal regenerative layer from which the new functional layer grows (Gargett et al. 2012). 

The markers used to purify eMSC, co-expression of CD140b and CD146 or the single 

marker, W5C5/SUSD2, reveal their perivascular location in both the basal and functional 

layer, indicating they will be shed each month during menstruation. It is therefore not 

surprising that viable MSC have been identified in menstrual blood. These have been 

isolated and characterized in a similar manner as bmMSC using plastic adherence. These 

cultures include both MSC and fibroblasts. These adherent cells were described as 

endometrial regenerative cells (ERC) (Meng et al. 2007) and in this thesis, this term will 

be used. ERC express key MSC markers (CD9, CD29, CD41a, CD44, CD59, CD73, 

CD90, and CD105), and lack the haematopoietic cell markers CD14, CD34 and CD45. 

Similar to cultured eMSC they do not express STRO-1. The ERC retained a stable 

karyotype for up to 68 passages in culture and doubled every 19 hours, showing a higher 

proliferation rate than cord blood MSC (Meng et al. 2007). ERC have also been extracted 
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from cultured menstrual blood mononuclear cells by c-kit selection (Patel et al. 2008). 

Matrix metalloproteases were highly expressed in ERC; they produced high levels of 

MMP3, MMP10, and growth factors including granulocyte-macrophage colony 

stimulating factor (GM-CSF), angiopoietin-2 and PDGF-BB (Meng et al. 2007). ERC 

differentiated into 9 different cell lineages from the three germ layers, including 

cardiomyocyte, neuronal, hepatic, and pancreatic lineages (Meng et al. 2007, Patel et al. 

2008). ERC express the pluripotent markers OCT-4 and SSEA-4 (Patel and Silva 2008). 

ERC were also clonogenic, expressed typical MSC surface markers and differentiated into 

mesodermal lineages (Musina et al. 2008). Myogenic differentiation of ERC was 

demonstrated by co-culture with rat cardiomyocytes. Some cultured cells started to beat 

spontaneously, formed sheets of heart muscle and incorporated into cardiac muscle when 

transplanted as a patch in vivo (Hida et al. 2008). Similarly, cardiomyogenic 

transdifferentiation was observed when ERC were cultured in serum free medium, 

showing greater physiological similarity to cardiomyocytes compared to those cultured in 

serum containing medium, likely due to unknown quantities of inhibitory factors present 

in some batches of serum (Ikegami et al. 2010). 

1.2.4.1 ERC and bmMSC have similar properties 

A recent, comprehensive comparative profiling of ERC and bmMSC for gene expression, 

miRNAs and cytokine production showed similar but not identical profiles (Wang et al. 

2012). BmMSC express higher levels of VEGF, IL-6, TGFβ1 or TGFβ2, whereas ERC 

express higher levels of IL-8 and ICAM-1 suggesting that ERC may have a role in acute 

inflammation and may be more suitable for different tissue engineering purposes. Other 

angiogenic cytokines, PDGF-BB and angiopoietin, were 27-fold and 14-fold higher in 

ERC compared to bmMSC, respectively, suggesting that alternative angiogenesis 

pathways may be activated by ERC. Further studies are needed to determine if ERC 

stimulate more angiogenesis in vivo than bmMSC. ERC seeded onto nanofibrous 

polycaprolactone scaffolds produced proteoglycans and collagen type II in vitro, 

indicating their potential for differentiating into cartilagous tissue (Kazemnejad et al. 

2012). ERC proliferate faster than bmMSC and express the pluripotency marker, OCT-4, 

but like eMSC (Schwab et al. 2008) lack the MSC marker, STRO1 (Kazemnejad et al. 

2012). ERC have been isolated by three independent groups (Meng et al. 2007, Musina et 

al. 2008, Patel et al. 2008) and appear similar to eMSC. Although comparative studies 

have not been reported for eMSC and ERC, it is expected that purified eMSC populations 
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(CD140b+CD146+ or W5C5+/SUSD2+) would be more potent than unfractionated plastic 

adherent stromal cells cultured from menstrual blood. Further studies are also needed to 

compare eMSC directly with bmMSC. 

 

1.3 Tissue Engineering 

All of the current surgical procedures used for treating POP provide support of pelvic 

organs, but do not appropriately repair the damaged tissue. As POP results from damage, 

injury, and ligament rupture, a new treatment option using a tissue engineering (TE) 

approach is needed. 

TE is the combination of cells and materials for implantation which aims to restore, 

maintain, or improve tissue function or a whole organ (Langer and Vacanti 1993). 

Engineered simulated or natural extracellular matrices ("scaffolds”) serve as the basis and 

vary according to the target application. A large variety of synthetic non degradable and 

degradable polymers as well as biological materials with a wide range of biomechanical 

properties have been used in TE (Fisher and Mauck 2013). Different cell types can be used 

for TE purposes; autologous/homologous cells (from the same person/animal), 

heterologous/allogeneic cells (from the same species but different person/animal), and 

xenogeneic cells (different species). Cells can be injected or implanted, either alone or 

with carriers such as hydrogels or in scaffolds as matrix-based tissue engineering approach 

(Fisher and Mauck 2013). Autologous cells are the preferred types of cells as rejection due 

to immunological causes do not occur. More recently the usage of mesenchymal stem cells 

has evolved for allogeneic use considering their potential and their anti-inflammatory and 

immunomodulatory properties.  

1.3.1 The potential of TE in the field of regenerative medicine 

Several studies in different medical fields have shown good results with TE approaches.  

1.3.1.1 Cell based and tissue engineering approaches 

The properties of collagen meshes before and after stromal cell seeding have been 

investigated (Ochoa et al 2011). In these studies, human adipose- derived MSC were 

obtained from human liposuction procedures. After 7 days of co-culture of the meshes 

with or without MSC the biomechanical strain increased significantly in the cell-seeded 
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meshes compared to the unseeded meshes indicative that the cells had begun to form new 

tissue which improve mesh properties (Ochoa et al. 2011).  

Transplanted bone- marrow derived stem cells (bmMSC) engineered into a cell-sheet 

placed onto scarred myocardium improved wall thickness and cardiac function in a 

myocardial infarction rat model (Miyahara et al. 2006). An angiogenic effect of ERC was 

observed in a mouse model of muscular dystrophy which resulted in improved muscle 

repair (Cui et al. 2007). In this study, 2x 107 ERC were injected into the thigh muscle of 

dystrophic mice and were compared to saline injected controls. Mice treated with cells 

showed increased dystrophin expression in the affected muscles and improved muscle 

regeneration determined by quantitative immunohistochemistry. ERC have also been used 

to treat myocardial infarction in a rat coronary artery ligation model. Rats received 1-2x 

106 ERC or bmMSC into the infarct lesion, 2 weeks after artery ligation. The size of the 

myocardial infarction zone was reduced in ERC-treated rats compared to the control or 

bmMSC group (Hida et al. 2008) suggesting that ERC have a stronger reparative effect in 

vivo than bmMSC. 

More recently it was shown that polyglactin prosthetics seeded with bmMSC are 

associated with less adhesions in a rat abdominal hernia model compared to non- seeded 

hernia prosthetics (Dolce et al. 2010). 

Only one study so far reports about the preclinical use of eMSC. The potential clinical 

utility of eMSC for treating an inflammatory disorder was examined in a mouse model of 

encephalomyelitis (Peron et al. 2012). Fewer infiltrating mononuclear cells were observed 

in the lesions when eMSC were administered intraperitoneally compared to animals 

without eMSC due to reduced recruitment of both Th1 and Th17 cells into the central 

nervous system. The cytokines IL-10 and IL-27 were upregulated in the spleen, suggesting 

that eMSC exerted a systemic anti-inflammatory effect. It has to be noted that the control 

group in this study was not properly described, so further studies evaluating the 

immunomodulatory properties of eMSC are still necessary. 

A successful TE approach in a human experimental setting is tracheal reconstruction using 

PP mesh tubes. The prosthesis was either soaked with peripheral blood, heterologous bone 

marrow aspirates or autologous bone-marrow- derived cells. The MSC seeded scaffolds 

resulted in better regeneration of dog tracheal mucosa after 1 and 12 months (Nakamura et 

al. 2009). Recently a case report of a two year follow up after tracheal replacement in a 
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young boy was published (Elliott et al. 2012). BmMSC were seeded on a decellularised 

cadaveric donor tracheal scaffold. The graft revascularised within 1 week after surgery, 

cytological evidence of restoration of the epithelium was present at one year. The graft 

developed biomechanical strength at 18 months, and at 2 years the TE construct served as 

a functional airway. 

1.3.2 TE used in reproductive tract disorders 

Several studies have investigated the use of MSC seeded scaffolds for bladder 

reconstruction in animals and humans. Success in terms of less graft shrinkage and 

functionality was higher in MSC seeded scaffolds (Atala et al. 2006, Jayo et al. 2008, 

Tanaka et al. 2010). Promising results were also published in repairing urethral defects 

when using TE constructs comprising tubularized synthetic biomaterials seeded with 

autologous bladder derived epithelial and muscle cells (Raya-Rivera et al. 2011). The 

scaffolds seeded with cells showed significantly better tissue development compared to the 

unseeded scaffolds. Similarly, another study showed successful urethral reconstruction 

with a biodegradable tubularized polyglycolic acid:poly(lactide-co-glycolide acid) 

(PGA:PLGA) scaffold seeded with autologous muscle and epithelial cells. All patients 

received satisfactory urinary flow rate and normal appearing architecture of the urethra 

(Raya-Rivera et al. 2011).  

TE approaches for uterine reconstruction were similarly successful. Autologous rabbit 

uterine muscle and epithelial cells were grown on uterine-shaped biodegradable polymer 

scaffolds. The TE constructs were reimplanted into the animals, normal uterine tissue 

components were confirmed and the development of embryos was supported (Lu et al. 

2009).  

Preliminary attempts to generate vaginal tissue using TE techniques demonstrated similar 

success. Rabbit smooth muscle cells and epithelial cells derived from vaginal biopsies 

were seeded onto PGA polymers. The tubular scaffolds with or without cells were 

surgically re-implanted into the rabbits as a total vaginal replacement. The seeded 

constructs developed a normal vaginal tissue architecture, innervation and comparable 

tensile stress and strain properties compared to unseeded constructs that did not show 

innervation (De Philippo et al. 2008). Similarly, mouse muscle-derived stem cells (mdSC) 

were cultured on porcine decellularised collagen material (SIS) and these TE constructs 

were implanted into rat vagina. The mdSC scaffolds stimulated vaginal tissue repair by 
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promoting epithelial regeneration as well as reducing fibrosis (Ho et al. 2009). More 

recently, smooth muscle and epithelial cells from rabbit vaginal tissue were seeded on 

biodegradable PGA and implanted into mice. The explanted constructs showed complete 

layers of vaginal epithelial cells and smooth muscle cells (Dorin et al. 2011).  

One study reported on cervical reconstruction. Cervical cells from healthy donors were 

isolated and seeded on porous silk scaffolds using normal and dynamic culture conditions. 

After 8 weeks a tissue complex similar to the native tissue in terms of morphology, 

biochemical and mechanical properties was obtained. The dynamic culture conditions 

were associated with significantly increased collagen deposition and stiffness (House et al. 

2010).  

In summary, it seems that human tissue-engineered reproductive organ constructs 

constitute a novel approach for a range of fundamental medical conditions in women. 

1.3.3 TE for POP repair surgery- The gap 

The damaged pelvic floor including muscles, endopelvic fascia and ligaments needs to be 

repaired sufficiently to achieve good long term outcomes for POP surgery. The current 

treatment options with or without meshes only give structural support and have a high 

complication rate or poor long term outcomes. No TE approach has been developed for 

POP treatment to date, but increasing interest is shown by the growing number of 

conference abstracts and review articles pointing out the need for this a new treatment 

approach for POP (Bhatia and Ho 2004, Gargett and Chan 2006, Aboushwareb et al. 

2011). A TE construct comprising an easily obtainable cell source like eMSC and novel 

meshes could be a first step towards the development of a novel treatment option for POP. 

1.4 Experimental approaches for investigating a TE approach for 

POP repair 

1.4.1 Animal Models for investigating POP repair surgery 

Rodents have been used for a wide variety of research applications for many years. Mice 

and rats have the advantage that they are small in size, easy to work with, relatively cheap 

and available in large numbers (Abramowitch et al. 2009). However, the reproductive tract 

in rats is small and the pelvic musculature is different to humans, which does not make 

them an ideal model for experiments in the pelvic region. However, in urogynaecological 



31 
 

applications rats are the preferred animal to test tissue integration and biomechanical 

properties of new meshes using the abdominal hernia model (Zheng et al. 2004, 

Konstantinovic et al. 2005, Konstantinovic et al. 2010). The pressure from the abdominal 

organs is thought to mimic the movements of the pelvic floor. An additional advantage of 

rodents is that they are available as gene knock-out mice/ rats, i.e. athymic rats have a 

greatly reduced or absent cell mediated immunity with a marked reduction in T-

lymphocyte function making them ideal models for xenograft applications (Glover et al. 

2010). A striking discovery was made in 1992, when human bone marrow injected 

intravenously into severe combined immunodeficient (SCID) mice repopulated the bone 

marrow, setting the beginning of post-radiation therapy for leukemic patients (Lapidot et 

al. 1992). Immunodeficient animals are preferable for tissue engineering constructs 

because they can host xenografted cells without immune rejection. 

Rabbits have similar advantages to rodents with their larger size an additional benefit, 

facilitating larger implants and providing more tissue for histology. However, they are not 

an ideal model to study POP as the anatomy of the vagina and the pelvis differs 

significantly from humans. Additionally, they do not undergo spontaneous estrous cycling 

(Abramowitch et al. 2009). 

Sheep are also relatively cheap and available in large numbers, particularly in Australia, 

with the advantage that their large size and their similarity to the human pelvic connective 

tissue anatomy with the same three primary levels of support (Abramowitch et al. 2009). 

Sheep can be used to model many urogynaecological operations and experiments. 

Furthermore sheep have prolonged labours with a large head-to-vaginal ratio and have a 

similar frequency of spontaneous POP (Shepherd 1992). In contrast to humans, sheep are 

quadruped and not bipedal which may limit their utility for clinical translation. However, 

their risk in developing POP increases with every pregnancy, but can also occur in virgin 

sheep similar to nulliparous humans (Couri et al. 2012). 

Thorough analysis of the histological and biomechanical properties of the ovine vagina 

can help us to understand the complexity of POP and provide baseline data for comparison 

when evaluating TE approaches for treating POP. Sheep vaginal tissue has a similar 

structure to human vagina comprising of the epithelium, subepithelium, muscularis and 

adventitia (Ennen et al. 2011). Analysis of the biomolecular structure of vaginal tissue 

showing that the α2-chain of collagen I is decreased in prolapsed sheep compared to 
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controls (Ennen et al. 2011), however knowledge about vaginal biochemical composition 

and biomechanical properties is sparse.  

Non human primates would also pose a suitable model for POP because they have similar 

anatomy to humans and develop spontaneous POP. However, ethical restrictions are high 

as are the costs (i.e. $13,000 for one macaque at Monash University, Australia). 

1.4.2 Connective tissues of the pelvic floor structures 

The cellular components of the endopelvic fascia comprise fibroblasts which produce the 

majority of the extracellular matrix (ECM) and smooth muscle cells which allow vaginal 

contractility. The ECM consists of fibrous proteins (egg. collagens, elastin), as well as a 

range of glycosaminoglycans usually attached to a core protein (proteoglycans) 

(Couchman and Pataki 2012). The ECM is a dynamic structure that responds to the 

changing environment by remodelling. Collagen type I comprises the major fibrillar 

protein found in bone, ligament and interstitial tissues that influences the tensile strength 

of these tissues (Prockop and Kivirikko 1995, Gelse et al. 2003). Collagen I, together with 

elastin and smooth muscle cells influence the biomechanical and particularly the 

viscoelastic properties of the vaginal wall. Collagen type III is also a fibrillar protein that 

is widely distributed in soft tissues like skin and blood vessels and can contribute to tissue 

elasticity. An increase in collagen III in healing or regenerative tissues usually reduces the 

tissue mechanical strength by decreasing the overall collagen fibre diameter of collagen 

I/III heterofibrils. The relative content of collagen types appears to change as women age. 

The ratio of collagen I/ (III+V) is decreased in the arcus tendineous fasciae pelvis (ATFP) 

in postmenopausal women suggesting that tensile strength is compromised and therefore 

increases the susceptibility for POP in older women (Moalli et al. 2004).  

Elastin, a stable rubber-like protein, allows tissue to stretch (Li et al. 1991) and return to 

its original shape without energy loss (Ritz-Timme et al. 2003). No differences in the 

amount of elastin detected by immunohistochemistry was found between pre- and post-

menopausal women in the ATFP (Moalli et al. 2004). A more recent study using 

immunoblotting revealed higher tropoelastin (elastin precursor) and as a consequence also 

higher elastin expression measured by radioimmunoassays in women with POP compared 

to age matched controls suggesting that vaginal tissue remodels and adapts to mechanical 

stretch (Zong et al. 2010).  
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Metalloproteinases (MMPs) play a key role in protein decomposition in the ECM 

(Woessner 1991). Tissue-derived inhibitors of metalloproteinases (TIMP’s) counteract the 

effect of MMP’s by binding and inactivating them and therefore preventing over-

degradation. One study correlated histological findings with scanning electron microscopy 

data and gelatin zymography to assess the role of collagens and MMP’s in women with 

POP. Women suffering from POP had a higher collagen content in their vaginal tissue due 

to overexpression of collagen III compared to premenopausal controls. Active MMP- 9 

was also increased in patients with POP, whereas no differences were observed for 

proMMP-2 or proMMP-9 suggesting that vaginal tissue undergoes remodelling in POP 

(Moalli et al. 2005). The amount of collagen type I was decreased in biopsies of the 

uterosacral ligament in women with POP compared to women without, whereas 

metallopreinase-1 (MMP-1) was increased (Vulic et al. 2011). Similarly, younger women 

with POP (<53 years) had a 30% lower collagen than age-matched controls (Soderberg et 

al. 2004). Histology has been correlated with biomolecular analysis in sheep with or 

without prolapse (Ennen et al. 2011). Sheep with POP had a decreased expression of the 

collagen I a2-chain compared to controls, and an increased rate of collagenase, MMP 1 

activity suggesting that prolapse is associated with malfunction in metabolic processes. 

Human vaginal tissue of premenopausal women contained more collagen III than 

postmenopausal tissue determined by Western blot (Zhou et al. 2012). These findings 

were correlated with scanning haptic microscope measurements (assessment of stiffness 

on a microscale) evaluating tissue stiffness showing that premenopausal tissue was less 

stiff and more elastic. Generally women with POP independent of their hormonal status 

had stiffer vaginal walls which did not correlate- with the quantitative analysis.  

Another important protein in the ECM is fibulin with fibulin I being the most widely 

analysed. Fibulin mutations are present in patients with Marfan’s syndrome, a condition 

associated with prolapse (Carley and Schaffer 2000), curvature of the spine (scoliosis), 

abnormal joint flexibility or unexplained stretch marks on the skin among other things. 

Fibulin-3, fibulin-4 and fibulin-5 were more recently characterized and have unique 

properties inducing synthesis and assembly of elastic fibres and subsequently vaginal 

recovery (Drewes et al. 2007). It is therefore not surprising that reduced fibulin-5 

concentrations in the para-urethral ligaments in pre- and post-menopausal women 

suffering from POP were lower compared to controls. Fibulin-5 regulates MMP-9 on a 
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molecular level suggesting that POP is an acquired disorder of ECM metabolism (Budatha 

et al. 2011). 

The muscularis of the vagina also plays a major role in providing support when tonically 

contracted and stretches to give way for transit of the baby’s head during birth. A recent 

detailed study revealed differences between different regions of the rat vagina (Skoczylas 

et al. 2013). There was an increase of circumferentially aligned muscle bundles in the 

distal region compared to the middle and proximal regions in relation to the vaginal 

length. 

1.5 Biomechanical properties of pelvic floor tissue 

Biomechanical testing of the vaginal tissue is a relatively new field. Different groups have 

introduced different testing protocols, which makes it difficult to compare the results. 

Furthermore, it is often difficult to obtain sufficient human vaginal tissue for testing 

(Cosson et al. 2004, Zimmern et al. 2009). Common biomechanical parameters measured 

include stiffness, strength and deformability represented by tangent modulus, tensile 

strength and tensile strain, respectively. The rat poses an adequate model to test 

biomechanical properties of the vaginal support structures (Moalli et al. 2005). Similar to 

the human vagina, collagen I is the predominant structural protein, followed by collagen 

III. More recently rhesus macaques have been used for biomechanical testing. When 

combined with quantitative histology, inferior biomechanical properties like decreased 

stiffness, tensile strength or strain energy density and collagen alignment was 

demonstrated after vaginal delivery compared to nulliparous controls (Feola et al. 2010).  

Hormones, especially estrogen, affect vaginal tissue by increasing the elasticity and height 

of the epithelium. Estrogen can also improve symptoms of stress urinary incontinence. 

Similarly, estrogen restores the biomechanical properties of the vagina in ovariectomised 

“menopaused” rats (Moalli et al. 2008). The same group also examined the effect of 

pregnancy and vaginal delivery in rats. Vaginal distensibility, measured with a balloon 

connected to a pressure transducer, was increased in pregnant compared to virgin rats and 

did not return to virgin levels in postpartum rats (Alperin et al. 2010). Similarly, the effect 

of hormones on the vagina and its supportive tissues was compared in rats. Tissue stiffness 

(related to tissue distensibility) and load at failure (the load at which the tissue ruptures) 

were decreased in pregnant compared to virgin rats, and returned to virgin levels within a 

month after delivery (Feola et al. 2010). This suggests that the hormonal changes during 
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pregnancy allow adaptation of the pelvic floor to accommodate the fetus (Lowder et al. 

2007). Similar results were found in vaginal tissue of Fbln5-/- mice, which spontaneously 

develop prolapse in 91% of females with increasing age and multiparity. The vaginal 

tissue of Fbln 5-/- mice has higher distensibility with an even lower stiffness during 

pregnancy compared to virgins s (Rahn et al. 2008). 

The first biomechanical testing of human vaginal tissue was performed in 2002 with a 

study comparing pre- with post-menopausal women suffering from POP using uniaxial 

testing (Goh 2002). Several limitations of this study include differences in POP staging 

between the two groups compared and that it was restricted to anterior vaginal tissue. 

However, no significant differences in permanent elongation were found, but a higher 

elastic modulus (tissue was stiffer and less distensible) was observed in the 

postmenopausal tissue likely due to ageing. In a similar study the maximal rupture 

strength and strain of posterior vaginal fundal tissue showed great variability between the 

16 postmenopausal women with POP (Cosson et al. 2004). However elastic modulus, 

which is an important measurement for comparison of these tissues during surgical repair, 

was not reported. In a comparative study of vaginal tissue from women with and without 

prolapse, vaginal stress-strain response was non-linear (with regions of different stiffness 

levels) and hyperelastic (Rubod et al. 2008) (Figure 13). This data provided the first 

insight into vaginal tissue biomechanical properties (Rubod et al. 2008).  

 

Figure 13. Stress strain curves showing variability between different human vaginal 

samples.  

Reproduced with permission from Rubod 2008 et al. 
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A later study found that vaginal tissue from women with POP was stiffer than from 

women without POP, in both the anterior and posterior compartments. The non linear 

region of the stress strain curve, that is arguably more relevant to vaginal tissue function, 

increased in stiffness in both posterior and anterior prolapsed tissue. This could in part 

account for the higher rate of relapse with autologous surgical repair. However, 

differences in the mechanical properties between the anterior and posterior vaginal walls 

were only found in the transverse direction (Jean-Charles et al. 2010). Another group 

examined the elasticity (the ability of the tissue to return to its original dimensions 

following deformation) of human vaginal tissue and found that the tissue in women with 

POP was less elastic and stiffer compared to controls (Lei et al. 2007). 

It is unclear whether the mechanical properties of the vaginal wall influence the incidence 

of POP, or result from POP. To answer this question, the predictive value of mechanical 

properties for recurrence after anterior vaginal repair was investigated. However Young’s 

modulus was not predictive for the defined failure criteria suggesting that other pelvic 

floor factors influence long term anatomical outcomes (Gilchrist et al. 2010). This study 

used uniaxial testing because it can be done on small pieces of tissue; however it is unclear 

whether this test method is suitable to determine the complex mechanical properties of 

vaginal tissue. Multi-axial testing provides more insight into tissue properties but requires 

larger tissue size (Edwards et al. 2013). 

1.5.1 Biomechanical properties of mesh following vaginal implantation  

Few studies have implanted synthetic mesh into the vagina for subsequent mechanical 

testing. Most studies assess mesh following abdominal implantation (Konstantinovic et al. 

2007, Spelzini et al. 2007, Konstantinovic et al. 2010, Pereira-Lucena et al. 2010). A 

feasibility study of vaginal mesh implantation in rabbits and sheep found high erosion 

rates in both models, however low animal numbers may have influenced the results. In the 

rabbit model, erosion may also have been complicated by the very thin vaginal epithelium, 

the proximity of the urethral opening within the urogenital sinus as well as possible 

contamination (Krause and Goh 2009). Similar high erosion rates into the vagina were 

found when different  meshes were implanted in rabbit vagina for comparison with the 

abdominal wall (Hilger et al. 2006). These erosion rates were higher than in humans, 

possibly due to the model itself. 
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Cross-linked porcine dermis, a degradable tissue collagen-based material, explanted from 

rabbit abdomen and vagina after 9 months, displayed decreased ultimate tensile strength 

(strength) and elastic modulus (stiffness) with mesh degradation. Conversely, PP mesh 

explants showed decreased stiffness but increased strength (Pierce et al. 2009), suggesting 

that current degradable materials have less favourable biomechanical properties compared 

to PP in the long-term.  

Given that meshes designed for abdominal hernia repair were rapidly introduced to 

augment POP reconstructive surgery it is important to determine whether the abdominal 

fascia or the human skin have different mechanical properties compared to vaginal tissue 

(Gabriel et al. 2011). Such differences might explain the higher adverse effects when 

meshes are implanted vaginally (Deprest and Feola 2013). 

1.5.2 The gap in knowledge on biomechanical analyses of vaginal tissues 

The results from the above mentioned studies are often conflicting. Also, different testing 

methods and specimen sizes used to analyse the connective tissue make it difficult to 

compare and interpret the results. Information on where the tissue for analysis was taken is 

often lacking, or it is unclear whether the full thickness of the vaginal wall or only the 

muscularis was analysed. A structured analysis of vaginal tissue, combining histology, 

biomechanical and chemical analysis needs to be carried out to draw more comprehensive 

conclusions from the data and to increase our understanding of the pathophysiology of 

POP. The sheep model seems to be an ideal model as it allows large samples for tissue 

collection and for the combination of different analytic tests. Furthermore it poses an ideal 

model for future preclinical studies due to the similarity in anatomy and physiology to 

humans (Abramowitch et al. 2009, Couri et al. 2012). 

 

RATIONALE 

POP is a major hidden burden affecting millions of women worldwide. Current treatment 

options are native tissue repair with disappointing long term success rates or synthetic 

mesh implantation with considerable rates of side effects and re-operations. The FDA has 

posted several announcements warning about mesh use for vaginal surgery and several 

meshes have been withdrawn from the market. Meshes of improved mechanical 

properties, manufactured from alternative polymers are required. 
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Adult stem cells, particularly MSC are an attractive source of cells for regenerative 

medicine as they can self-renew, differentiate into several cell lineages and are highly 

proliferative. Mesenchymal stem-like cells have recently been identified in the human 

endometrium as an easily accessible source of MSC, obtained with minimal morbidity. As 

POP occurs predominantly in postmenopausal women it is important to determine whether 

eMSC are present in postmenopausal endometrium, if they possess key stem cell 

properties and can be obtained by a relatively non-invasive biopsy procedure. 

Tissue Engineering has become the new horizon for future treatment options of chronic 

diseases. It combines cells and materials and aims to restore the damaged tissue/ cells. 

Current surgical treatment of POP including implanting synthetic meshes only restores 

anatomy; however it does not regenerate the damaged tissue. A tissue engineering 

approach could provide an alternative treatment option for POP addressing these issues. 

Aims and Hypotheses of this Thesis  

This thesis aimed to investigate the potential use of eMSC combined with new materials in 

a tissue engineering (TE) construct as a potential cell-based therapy for POP repair. 

Hypothesis I 

Meshes fabricated from alternative materials to PP to more closely match vaginal tissue 

mechanical properties integrate and perform better in vivo. 

Aim I 

In Chapter 2, the aim was to assess meshes fabricated from different polymers using a rat 

abdominal hernia model. Mesh biomechanical properties and biocompatibility, following 

implantation, were compared to a commonly used clinical PP mesh.  

Hypothesis II 

EMSC can be prospectively isolated from postmenopausal endometrium in a similar 

manner to premenopausal eMSC and possess similar MSC properties, enabling their 

potential use for autologous cell therapies. 



39 
 

Aim II 

In Chapter 3, the aim was to characterise the phenotype and biological properties of 

human postmenopausal eMSC obtained from endometrial biopsies without or with prior 

exposure to oral oestrogen treatment. 

Hypothesis III 

A TE construct comprising gelatin-coated PA mesh seeded with eMSC shows superior 

biocompatibility compared to mesh alone. 

Aim III 

In Chapter 4, the in vivo performance of a novel TE construct was determined including 

evaluation of tissue response, mesh integration and mechanical properties. This construct 

comprised of a novel composite PA/gelatin knitted mesh, seeded with eMSC and 

implanted in an immunocompromised dorsal rat wound repair model. 

Hypothesis IV 

The histological, biochemical and biomechanical properties vary between different 

reproductive stages of life in the ovine vagina. 

Aim IV 

In Chapter 5, the aim was to assess the anatomic, histological, and biomechanical 

properties of normal sheep vagina and its chemical composition including several collagen 

types, elastin and glycosaminoglycans in virgin, parous and pregnant sheep to provide 

baseline data for assessing the utility of sheep as a large animal preclinical model of POP 

and for POP repair surgery. 

Hypothesis V 

The vaginal tissue composition and mechanical properties within an individual differs 

along the vaginal wall length and will be similar between sheep and humans. 

Aim V 

In Chapter 6, the aim was to analyse the variation in histological, biochemical composition 

and biomechanical properties of sheep and human vaginal tissue along the full length of 

the vaginal wall to further define the sheep as a large animal preclinical model of POP. 
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CHAPTER 2 

Alternative materials for POP repair 

Current meshes for POP repair are associated with the side effects of erosion and pain. 

Stiffness and nondegradability of the mesh play a role in the development of these side 

effects, which emanate from an ongoing foreign body reaction and excessive fibrosis. Our 

collaborators have recently designed and fabricated meshes from alternative non-

degradable monofilament polymers. These new polyamide (PA) or polyether-etherketone 

(PEEK) meshes have lower stiffness, permanent strain and bending rigidity than several 

commercially available PP meshes (Edwards et al. 2013).  

New meshes for abdominal hernia and POP repair are routinely evaluated in a rat model 

using the abdominal hernia approach. In this chapter I describe the evaluation of the in vivo 

biocompatibility of novel meshes in a rat abdominal hernia model. I implanted the meshes 

and analysed the explants for adhesions and contraction. I developed protocols for 

histology and immunohistochemistry to determine the vascularisation, the foreign body 

reaction and collagen deposition of the explanted mesh/tissue complexes. Previous 

researchers have scored foreign body cells or collagen deposition subjectively. I was able 

to establish an objective computer based software programme to analyse the 

immunostained images objectively and more accurately around individual mesh filaments.  

I thank Dr. Tommy Supit for performing animal surgery in a third of the animals and 

Camden Lo for assisting with the computer program for the image analysis. I acknowledge 

Dr Sharon Edwards from CSIRO Materials Science and Engineering for undertaking the 

biomechanical testing and analysis. 
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Supplementary Figure 1.   

Schematic of overlay technique. A: Ventral full-thickness abdominal defect involving the 

transversalis fascia, rectus abdominis muscle, and peritoneum. Meshes (dotted green line), 

in direct contact with the viscera and skin were sutured with slight overlay to the 

abdominal wall, B: Rat incisional hernia model in control groups. The defect (dotted red 

lines) was repaired by manipulating the contralateral full-thickness abdominal wall (blue 

line). Photographs of rat abdominal wall C. At time of mesh implantation (PA) B. At 7 

days of mesh implantation (PA+G) C. At 90 days of mesh implantation (PA+G) 

representative for all mesh groups. 
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Supplementary Figure 2. 

H+E stained sections from rats implanted with synthetic mesh. A. Composite picture 

showing typical distribution of mesh filament bundles of PA at 7 days. B. Composite 

picture with several mesh filaments of PA at 90 days. C. Single filament bundles at higher 

power for control, PA, PA+G, PEEK and PP mesh after 7 days and. 90 days implantation. 

* denotes gelatin around PA filaments. 
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Supplementary Figure 3. 

Biomechanical properties of explanted mesh types and control on day 7 (- - - lines) and day 

90 ( lines). Explant stiffness is indicated by the slope of the curve, with stiffer materials 

possessing a steeper gradient. This is the same data shown in Figure 3 (means) and in 

addition includes 95% CI error bars. 
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Supplementary Figure 4. 

Gradient analysis around the mesh filaments in 50 µm increments in PEEK meshes 

(representative example for all meshes). A. CD68 positive staining at 7, 30, 60 and 90 

days. *: p<0.05, ***: p<0.001. B. αSMA staining at 7, 30, 60 and 90 days. *: p<0.05, ***: 

p<0.001 
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CHAPTER 3 

Endometrial MSC in Postmenopausal Endometrium 

Mesenchymal stem cells have anti-inflammatory and immunomodulatory effects when 

transplanted into animal models and humans. In the presence of pro-inflammatory 

cytokines, MSC activate chemokines and generate nitric oxide to dampen inflammation 

(Ren et al. 2008). The clinical utility of intraperitoneal administration of endometrial 

stromal cells containing eMSC in a mouse model of encephalomyelitis was demonstrated 

by their anti-inflammatory effect in a pilot study (Peron et al. 2012). Since the adverse 

effects of mesh implantation are mostly caused by chronic inflammation and fibrosis a TE 

approach using MSC may provide a mechanism of reducing these unwanted side effects. 

EMSC are a readily available source of MSC which possess all key adult stem cell 

properties and can be harvested from premenopausal women without anesthesia by a 

simple biopsy procedure (Ulrich et al. 2013). Since POP manifests predominantly in 

postmenopausal women it is important to determine whether eMSC in menopausal 

endometrium are a suitable source for TE applications. 

The endometrium during menopause is thin and atrophic due to lack of circulating 

hormones, which results in gland inactivity and atrophy. The cell yield from 

postmenopausal endometrium is low and makes analysis difficult. Drs. Rosamilia and 

Gargett therefore initiated a phase IV clinical trial of estradiol valerate treatment of 

eligible postmenopausal women to thicken postmenopausal endometrium to allow the 

prospectively isolation of eMSC from an endometrial biopsy. 

This Chapter investigates the key adult stem cell properties of eMSC in postmenopausal 

women either with or without estrogen replacement therapy. Specifically, on eMSC 

purified using W5C5-antibody labelled magnetic beads: 

1) I determined the cloning efficiency, 

2) I performed mesodermal differentiation assays to determine multipotency and, 

3) I used flow cytometric analysis to determine the eMSC surface phenotype. 

4) I also confirmed that the efficacy of estradiol valerate by measuring endometrial 

thickness and luminal and glandular epithelial height using image analysis. 

Immunohistochemistry was used to determine the microvessel density in the endometrium. 

I thank Ker Sin Tan for assisting with cell isolation, cell culture, tissue processing, and 

staining. I also thank Dr. Anna Rosamilia and Dr. Amy Cheong for patient recruitment. I 
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ABSTRACT 

Study question: Are there mesenchymal stem/ stromal cells in postmenopausal 

endometrium with adult stem cell properties that can be prospectively isolated from a 

biopsy? 

Summary answer: Perivascular W5C5+ cells isolated from postmenopausal endometrial 

biopsies displayed characteristic mesenchymal stem/stromal cell (MSC) properties of 

clonogenicity, multipotency and surface phenotype irrespective of whether women are or 

are not pre-treated with estrogen to regenerate the endometrium.  

What is known already: Recently MSCs have been identified in human premenopausal 

endometrium, and can be prospectively isolated using a single marker, W5C5/SUSD2.  

Study design, size, duration: Endometrial tissue from 17 premenopausal (pre-MP), 19 

postmenopausal (post-MP) without hormonal treatment, and 15 postmenopausal women on 

estrogen replacement therapy (post-MP+ E2) was collected through a prospective phase IV 

clinical trial over 2 years. Endometrial tissue was obtained from women by biopsy 

(curettage) just prior to undergoing hysterectomy and assessed for histological and in vitro 

analysis of MSC properties. 

Participants/materials, setting, methods: Postmenopausal women less than 65 years of 

age were treated with or without E2 for 6-8 weeks prior to tissue collection. Serum E2 

levels were determined by estradiol immunoenzymatic assay. The effect of E2 on 

endometrial thickness and glandular and luminal epithelial height was determined using 

image analysis. Endometrial tissue was dissociated into single cell suspensions and MSC 

properties were examined in freshly isolated and short-term cultured, magnetic bead-

purified W5C5+ cells. MSC properties were assessed using clonogenicity, mesodermal 

differentiation in adipogenic, chondrogenic, osteogenic and myogenic induction culture 

media and surface phenotype by flow cytometric assays. Estrogen receptor α expression in 



64 
 

W5C5+ cells was examined using dual colour immunofluorescence. Vascularity was 

analysed using CD34 and alpha smooth muscle actin immunostaining and subsequent 

image analysis. 

Main results and the role of chance: Postmenopausal endometrium exposed to E2 

treatment was significantly thicker than untreated post-MP endometrium (p< 0.05).  

A small population of stromal cells with MSC properties was purified with the 

W5C5/SUSD2 antibody from postmenopausal endometrium, whether atrophic from low 

circulating estrogen or regenerated from systemic estrogen treatment, similar to 

premenopausal endometrium. The MSC derived from postmenopausal endometrium 

treated with or without E2 fulfil the minimum MSC criteria: clonogenicity, surface 

phenotype (CD29+, CD44+, CD73+, CD105+, CD140b+, CD146+,) and multipotency. 

Postmenopausal endometrial MSCs (eMSC) also have comparable properties to 

premenopausal eMSC with respect to self renewal in vitro and SUSD2 expression. The 

W5C5+ cells were located perivascularly as expected and did not express estrogen receptor 

α. 

Limitations, reasons for caution: The properties of MSC derived from postmenopausal 

endometrium were evaluated in vitro and their in vivo tissue reconstitution capacity has not 

been established as it has for premenopausal eMSC.  

Wider implications of the findings: The endometrium is an easily accessible source of 

MSC obtainable with minimum morbidity that could be used for future clinical 

applications as a cell-based therapy. This study shows that menopausal women can access 

their eMSC by a simple biopsy for use in autologous therapies whether or not if their 

endometrium has been regenerated by short-term E2 treatment, provided they have an 

intact uterus and are not contraindicated for short-term E2 treatment.  EMSC in 
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postmenopausal women possess key MSC properties and are a promising source of MSC 

independent of a woman’s age.  

Study funding/competing interest(s): This study was supported by the National Health 

and Medical Research Council (NHMRC) of Australia grant (1021126) (CEG, AR) and 

Senior Research Fellowship (1042298) (CEG), Australian Gynaecological Endoscopic 

Society grant (AR) and Victorian Government's Operational Infrastructure Support 

Program. 
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INTRODUCTION 

Human mesenchymal stem cells or multipotent stromal cells (MSC) have been identified in 

almost every adult tissue; bone marrow, adipose tissue, synovial membrane and the 

endometrium (da Silva Meirelles et al. 2006, Beltrami et al. 2007, Schwab and Gargett 

2007, Crisan et al. 2008). Originally MSC were identified by their adherence to plastic and 

differentiation into mesodermal lineages; adipocytic, chondrocytic and osteoblastic 

(Prockop 1997, Pittenger et al. 1999). More recently it has been shown that bone marrow 

MSC (bmMSC) also differentiate into endodermal and neuroectodermal lineages (Torrente 

and Polli 2008, Morikawa et al. 2009). Cultured MSC are highly proliferative with 

capacity to produce millions of cells from a single clonogenic cell (Gargett et al. 2009). 

MSC have characteristic surface markers including CD29, CD44, CD73, CD105, but not 

haematopoietic cell markers CD34, CD45, CD14, CD11b, CD79α, CD19 and HLA-DR 

(Dominici et al. 2006, Caplan 2007). The identification of more specific markers, Stro-1, 

CD146, CD271, has enabled the prospective isolation of MSC from bone marrow 

(Simmons and Torok-Storb 1991, Gronthos et al. 2003, Buhring et al. 2007).   BmMSC 

have anti-inflammatory and immunomodulatory properties which make them an attractive 

source for tissue engineering and regenerative medicine applications (Salem and 

Thiemermann 2010, Le Blanc and Mougiakakos 2012).  

Endometrial MSC (eMSC) were recently discovered and characterised in premenopausal 

endometrium where they are thought to regenerate the stromal vascular component of the 

functional layer each month (Gargett et al. 2009). EMSC also possess high capacity for 

proliferation, differentiate into mesodermal lineages and express characteristic MSC 

surface markers, fulfilling the minimal criteria for defining MSC (Dominici 2006). 

Originally eMSC were prospectively isolated from hysterectomy tissue using co-
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expression of 2 markers (CD140b/ PDGFRβ and CD146) by FACS sorting (Schwab and 

Gargett 2007). EMSC can now be prospectively isolated from endometrial biopsy tissue 

using the single marker W5C5 using magnetic bead sorting (Masuda et al. 2012). W5C5 

recognises an epitope of Sushi Domain containing 2 (SUSD2) molecule 

(Sivasubramaniyan et al. 2013). Almost all clonogenic endometrial stromal cells were 

found in the W5C5+ fraction. Similar to CD140b+CD146+ cells, W5C5+ cells meet the 

defining criteria for MSC (Masuda et al 2012). Clonogenic stromal cells have also been 

identified in postmenopausal endometrium, although the sample size examined was small 

(n=4) (Schwab et al. 2005). EMSC are an attractive source of MSC as they can be easily 

obtained through an office biopsy procedure without anaesthesia or scarring (Gargett et al. 

2012) or a simple curettage for many women. Protocols are being developed for culture 

expansion of eMSC under clinical grade Good Manufacturing Practices (cGMP) conditions 

making them an ideal source for future clinical applications, particularly in women’s 

health, where they could be used autologously (Rajaraman et al. 2013). 

Clinical conditions for which eMSC could be utilised as a cell-based therapy may affect 

postmenopausal women, for example pelvic organ prolapse (Hunskaar et al. 2005, 

Boennelycke et al. 2013, Ulrich et al. 2013). To date, eMSC have only been characterised 

in premenopausal women.  Due to hormonal depletion, postmenopausal endometrium is 

thin and atrophic, difficult to biopsy without anaesthesia, and we hypothesized a low yield 

of eMSC. However, postmenopausal endometrium has significant regenerative potential, 

particularly when systemic estrogen is administered. A thick functional endometrium can 

be generated and indeed postmenopausal women in their 60s have born children via IVF 

(Paulson et al. 2002).  

Therefore, the aim of this study was to determine whether postmenopausal endometrium 

contains a population of eMSC and to characterize these postmenopausal eMSC for 
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clonogenicity, mesodermal differentiation, self renewal and surface phenotype. We 

hypothesized that eMSC can be prospectively isolated from endometrial biopsies of 

postmenopausal endometrium, that they would be present at similar frequency as in 

premenopausal endometrium and that they possess similar properties to premenopausal 

eMSC.  

  

MATERIALS AND METHODS 

Human tissue and ethical approval 

Human endometrial tissue including underlying myometrium was collected from 17 

premenopausal (pre-MP) and 19 postmenopausal (post-MP) (longer than 12 months since 

last period) undergoing hysterectomy who were not taking hormones (Table 1). We also 

collected endometrial biopsies from 15 postmenopausal women on oral estrogen 

replacement therapy (post- MP+E2). Due to the low endometrial stromal cell yield from 

atrophic postmenopausal endometrium, a single arm phase IV clinical trial was registered 

with the Therapeutic Goods Association (CTNRN12610000563066) to treat 

postmenopausal women with short term estrogen to regenerate the endometrium and obtain 

higher cell yields for the collection and analysis of eMSC. The enrolled women (n= 15) 

took oral estrogen replacement therapy (Progynova 2mg daily for 6-8 weeks) which was 

ceased 2 days prior to scheduled hysterectomy.   The biopsy was obtained by curettage just 

prior to surgical removal of the uterus. Inclusion criteria were at least 12 months since the 

last period and age less than 65 years. Exclusion criterion was any condition where 

systemic oestrogen use was contra-indicated, including current/past history of breast 

cancer, other oestrogen responsive tumours, liver adenoma, thrombo-embolism, 

undiagnosed vaginal bleeding, uncontrolled hypertension or ongoing oral hormone 

replacement therapy (HRT). The women were assessed for these exclusion criteria by 
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urogynaecologist AR. Informed written consent was obtained from each patient and ethics 

approval was obtained from the Monash Health Human Research and Ethics Committee B 

and Cabrini HREC.  

The collected tissues (n=51) were used for histological and/ or cell culture analysis. Serum 

samples were also collected to determine the hormonal status of the postmenopausal 

women (n=10) and determine circulating estrogen levels in the estrogen-treated women 

(n=10). Endometrial samples (n=26) collected in collection medium (HEPES-buffered 

DMEM/F12 medium containing 5% fetal calf serum and 5% antibiotics-antimycotics) 

were immediately transported to the laboratory and processed within 24 hours. Samples 

(n=32) were also frozen in OCT for cryostat sections and fixed for paraffin sections. Blood 

from Post-MP and Post-MP+E2 was drawn and centrifugated at 2000 g for 20 minutes at 4o 

C to collect serum. Estrogen levels were determined by a competitive binding estradiol 

immunoenzymatic assay performed by Monash Health Pathology Laboratory. 

 

Histology 

Tissues collected for histological analysis were fixed in 10% formalin for 24 hours, then 

embedded in paraffin and oriented so that the full thickness endometrium from 

myometrium to the lumen could be examined (Figure 1A-C). These were sectioned into 

5µm sections and stained with haematoxylin and eosin (H+E) to determine endometrial 

thickness. 

 

Immunohistochemistry 

To determine the estrogen effect on the luminal and glandular epithelial height, sections 

from postmenopausal endometrium were stained with the epithelial marker Cytokeratin 18. 

To determine the total blood vessel area as a measure of vascularity, sections were 
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immune-stained with anti-human CD34, and vessels invested with pericytes and smooth 

muscle cells were immune-stained with anti-human αSMA (Abberton et al. 1999). Sections 

underwent dewaxing, rehydrating in graded alcohols and antigen retrieval using citric acid 

buffer (0.1M, pH 6.0) by microwaving for 5 minutes on high power. After cooling to RT 

and three washes in PBS, endogenous peroxidase was quenched by 3% H2O2, followed by 

a protein block step (Protein Block serum free, ready to use, Dako®, Glostrup, Denmark) 

for 30 minutes at RT. The primary antibodies (1:100 for CK18 and CD34, 1:400 for 

αSMA) and isotype controls at the same concentration (IgG1, IgG2a) (all from Dako) were 

incubated overnight at 4° C, sections were then washed and the Envision+ System HRP 

secondary antibody (Mouse Envision Kit, Dako) applied for 30 minutes at RT, respectively 

as done previously (Ulrich et al. 2012) . Colour was developed with 3,3'-Diaminobenzidine 

(DAB). 

 

Immunofluorescence 

To determine the location of the SUSD2+ cells and their estrogen receptor-α status, 

endometrial tissue was sequentially immunostained with anti-estrogen receptor-α (clone 

6F11, Leica Microsystems, Australia) followed by pycoerythrin (PE)-conjugated anti-

SUSD2 (BioLegend, USA)  (Masuda et al. 2012). Frozen sections were cut at 8µm from 

OCT embedded tissues, thawed at RT, fixed in 4% paraformaldehyde for 10 minutes, 

washed in PBS and treated with 0.2% Triton X-100 in PBS for 15 minutes. Protein block 

(Dako ®) was applied for 30 minutes and sections were incubated with anti-estrogen 

receptor-α (1:100) in PBS for 2 hours at RT followed by secondary anti-mouse Alexa 

Fluor 488 (Life Technologies, Australia). Sections were washed three times in PBS, 

blocked with mouse IgG for 30 minutes, incubated with PE-anti-SUSD2 (1:100) for 2 
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hours at RT, washed three times with PBS, counterstained with Hoechst 33258 and imaged 

on a Nikon C1 confocal microscope. 

Image analysis 

Three consecutive sections per patient were photographed using the Leica® DMR 

Microscope at 5- 40x magnification and analysed using ImageJ software. Endometrial 

thickness was measured in 3 randomly located regions on each of 3 H&E sections using 

the software micrometer and the mean of the 9 measurements obtained for each of the 

samples examined. These were used to generate means for each of the experimental groups 

(pre- MP, n= 8; post- MP, n=10; post- MP+E2, n=10). Similarly, luminal and glandular 

epithelial height was measured on 3 different locations or gland profiles from 3 separate 

sections and the mean of 9 measurements from each sample was obtained and used to 

generate means for the same 3 groups for both luminal and glandular height. 

To assess vascularity, the positive area for CD34 and αSMA stained samples (n=8 for post-

MP, n=10 for post- MP+E2) was analysed using Metamorph ® image analysis software 

(Ulrich et al. 2012). The percentage area was calculated as the positive area detected by 

Metamorph divided by the total endometrial area from 4 images obtained from 2 sections 

for each sample. 

 

Endometrial stromal cell isolation and culture 

Single cells were obtained as published previously (Chan et al. 2004, Schwab and Gargett 

2007) from 8 pre-MP, 13 post- MP, and 8 post- MP+E2 samples. Briefly, the endometrium 

was finely minced, then dissociated in 5% collagenase I (Worthington Biochemical 

Corporation, Lakewood, NJ, USA), 40 µg/ml deoxyribonuclease type I (Worthington 

Biochemical Corporation), and DMEM/F-12 medium containing 15 mM HEPES buffer 

(Invitrogen, Auckland, New Zealand). Following dissociation, the cells were filtered 
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through a 40µm cell strainer (BD Biosciences, Durham, NC, USA) to obtain the stromal 

fraction. Stromal single cell suspensions were layered over Ficoll-Paque PLUS (GE 

healthcare Bio-Sciences AB, Uppsala, Sweden) and centrifuged to remove red blood cells. 

The endometrial stromal cells were used fresh or cultured for 1 passage in DMEM medium 

containing 10% fetal calf serum (Invitrogen), 5% antibiotics-antimycotics and 2 mM 

glutamine (Invitrogen) to obtain sufficient cell numbers for experiments. Cells were 

harvested by TrypLE Express (Life Technologies, Auckland, New Zealand)  and eMSC 

were extracted using magnetic beads conjugated to the W5C5 antibody as described 

(Masuda et al. 2012). Briefly, cell suspensions (up to 1x107 cells / 100 µl) were labelled 

with the phycoerythrin (PE)-conjugated W5C5 antibody (Biolegend, San Diego, CA, 

USA) in 0.5 % Fetal Calf Serum in PBS (Bead Medium) for 30 minutes at 4C followed by 

3 washing steps in PBS, then incubated for 30 minutes in the dark with the anti-PE 

antibody-conjugated MACS MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany). 

Up to 1x108 cells / 500 µl were applied to MS columns (Miltenyi Biotec) in a magnetic 

field, followed by washing the column with 500µl Bead Medium three times. The W5C5- 

cells passed through the column, magnetically labelled W5C5+ cells were retained. The 

columns were removed from the magnetic field and W5C5+ cells were flushed out with 1 

ml of Bead Medium. The W5C5+ cells were assayed for cloning efficiency, and the 

remaining cells were cultured for one more passage for differentiation assays and 

phenotyping. 

 

MSC functional properties 

Clonogenicity was determined by seeding fresh and cultured W5C5+ cells at clonal density 

(10 and 50 cells/cm2) on fibronectin-coated 100 mm tissue culture plates (BD Biosciences, 

San Jose, California, USA). Cells were incubated at 37°C in 5% CO2 incubator for at least 
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2 weeks; DMEM+ media supplemented with 10ng/ml human fibroblast growth factor 2 

(FGF2; Millipore, Billerica, MA) (F-DMEM+) was changed weekly. Colonies were 

monitored microscopically to ensure they were derived from single cells. Large clones 

were harvested in cloning rings using TrypLE Express and subcloned twice, at seeding 

densities of 5-10 cells/cm2 (Gargett et al. 2009).  

For differentiation, P2 W5C5+ cells were cultured in 4 well plates on coverslips at 1 X 104 

cells/ cm2 using specific induction media to obtain adipocytes, osteoblasts and 

chondrocytes and smooth muscle cells as previously described (Gargett et al. 2009). 

Controls were cultured in DMEM+ medium. After 4 weeks, adipogenic differentiation was 

evaluated by detection of lipid accumulation using oil red O staining; osteogenic 

differentiation was evaluated by histochemical detection of mineral calcium with Alkaline 

Phosphatase staining; myogenic differentiation was evaluated by detection of 

myofibroblasts and smooth muscle cells using alpha-smooth muscle staining as described 

previously (Rajaraman et al. 2013). For chondrogenic differentiation, 3-5x105 cells were 

cultured as a micromass pellet in a centrifuge tube in chondrogenic differentiation medium 

for 4 weeks. The pellet was fixed in 10% formalin, embedded in 4% Agar, processed 

through graded alcohols and xylene, then embedded in paraffin and cut into 5um sections. 

Chondrocyte matrix production was visualized using Alcian blue staining and 

photographed using a Leica microscope at 10x magnification (Rajaraman et al. 2013) . 

Differentiation capacity was scored as 0 (no differentiation), 1(< than 50% of the cells 

differentiated), and 2 (> 50% of the cells differentiated). 

To determine the phenotype of the postmenopausal W5C5+ cells, single-colour flow 

cytometry on P1 cells was used for known MSC surface phenotype markers (W5C5, 

CD140b (PDGFRß) (R&D Systems, Minneapolis, MN, USA), CD146 (CC9 culture 

supernatant, kind gift from Prof David Haylock, CSIRO, Clayton, Victoria, Australia), 
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CD29 (BD Biosciences, San Jose, California, USA), CD44 (BD Biosciences), CD73 (BD 

Biosciences), CD105 (BD Biosciences) as previously described (Masuda et al. 2012). 

Contaminating cells were analysed using haematopoietic (CD34; BD Biosciences) and 

myeloid cell makers (CD45; BD Biosciences). Controls were isotype matched IgG used at 

the same concentration as primary antibodies. A minimum of 5 x 104 cells for controls and 

for surface markers of interest were incubated with individual antibodies in separate tubes 

for 30 min at 4C, followed by incubation with a PE-labelled anti-mouse IgG1 secondary 

antibody (BD Biosciences). Cells were centrifuged and washed at 4C with Bench Medium 

after each incubation and examined in a MoFlo® XDP cell sorter (Beckman Coulter). The 

initial selection of cells for analysis was based on the forward versus side scatter profile. 

The percentage of positive cells was based on IgG control setting of gates to < 2% positive 

cells (Masuda et al. 2012) and analysed by Summit Software v5.2.  

 

Statistics 

GraphPad Prism v5 was used for statistical analysis. Results are reported as median (range) 

or mean ± SEM for each group. Since the data were normally distributed (D'Agostino & 

Pearson omnibus normality test), one way ANOVA and Holm- Sidak post hoc test for 

pairwise comparisons were undertaken for assessment of differences between groups. P 

values < 0.05 were considered as statistically significant.  

 

RESULTS 

The mean age of the patients and other demographic parameters are shown in Table 1. The 

premenopausal women were significantly younger compared to the two postmenopausal 

groups (p< 0.01). Median time since the last menstrual period was 13 (10-20) years for the 

E2 treated women and 9 (1-15) for the non E2 treated women (p< 0.05).  
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Mean serum E2 levels for women treated with E2 were significantly higher than for 

postmenopausal women without E2 treatment (Table 1).  

 

Evidence of estrogen effects on estrogen-treated postmenopausal endometrium  

To demonstrate that postmenopausal endometrium was responsive to E2 (Progynova) 

treatment we examined endometrial thickness and endometrial epithelial cell height. To 

assess the thickness of the postmenopausal endometrium we used H+E stained sections 

(Figure 1 A-C). Pre- MP and post- MP+E2 endometrium were significantly thicker than 

post-MP (p< 0.05) (Figure 1D). Systemic estrogen levels also influence the height of 

endometrial epithelium (Gomes et al. 1997). In CK18 immunostained tissue, there was a 

trend towards higher luminal epithelium (LE) in the premenopausal women compared to 

the postmenopausal groups, although this was not significant (p> 0.05) (Figure 1E). 

Glandular epithelial (GE) height was measured in the basalis layer of pre-MP endometrium 

since there was no clearly distinguishable functionalis layer in the post- MP groups and 

previous studies have shown that postmenopausal epithelium has a similar gene expression 

profile as the basalis of postmenopausal epithelium (Nguyen et al. 2012). GE height was 

similar in the menopausal tissues and there was no difference between pre- MP and 

postmenopausal women treated with or without E2 (Figure 1F). There was also no 

significant difference between the GE height of basal glands and those adjacent to the LE 

(results not shown).  

 

Quantification SUSD2/W5C5+ cells in postmenopausal endometrium 

We next measured the proportion of endometrial stromal cells that expressed the eMSC 

marker, SUSD2 in freshly dissociated samples. The mean stromal cell yield from 

endometrial tissue of estrogen treated women was 1.6 x 106 ± 4.8x 105 (n=4) and 0.7 x 105 
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± 0.3 x 105 (n=4) for the untreated women per 1 gram of tissue. Insufficient cell numbers 

were obtained from 3 postmenopausal samples without estrogen treatment after the 

isolation procedure and could not be used for the further experiments. To determine the 

percentage of W5C5+ cells present in stromal cells cultured from PostMP endometrium, 

cells at passage one (P1) were harvested by trypsin, labelled with W5C5 antibodies and 

passed through a magnetic bead column to select the W5C5+ cells, which were then 

counted.  In post- MP+ E2 P1 cultures, 3.7± 1.8% (n=7) of the cells were W5C5+ cells 

which compares with 7.7 ± 6.3% (n=8) in  post- MP cultures (p=0.69). 

 

Surface phenotype of human postmenopausal endometrial W5C5+ cells 

Cultured W5C5+ cells were analysed for expression of typical MSC phenotypic markers 

(Dominici et al. 2006) using flow cytometry (Figure 2A). The postmenopausal W5C5+ 

cells expressed MSC markers as shown in Table 2 without any significant differences 

between the two postmenopausal groups.  

 

Multi-lineage differentiation of postmenopausal endometrial W5C5+ cells 

We next examined whether the postmenopausal W5C5+ cells could undergo multilineage 

differentiation, a key MSC property (Dominici et al. 2006). W5C5+ cells derived from 

postmenopausal endometrium from women treated with (n= 6) or without estrogen (n= 6) 

differentiated into adipocytes to a similar extent when cultured in adipogenic induction 

medium (Figure 2B, Table 3). Similarly, W5C5+ cells derived from women treated with 

and without E2 differentiated into chondrocytes producing a cartilaginous-like Alcian Blue 

stained matrix (Figure 2C). W5C5+ cells cultured in osteogenic induction medium 

differentiated into osteocytes, shown by alkaline phosphatase reactivity (Figure 2D). 

Similarly W5C5+ cells cultured in myogenic induction medium differentiated into α-SMA-
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expressing smooth muscle cells (Figure 2E). There was no difference in the capacity of 

W5C5+ cells obtained from postMP or postMP+E2 endometrium to undergo multilineage 

differentiation (Table 3).  

 

Clonogenicity and serial cloning of postmenopausal endometrial W5C5+ cells 

MSC are clonogenic and we therefore examined the clonogenicity of P1 W5C5+ cells 

derived from pre- and postmenopausal endometrium (Figure 3A, B). The mean cloning 

efficiency for W5C5+ cells from Post- MP+ E2 was 3.4 ± 0.9 %, n=6), and comparable to 

Post- MP (3.7 ± 0.4 %, n=8) but statistically lower than P1 Pre-MP (8.83 ± 0.4,  n=6) 

(Figure 3C). The clonogenicity of fresh (P0) pre- MP and post-MP+ E2 was similar with 

cloning efficiencies of 3.8 ± 0.9 % vs 1.8 ± 0.1 %, respectively. Both Post-MP and Post-

MP+E2 W5C5+ cells underwent substantial self renewal by undergoing serial cloning at 

least three times (Figure 3D). The cloning efficiency of secondary (S1) and tertiary (S2) 

clones was significantly higher in premenopausal compared to postmenopausal samples as 

shown in Figure 3D. The cloning efficiency of P1 pre-MP and post-MP+ E2 W5C5+ was 

double that of freshly isolated Pre-MP cells (results not shown).  

 

Location of SUSD2/W5C5 in postmenopausal endometrium-  

Since premenopausal eMSC reside in a perivascular location in both functionalis and 

basalis (Schwab and Gargett 2007, Masuda et al. 2012), we investigated the localization of 

the W5C5+ cells in postmenopausal sections by dual- colour immunofluorescence. 

Postmenopausal W5C5+ cells were similarly identified in a perivascular location in both 

small and large vessels throughout the endometrium (Figure 4A, B). Since estrogen drives 

endometrial growth in postmenopausal women we examined whether they expressed 

estrogen receptor- α (ERα). None of the W5C5+ cells expressed ERα, even though ERα 
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stained some glandular epithelial and stromal cells in both Post- MP and Post- MP+ E2. We 

then looked at the effect of estrogen treatment on vessel density in postmenopausal 

endometrium. We stained the endometrium with CD34 to mark the endothelial cells 

(Figure 5A, B) and detect both capillaries and larger vessels, and αSMA to distinguish 

larger vessels from capillaries (Figure 5D, E). We found no significant differences between 

the postmenopausal groups with or without estrogen treatment (Figure 5C, F). 

 

DISCUSSION 

In this study we report the first characterisation of an eMSC population in postmenopausal 

endometrium from women treated with or without estrogen for 8 weeks. We show that 

postmenopausal endometrium, whether atrophic from low circulating estrogen levels or 

regenerated from short term systemic estrogen treatment, contains a small population of 

stromal cells with MSC properties. These postmenopausal eMSC can be obtained by 

magnetic bead sorting with the W5C5/SUSD2 antibody used to purify eMSC from 

premenopausal endometrium. We also demonstrated that postmenopausal eMSC can be 

obtained from a biopsy as is the case for premenopausal eMSC, particularly after 6-8 

weeks oral E2 treatment. As the endometrium is an easily accessible source of MSC, 

obtainable with minimum morbidity for potential use in future clinical applications, it is 

important to know whether postmenopausal women can access their eMSC for autologous 

cell-based therapies provided they have an intact uterus. 

The eMSC derived from postmenopausal endometrium fulfil the defining MSC criteria: 

clonogenicity, surface phenotype and multipotency, suggesting that eMSC are retained in 

the endometrium following menopause. The postmenopausal eMSC also have comparable 

properties to premenopausal eMSC with respect to self renewal in vitro and SUSD2 

expression.  We demonstrated that the postmenopausal eMSC derived from women treated 
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with or without E2 had comparable clonogenicity, albeit at lower levels compared to that of 

cultured premenopausal eMSC. Due to low cell yields, we could only determine 

clonogenicity in P1 W5C5+ cells in most samples of untreated post-MP endometrium. The 

clonogenicity (cloning efficiency) in P1 W5C5+ cells was double that of  fresh (P0) W5C5+ 

cells from pre- MP and post-MP+ E2 indicating selection for clonogenic cells in primary 

cultures.(Masuda et al. 2012).The surface phenotype of W5C5+ cells was also similar 

between premenopausal and the two postmenopausal groups suggesting that eMSC remain 

in postmenopausal endometrium and may be responsible for E2 mediated regeneration of 

the stromal vascular components. The eMSC of either estrogen-treated or non-treated 

postmenopausal endometrium differentiated to a similar degree, but less than for 

premenopausal eMSC. This together with the lower cloning efficiencies and self renewal 

properties suggests that postmenopausal eMSC may lose some potency as they age, similar 

to MSC from other sources such as bone marrow.  A tenfold loss of bmMSC activity 

occurs during the first 10 years of life and continues to decrease over the lifespan 

(Haynesworth et al. 1993). Whether eMSC potency diminishes to the same extent as 

bmMSC over the lifespan is unknown. 

Short term estrogen treatment appears to be effective for obtaining adequate yields of 

endometrial cells because post-MP endometrium rapidly regenerated to more than double 

its original thickness. As demonstrated previously (Ettinger et al. 1997), we found a thicker 

endometrium in the estradiol-treated women compared to postmenopausal controls. The 

percentage of W5C5+ after magnetic bead selection was similar in the endometrium of E2 

treated and non-treated women suggesting that a defined pool of eMSC is maintained per 

unit volume of tissue. However the increased absolute volume of endometrial tissue in E2 

treated women allows for greater yields of eMSC, an important consideration for future 

cell-based therapies. The high degree of variability in the yield of W5C5+ cells in post-MP 
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compared to post-MP+E2 samples indicates the difficulty in harvesting cells from non-

treated women and also suggests that dietary xenoestrogens and other undocumented 

supplements could also have an influence. Alternatively, there may be a dilution effect of 

W5C5+ cells in regenerating endometrial “functionalis” after E2 treatment, perhaps 

suggesting that the basalis layer may be the main source of MSC responsible for 

endometrial regeneration.  

Small and large vessel profiles are present in similar numbers in the endometrium of 

postmenopausal women treated with and without E2 suggesting that short term estrogen 

therapy does not remodel the vasculature, but provides the regenerating “functionalis” 

layer with a similar degree of vascularity as atrophic endometrium. Our study, also 

confirms a previously reported lack of  difference in vascularity observed between 

hormone-treated and non-treated premenopausal endometrium as determined by 

semiquantitative CD34 immunohistochemistry (Hickey et al. 1996). This study also 

reported a similar vascularity between atrophied and cycling endometrium.  

The luminal epithelial height did not differ between the two postmenopausal groups in 

contrast to previous findings (Gomes et al. 1997). This could be due to the shorter E2 

treatment time in our study, 6-8 weeks versus three months in the Gomes et al study, 

possibly not long enough to remodel the surface epithelium. The glandular epithelial height 

did not show significant differences either and was measured in the basalis layer of 

premenopausal women. These findings suggest that short term E2 treatment has little 

impact on the endometrial epithelium, suggesting that this approach is safe for those 

women who are not contraindicated for taking E2.  

Hormone replacement therapy (HRT) is offered to postmenopausal women to relieve 

menopausal symptoms (Pines et al. 2012), with estrogen replacement therapy confined to 

hysterectomised women. Short term oral E2  rapidly increases endometrial growth 
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suggesting that an approximately 8 week treatment is sufficient to obtain a reasonably 

thick endometrium (Ettinger et al. 1997). Long term (>12 months) unopposed estrogen 

given to postmenopausal women may result in endometrial hyperplasia or even 

endometrial malignancies (Furness et al. 2012), but this is unlikely in an 8 week treatment 

for harvesting eMSC It is not quite clear how E2 regenerates the endometrium since 

W5C5+ perivascular cells did not express ERα, a finding which agrees with studies in 

mouse endometrium where epithelial and stromal label retaining cells (marker of slow 

cycling stem/progenitor cells) are also ERα negative do not express estrogen receptors 

(Chan et al. 2012). It was hypothesized that estrogen-induced endometrial growth is 

mediated by stem/progenitor cells indirectly mediated via estrogen receptors on their 

neighbouring niche cells (Gargett 2007). Our study also showed that eMSC survived in the 

absence of estrogen and do not require E2 for trophic support as they were present in 

similar proportion in untreated atrophic and E2 treated post- MP endometrium. 

For this study we only supplemented women without contraindicated medical conditions 

with 2 mg Progynova daily for 6- 8 weeks and found no associated adverse effects. The 

participants were closely monitored. An initial dose of one mg Progynova was insufficient 

to increase endometrial thickness to yield significant numbers of cells (unpublished 

observation).  

 

Premenopausal endometrium is a highly regenerative tissue, undergoing shedding and 

regeneration  on a 4 weekly basis during the menstrual cycle generating up to 10 mm of 

new mucosa during each proliferative stage (Gargett et al. 2012). Endometrium is one of 

the few tissues where MSC can be obtained without anaesthesia, invasive and painful 

interventions, particularly in parous women. MSC from the endometrium provide a readily 

accessible alternate source of MSC for use in cell-based therapies as there are no ethical 
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issues compared to embryonic stem cells (Ulrich et al. 2013).  It appears that eMSC reside 

in the endometrium after a woman’s fertile years have ceased. We show for the first time 

that these eMSC can be readily harvested from postmenopausal women using an office 

based biopsy, irrespective of whether they are or are not particularly if they are pre-treated 

with estrogen to regenerate the endometrium, although yields are greater in E2-treated 

women. The human endometrium is therefore a promising source of MSC independent of a 

woman’s age.  
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FIGURE LEGENDS 

Figure 1 Effect of oral estrogen on postmenopausal endometrium compared with 

premenopausal endometrium. 

H+E stained endometrium from hysterectomy tissues in (A) pre- MP, (B) post- MP, (C) 

post- MP+E2. Dotted line indicates border between endometrium and myometrium. Scale 

bar 200 µm. (D) endometrial thickness, (E) luminal epithelial (LE) height, and (F) 

glandular epithelial (GE) height measured in the basalis layer of Pre-MP endometrium . 

Bars are mean ± SEM of n =6 samples/group. *P < 0.05. 
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Figure 2 

Properties of postmenopausal eMSC: (A) surface phenotype showing representative flow 

cytometric analysis of P1 cultured postmenopausal W5C5+ cells from a single 

representative sample from a woman treated with (+E2) or without (-E2) oral estrogen for 

6-8 weeks. Aggregate data is shown in Table 2. Multilineage differentiation of P1 W5C5+  

cells from post- MP+E2 endometrium in various induction media for 4 weeks (B) 

adipocytes stained with Oil Red O, (C) chondrocytes (red nuclei) showing production of 

Alcian Blue stained cartilage-like matrix, (D) alkaline phosphatase positive osteoblasts and 

(E) smooth muscle cells immunostained with α-smooth muscle actin. Insets are stained 

control cultures. Scale bars; B, D and E 100 µm; C 25µm. 
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Figure 3  

Cloning efficiency and serial cloning analysis for measuring clonogenicity and self-

renewal of human endometrial pre- and postmenopausal eMSC. Representative cloning 

plates of (A) post-MP and (B) post-MP+E2 W5C5+ cells. Arrows show individual clones 

removed for serial cloning. Clonogenicity of (C) P1 W5C5+ cells from pre-MP, post-MP 

and post- MP+ E2 samples and (D) at each round of serial cloning. Results are means ± 

SEM (n=6/group). **Significant difference between pre-MP and post-MP (P < 0.01) and 

post- MP±E2 (** P < 0.01). *P < 0.05, ***P<0.001. S0, first cloning; S1, first serial 

cloning (secondary clones); S2, second serial cloning (tertiary clones). 
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Figure 4 

W5C5+ perivascular cells do not express ERα. Dual colour immunofluorescence of (A) 

post- MP and (B) post- MP+E2 endometrial tissue. W5C5+ cells around blood vessels 

fluoresce red, nuclei ERα fluoresces green. Scale bar 20 µm. Arrow indicates 

representative perivascular W5C5+ cells. 
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Figure 5 

Vessel profiles in postmenopausal endometrium. CD34 immunostained (A) post- MP and 

(B) post- MP+E2 endometrium with (C) immunoquantification showing % of CD34 

positive area. Dotted lines show endometrial myometrial border. Alpha-SMA 

immunostained (D) post- MP, and (E) post- MP+E2 endometrium counterstained with 

haematoxylin, with (F) immunoquantification showing % αSMA positive area. Scale bar in 

A+B 100 µm, D+E 200 µm. Bars are means ± SEM of n= 8 post-MP and n= 10 post-

MP+E2. 
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Table 1. Patient characteristics 

 Pre- MP 

(n=17) 

post- MP 

(n=19) 

post- MP+E2 (n=15) p-value 

Age (yr) 43±3 60±1 64±3 P < 0.01 

BMI (kg/m2) 26.4 ± 1.6 25.4 ± 2.0 25.4 ± 4.3 NS 

POP-Q stage* 1.2 ± 0.2 1.6 ± 0.2 1.7 ± 0.2 NS 

Serum E2 (pmol/L) n.d. 88± 9.6 273± 58.2  P < 0.05 

 

Data are presented as mean (± SEM). Pre- MP, premenopausal, post- MP, postmenopausal, 

post- MP+ E2, postmenopausal with E2 treatment, E2, estrogen. NS, not significant. * 

reference for POP-Q (Bump et al. 1996). N.D., not done. 
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Table 2 MSC surface marker characteristics of P1 postmenopausal samples. 

 Post- MP (n=9) Post- MP+ E2 

(n=8) 

p- value 

CD29 98.7± 0.26  96.0 ± 1.6 Ns 

CD44 94.5 ± 3.5 92.8 ± 2.8 Ns 

CD73 85.8 ± 12.0 93.3 ± 2.6 Ns 

CD105 73.3 ± 16.3 83.7 ± 7.4 Ns 

CD146 27.2 ± 5.6 42.0 ± 5.9 Ns 

CD140b 32.0 ± 14.1 39.8 ± 14.5 Ns 

W5C5 35.4 ± 27.2 53.1 ±27.2 Ns 

CD34 0.8 ± 0.8  0.1 ± 0.1  Ns 

CD45 6.1 ± 2.0 1.3 ± 0.6 0.02 

Data are from single colour flow cytometric analysis and presented as mean± SEM. Ns, not 

significant 

 

Table 3 Differentiation score of P1 postmenopausal samples cultured in mesodermal 
induction media.  

 Post- MP (n=6) Post- MP+ E2 (n=6) p- value 

Adipogenic 1.2 ± 0.3 1.3 ± 0.2 Ns 

Chondrogenic 1.3 ± 0.3 1.8 ± 0.2 Ns 

Myogenic 1.6 ± 0.2 2.0 ± 0.0 Ns 

Osteogenic 1.6 ± 0.2 1.8 ± 0.2 Ns 

Data are presented as mean± SEM. Ns, not significant 

Score; 0 no differentiation; 1, <50% of the cells showed differentiation; 2, >50% of the 

cells showed differentiation. 
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CHAPTER 4 

A Tissue Engineering Construct for POP repair 

TE uses the combination of cells and materials to generate an implantable construct which 

aims to restore, maintain, or improve tissue function or a whole organ (Langer and Vacanti 

1993). As POP occurs through damage to the vaginal wall fascia, injury to the pelvic 

musculature and ligament rupture, a new treatment option using a TE approach is needed 

to repair and replace the damaged tissue. Alternatively a TE approach using eMSC may 

improve tissue integration and modify the foreign body reaction to new materials. A large 

number of studies have shown beneficial effects of TE approaches for other injuries. No 

TE attempts have been undertaken for POP repair at the commencement of this thesis. 

There were only trials to generate a vaginal replacement for congenital disorders (De 

Philippo et al. 2008). 

In this chapter I developed a preclinical animal model to test TE constructs, comprising 

eMSC and our novel materials (Chapter 2) in an immunocompromised nude rat model of 

wound repair. This model was designed to purely examine the effect of eMSC on fascial 

repair in contrast to the abdominal hernia model where the pressure of the abdominal 

organs could influence mesh properties. The W5C5+ cells were tested for MSC properties 

using cloning efficiency, differentiation assays and phenotype analysis (FACS). I thank 

Ker Sin Tan for assisting in the evaluation of the eMSC stem cell properties. Prior to 

implanting the TE construct, I tested various cell labelling techniques to identify the label 

with the least adverse effects on cell viability and also remained in the cells for a 

prolonged period in culture. I surgically implanted the meshes with the labelled eMSC or 

without (control) into nude rats and evaluated a number of outcomes. Cell survival was 

determined using flow cytometric analysis. Vascularisation, inflammation and collagen 

deposition were evaluated using immunohistochemistry and image analysis I had 

developed for aim 1 (Chapter 2). In this study I included hydroxyproline assays and SDS 

PAGE gel analysis to quantify the amount of collagen and the collagen type I/III ratio as 

developed by our collaborators at CSIRO. I thank Dr. Kai Su for developing and 

optimizing these assays and protocols and for performing large parts of these experiments. 

I also thank Dr. Sharon Edwards for performing the mechanical testing and analysis to 

evaluate the mechanical properties of the meshes after explantation. 
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Supplementary Figure 1 

Histological staining of P6 W5C5+ eMSC after 4 weeks culture in (A) adipogenic, (B) 

chondrogenic, (C) myogenic, and (D) osteogenic induction media stained for (A)  Oil Red 

O, (B) Alcian blue,  (C) αSMA, (D) and Alkaline Phosphatase . (E) Flow cytometric 

analysis of P6 W5C5+ eMSC showing MSC positive and negative markers as indicated. 

Scale bar in A, C and D indicates 200 µm, in B 100 µm. 
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Supplementary Figure 2 

Histological staining of rat explants with H+E at (A) 7 days without eMSC,  (B) 7 days 

with eMSC, showing residual gelatine at the implant site (→), (C) 90 days without eMSC; 

and (D) 90 days with eMSC, showing the integration of the implant with the surrounding 

tissue.  
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Supplementary Figure 3 

Average load-elongation curves of explanted meshes (n=8) on (A and C) day 7 and (B and 

D) day 90 in mesh cross direction (A, B) and mesh machine direction (C,D). Dashed line 

indicates meshes implanted with eMSC, dotted line indicates meshes implanted without 

eMSC (n=6). Error bars are 95% confidence intervals. 
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CHAPTER 5 

Ovine Vaginal Tissue Analysis 

In chapter 4 I demonstrated that a TE approach for POP repair in a rat model improves the 

tissue integration and biocompatibility of the PA+G mesh. Paracrine immunomodulatory 

effects from the seeded eMSC controlled the extent and type of tissue response. The next 

step is to test this proof of principle model in a large animal. This autologous large animal 

study is currently being developed by our research group. To understand the effect of 

eMSC/PA+G TE constructs in a preclinical ovine model it is necessary to generate 

baseline data. Current literature on vaginal tissue composition is not comprehensive as 

tissue collection is often not stated or inconclusive. 

For this chapter I performed a comprehensive analysis of vaginal tissue in a sheep model 

at different reproductive stages using numerous techniques. 

First, after dissecting the vaginal tissue I determined its general structure and 

vascularisation using immunohistochemistry protocols as developed for chapter 2 and 4. I 

thank Ms Jacinta F. White for teaching me the Masson’s trichrome technique and helping 

with the staining. 

Second, together with CSIRO I performed analysis of the extracellular matrix proteins 

(including collagen, GAG and elastin) using SDS PAGE gel electrophoresis, 

hydroxyproline assay, dimethylmethylene blue assay, and indirect amino acid elastin 

quantification. I thank Dr Kai Su for developing and optimizing these protocols and for 

helping with the testing. 

Lastly, based on the methods described in Aims 1 and 3 and on the recent literature Dr 

Sharon L. Edwards and I developed a novel protocol for testing the biomechanical 

properties of ovine vaginal tissue. I performed biomechanical testing on the explanted 

tissue using the Instron machine and I thank Dr. Sharon Edwards for performing the 

analysis and educating me on the interpretation of the data.
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ABSTRACT 

Objective 

To undertake a comprehensive analysis of the biochemical tissue composition and passive 

biomechanical properties of ovine vagina and relate this to the histo-architecture at 

different reproductive stages as part of the establishment of a large preclinical animal 

model for evaluating regenerative medicine approaches for surgical treatment of pelvic 

organ prolapse. 

Methods 

Vaginal tissue was collected from virgin (n=3), parous (n=6) and pregnant sheep (n=6; 

mean gestation; 132 d; term=145d). Tissue histology was analyzed using H+E and 

Masson’s Trichrome staining. Biochemical analysis of the extracellular matrix proteins 

used a hydroxyproline assay to quantify total collagen, SDS PAGE to measure collagen 

III/I+III ratios, dimethylmethylene blue to quantify glycosaminoglycans and amino acid 

analysis to quantify elastin. Uniaxial tensiometry was used to determine the Young’s 

modulus, maximum stress and strain, and permanent strain following cyclic loading.  

Results 

Vaginal tissue of virgin sheep had the lowest total collagen content and permanent strain. 

Parous tissue had the highest total collagen and lowest elastin content with concomitant 

high maximum stress.  In contrast, pregnant sheep had the highest elastin and lowest 

collagen contents, and thickest smooth muscle layer, which was associated with low 

maximum stress and poor dimensional recovery following repetitive loading.  

Conclusion 
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Pregnant ovine vagina was the most extensible, but the weakest tissue, whereas parous and 

virgin tissues were strong and elastic. Pregnancy had the greatest impact on tissue 

composition and biomechanical properties, compatible with significant tissue remodeling 

as demonstrated in other species. Biochemical changes in tissue protein composition 

coincide with these altered biomechanical properties. 

 

INTRODUCTION  

Pelvic organ prolapse (POP) is a common condition affecting millions of women 

worldwide. Up to 35% of all women in the US have one or more symptoms of POP 

frequently involving urinary incontinence (Nygaard et al. 2008). POP is defined as the 

herniation of the bladder, the uterus or the bowel into the lower genital tract (Haylen et al. 

2010) caused by several known and unknown factors. The etiology is not fully understood, 

but vaginal childbirth trauma is a known risk factor; hormonal status may also be relevant 

(Lukacz et al. 2006). The support structures of the pelvic floor include the pelvic floor 

muscles, the cardinal and uterosacral suspensory ligaments and the dense fibromuscular 

connective tissue of the vaginal wall (Delancey 1992). The cellular components of the 

vaginal wall comprise fibroblasts which produce the majority of the extracellular matrix 

(ECM), and smooth muscle cells which function in vaginal contractility. The ECM consists 

of fibrous proteins (e.g. collagens, elastin), as well as a range of glycosaminoglycans 

(GAGs) (Couchman and Pataki 2012). The ECM is dynamic and responds to changes in 

the environment by remodeling.  Collagen type I comprises the major fibrillar protein 

found in bone, ligaments and interstitial tissues and contributes to their tensile strength 

(Ramshaw et al. 2009). Collagen I, together with elastin and smooth muscle cells influence 

the biomechanical and particularly the viscoelastic properties of the vaginal wall. Collagen 

type III is also a fibrillar protein widely distributed in soft tissues and can contribute to 
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tissue elasticity. An increase in collagen III in healing or regenerating tissues usually 

reduces its mechanical strength by decreasing the overall collagen fiber diameter of 

collagen I/III heterofibrils (Hulmes 2002). 

Studies of the human vaginal wall especially in the non-prolapsed state have been limited 

by lack of information on the exact site of tissue acquisition and are often restricted to one 

type of analysis. Sheep have been suggested as a convenient model for assessing surgical 

treatments for POP (Couri et al. 2012). The advantage of the ovine vaginal model is that 

the pelvic tissue anatomy is similar in size and structure to humans. Sheep have prolonged 

labors with relatively large fetuses and spontaneously develop prolapse related to vaginal 

birth (Shepherd 1992, Couri et al. 2012). Similar to humans, sheep develop POP over a 

wide range of ages, but predominantly in the months following delivery. The incidence is 

greatest in multiparous sheep and increases with parity (Couri et al. 2012). However the 

model is still poorly defined despite these similarities between sheep and humans. 

The aim of this study was to undertake a comprehensive analysis of the biochemical tissue 

composition and biomechanical properties of ovine vagina and relate this to histo-

architecture at different reproductive stages as part of the establishment of a large 

preclinical animal model for evaluating regenerative medicine approaches for transvaginal 

surgical treatment of pelvic organ prolapse. A secondary aim was to determine if there 

were any differences in these parameters between the anterior and posterior vaginal walls, 

given that bladder involvement occurs in nearly half the cases of ovine POP. 

 

MATERIALS AND METHODS 

The experimental procedures and sheep husbandry were approved by the Monash Medical 

Centre Animal Ethics Committee A (MMCA 2011 45). Border Leicester Merino (BLM) 
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sheep were housed in the animal house of Monash Animal Service facilities in compliance 

with the National Health and Medical Research Council of Australia guidelines for the care 

and use of laboratory animals. The sheep were housed in barns with unlimited food and 

water supply.  

Vaginal tissue was harvested from 3 groups of BLM sheep, virgin, parous (sheep that 

delivered at least three singleton lambs vaginally), and parous pregnant (3rd stage of 

pregnancy in sheep that also had delivered 3 singleton lambs vaginally prior to the current 

pregnancy). All animals were humanely euthanized according to the current guidelines by 

intravenous administration with Pentobarbitone sodium into the jugular vein (150mg/kg).  

A measure of maximum displacement of the vaginal wall was established to quantify 

vaginal wall distensibility. Ewes were placed in the dorsal recumbency position and values 

were obtained for points corresponding to Ba, Bp and C of the POP-Q in humans (Bump et 

al. 1996) by clamping the tissue and traction applied to the vaginal walls approximately 3 

cm above the external urethral meatus and to the cervix. The level of maximum 

displacement was measured in centimeters with a ruler. The complete vaginal tract was 

immediately excised and full thickness vaginal tissue was collected in a longitudinal 

manner from the upper third of the anterior and posterior vaginal wall and divided into 3 

parts for biomechanical, biochemical, and histological analysis as shown in Figure 1.  

 

The explanted tissue for histological analysis was fixed in 4% paraformaldehyde (PFA) for 

24 hours, then oriented and embedded in paraffin to obtain full vaginal thickness, sectioned 

into 5µm sections and stained with hematoxylin and eosin (H+E) and with Masson’s 

Trichrome. For measurements, only images that showed a full depth (complete set of 

histological components) were analysed.  The four zones in the images were readily 
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identified using a Trichrome stain.  In all cases measurements were taken on the axis 

perpendicular to the epithelium. The height of the muscularis was measured using NIS-

elements RA3.2® software. The maximum and minimum thickness for the muscularis and 

vaginal wall (epithelium to adventitia) was measured on a single section for each sample 

for both anterior and posterior walls, and the mean and SEM calculated for each 

experimental group. For immunohistochemistry the tissue was fixed, embedded and 

sectioned as above and stained with alpha smooth muscle actin (αSMA) (Dako, Glostrup, 

Denmark,) to label smooth muscle cells and myofibroblasts. Sections were dewaxed and 

rehydrated, and protein block (Dako®) was applied for 30 minutes at RT. After three 

washes in PBS, sections were incubated with the primary antibody for one hour at 37° C at 

1:400 dilution. Mouse IgG1 isotype (Dako) was used for the negative control and applied 

at the same concentration. Bound antibodies were detected with secondary Streptavidin 

HRP-conjugated antibody (AbD Serotec ®, Oxford, UK) for 30 minutes at RT after 3 

washes in PBS. 3,3′-Diaminobenzidine (Sigma-Aldrich ®, St. Louis, MO, USA) was used 

as a chromogen. The slides were dehydrated in graded alcohols and mounted with DPX 

mounting medium. 

 

The biochemical components were determined in triplicate for each sample for the 

following assays. Total collagen content was measured by hydroxyproline (Hyp) assay.  

Freshly excised tissue pieces (5 x 5 mm) were frozen at -20 o C. Tissue pieces were then 

pre-weighed and lyophilized for 4 hours, wet weight is shown in suppl. Figure 1. The dry 

weight (Wdry) was recorded and the water content of the original tissue calculated. The 

dried tissue was digested with papain (0.5 mg/ml in 0.1 M Na2HPO4, 5 mM EDTA, 5 mM 

L-Cysteine HCl, pH 7.4) for 16 hours. After centrifuging, the supernatants were 

hydrolyzed in 6N HCl at 115o C for 4 hours and then desiccated overnight. Hyp was 
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measured spectrophotometrically at 560 nm after reaction with 0.05 mol/L chloramine-T 

(Sigma) and 10% (w/v in 2-methoxyethanol) ρ-dimethylaminobenzaldehyde 

(Sigma).(Woessner 1961) A standard curve using L-hydroxyproline (0-10 µg/mL) (Sigma) 

was used to calculate the Hyp concentration. Total collagen was calculated using a 

hydroxyproline to collagen ratio of 0.143:1 (Woessner 1961).  

The ratio of collagen type III to collagen type I was determined by an SDS-polyacrylamide 

gel electrophoresis (SDS-PAGE) using delayed reduction (Sykes et al. 1976) as previously 

described (Ulrich et al. 2013). Frozen vaginal tissue was thawed to room temperature (RT) 

for 15 min, and 5 x 5 mm pieces adjacent to the area excised for biomechanical analysis 

(Fig. 1) were digested for 4 h in pepsin (Sigma) (0.5 mg/ml in 100 mM acetic acid, pH 2.5) 

at 4 °C followed by brief homogenization with an T10 basic Ultra-Turrax® (IKA®, USA) 

homogenizer. Samples were further digested in the pepsin solution for 16 h. After 

centrifugation, 10 µl of each sample was mixed with 40 µl NuPAGE® LDS sample buffer 

(Life Technologies), heated to 90 °C for 1-2 min and then loaded onto NuPAGE 4-12% 

Bis-tris gels (Life Technologies) with MES running buffer (Life Technologies); 50 mM (2-

[N-morpholino] ethane sulfonic acid) in 50 mM Tris base (1 mM EDTA, 0.1% SDS; pH 

7.3). Samples were electrophoresed for 1 h at 130 V, the power turned off, and 5% v/v 2-

mercaptoethanol (Sigma) was added to each well for 1 h. Finally electrophoresis was 

continued for 3 h at 130 V at 4 °C. Gels were stained with Coomassie Blue R-250 solution 

destained in 20% ethanol and 5% acetic acid. Images were taken using FujiFilm LAS-3000 

software. The percentage of collagen III was calculated from peak sizes using the formula:   

Percentage type III collagen = Area α1(III) x 1.12 x100 / [area α1(III) x 1.12] + area 

α1[I](Chan D 1984), where a calibration factor of 1.12 was used to correct for the color 

yield from equal weights of the two collagen types (Chan D 1984). 
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The insoluble precipitate from the papain-digested and centrifuged sample as described 

above, comprising insoluble collagen and insoluble elastic tissue associated proteins 

(ETAP) was used for indirect ETAP analysis. The residual insoluble tissue extract was 

rinsed in PBS three times and distilled water once before freezing and lyophilization for 4 

hours. After weighing (Wres), the residual tissue was sent to Australian Proteome Analysis 

Facility (APAF, Macquarie University, NSW, Australia) for amino acid analysis. The 

weight of insoluble collagen in the residual tissue (Wres-col) was calculated based on its 

corresponding Hyp amino acid amount. The percentage of ETAP in the original tissue 

samples was calculated using the following formula: ETAP % = [(Wres- Wres-col)/ Wdry]  × 

100.  Elastin and ETAP distribution in tissues were also visualized with a histological stain 

(Verhoeff Van Gieson). 

Glycosaminoglycan (GAG) content was determined using the colorimetric 

dimethylmethylene blue (DMMB) assay. Sample preparation was the same as for collagen 

measurement. After centrifuging, the supernatant was combined with DMMB reagent 

solution [40 mM NaCl, 40 mM glycine, 0.1 M HCl, 46 mM DMMB (Sigma), pH 3.0] for 2 

mins (Chandrasekhar et al. 1987). The concentration of GAG in papain digests was 

determined spectrophotometrically at 525 nm. Chondroitin sulfate C from shark cartilage 

(Sigma) was used as the standard (0-0.5 mg/mL). 

 

Vaginal tissue for mechanical testing was dissected from virgin (n=3), parous (n=7), and 

pregnant (n=6) sheep, and stored at -20 °C until testing. Frozen tissues were thawed 

overnight at 4 °C and tested within 24 hours of thawing. Testing of frozen-thawed vaginal 

tissue does not alter the mechanical properties and is more reliable as the same conditions 

are used for each specimen (Rubod et al. 2007). Dog-bone shaped samples of central 

dimensions 4x34 mm were punched from the sheep anterior and posterior tissues in the 
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longitudinal axis (Fig. 1) and kept moist using PBS. Prior to testing, sample thickness 

(n=3) was measured using digital calipers and used to calculate the initial cross sectional 

area of the sample. Uniaxial tensiometry was performed using an Instron® Tensile Tester 

(5567®Instron Corp, USA) and a 5 kN load cell. To avoid tissue slippage, samples were 

secured in pneumatic serrated jaws, which were set to a gauge length of 14 mm. Samples 

were then preloaded at 10 mm/min to 100 mN and then cyclically loaded from 0 to 1 N, 0 

to 2 N, and 0 to 3 N, for 5 cycles each, at 20 mm/min and finally extended to break. This 

test method is based on the assessment of human vaginal tissue (Rubod et al. 2007, Rubod 

et al. 2008, Jean-Charles et al. 2010, Rubod et al. 2012), with loading values chosen to 

avoid damage to the ovine tissues. 

Stress-strain curves were plotted from the force and elongation data generated, calculating 

nominal stress (MPa, where 1Pa = 1N/mm2) by dividing the force (N) by the initial cross 

sectional area (mm2) and the strain by dividing the extension (mm) by the initial gauge 

length (mm). The Young’s modulus (MPa) was determined from the slope of the stress-

strain curve in the linear region (Ozog et al. 2011, Edwards et al. 2013). This was 

identified as the region immediately following cyclic loading and prior to yielding (Fig. 2). 

Permanent strain (%) was calculated as the percentage increase in sample length following 

cyclic loading (Edwards et al. 2013). Maximum stress (MPa) was derived from the stress-

strain curve and maximum strain (%) was calculated from the corresponding maximum 

strain, derived from the stress-strain curve (Fig. 2). 

 

GraphPad Prism 6 was used for statistical analysis. Results are reported as mean ± SEM 

for each of the three experimental groups. Since the data was not normally distributed 

(D'Agostino & Pearson omnibus normality test), non-parametric analysis using Kruskal – 

Wallis ANOVA and post hoc test for comparisons between the different groups (Tukey’s 
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correction). Differences between the anterior and posterior wall was determined by paired 

t-tests. P values < 0.05 were considered statistically significant.  

 

RESULTS 

Virgin sheep were one year old, while parous and pregnant sheep were 4 to 5 years old and 

had delivered 3 lambs prior to the study. The mean gestational age of the fetus in the 

pregnant sheep was 132 ±8 days. We developed a clinical score for vaginal wall 

distensibility by measuring the maximum displacement under traction as shown in Table 1. 

There was hardly any displacement of the anterior and posterior walls at points 3cm above 

the urethral orifice in virgin and parous sheep. In pregnancy, the mean displacement was 

3.3 cm with traction of both vaginal walls. There was no difference in displacement of the 

cervix with traction in any of the sheep. 

Histologically, the vaginal wall from all groups showed the typical 4 zones from the 

superficial stratified squamous epithelium, dense connective tissue lamina propria, a 

muscularis of smooth muscle cells and connective tissue, to the loose connective adventitia 

(Fig. 3).  The virgin sheep (Fig. 3A, B) had a dense connective tissue with moderate 

uniform cell infiltrates and blood vessels in the lamina propria with densely packed 

collagen (Fig. 3 C, D). The vaginal architecture of the parous sheep was similar to that of 

virgin sheep with respect to epithelial height, vessel density (Fig. 3 E, F), and densely 

packed collagen (Fig. 3 G, H). Pregnant ovine vaginal tissue was strikingly different with 

fewer cells but similar density of blood vessels in the lamina propria (Fig, 3 I, J) and 

markedly less dense tissue and collagen packing in all  layers (Fig. 3 K,L).  

The relative amount of smooth muscle cells (SMC) was quantified by measurement of the 

extent of the muscularis layer from Masson Trichrome-stained sections of each anterior 
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and posterior vaginal tissue from each group. Alpha smooth muscle actin (αSMA) staining 

was used to confirm SMC presence within the muscularis (Fig. 4). There were extensive 

variations in the absolute thickness of the muscularis within and between each group,, due 

to inter subject variation. In most sections, the different zones of lamina propria, 

muscularis and adventitia were not uniform in thickness, so Table 2 shows the mean 

minimum and maximum thickness (µm) from sections from replicate animals. The 

pregnant group showed the highest proportion of muscularis in the vaginal wall (71.1% 

and 76.5%, anterior and posterior, respectively) and was significantly greater (p< 0.05) 

than vaginal tissue from virgin sheep (50.5% and 45.0%, anterior and posterior, 

respectively). Tissue from parous sheep showed the greatest variation in muscularis 

thickness between anterior (65.1%) and posterior (50.7%) location, although these were 

not significant. The muscularis of parous posterior vaginal tissue was also significantly less 

than the posterior vaginal wall of pregnant animals (p< 0.05).  

The percentage of total collagen relative to tissue dry weight in the anterior wall of parous 

sheep was significantly higher than in the anterior walls of virgin and pregnant sheep (p< 

0.001, p< 0.0001), respectively (Fig. 5A). Similarly, the posterior vaginal wall from parous 

sheep had greater total collagen content than tissues from both the virgin and pregnant 

sheep (p< 0.05).  The total collagen content was similar between the anterior and posterior 

vaginal wall for the virgin, parous and pregnant sheep (Fig. 5A). The collagen ratio type 

III/ total collagen type I + III, did not reveal any significant differences between virgin, 

parous or pregnant groups (Fig. 5B) or between the anterior and posterior vaginal walls 

(Fig. 5B).  

 

The ETAP protein content of the parous group was significantly lower in both the anterior 

and posterior vaginal wall compared to that of the virgin (p<0.01, p<0.05, respectively) 
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and pregnant (p<0.0.0001, p<0.01) ovine tissue (Fig. 5C). The ETAP content of the 

anterior vaginal wall of the pregnant sheep was significantly higher than the virgin sheep 

(p< 0.05).The anterior and posterior vaginal wall ETAP content was similar within each of 

the three groups (Fig. 5C).  In addition the distribution of elastin and ETAP is 

demonstrated by a Verhoeff Van Gieson histological stain (Fig. 6).  The staining points out 

that elastin (and ETAP) are really a minor component in these tissues with very low levels 

in the lamina propria and mainly localised in pockets within the deep muscularis.  

The total GAG content of virgin, parous and pregnant ovine vaginal tissues was low 

compared with the other ECM proteins. The virgin sheep showed significantly lower 

values (p<0.05) in the anterior wall compared to the parous sheep (Fig. 5D).  However no 

differences were observed in the posterior vaginal walls between the groups (Fig. 5D). In 

contrast to virgin and parous sheep, pregnant sheep showed significantly less GAG in the 

anterior compared to the posterior vaginal wall.  All ECM quantitation were based on 

%ECM/ µg dry weight of tissue.  The water content remained similar in all groups 

(Supplementary Fig. 1). 

 

The non-linear stress strain curves showed an immediate region of low stiffness, followed 

by a region of higher stiffness in the linear region (Fig. 2); cyclic loading occurred in the 

transitioning region between the low and higher stiffness parts of the curve (Fig. 2). The 

Young’s modulus (Fig. 7A) of the pregnant tissue was smaller than virgin and parous 

tissue types, but results were not significant. Pregnant tissue also had the smallest 

maximum stress (Fig. 7B), which was significantly lower than for the anterior tissue of the 

virgin group (p<0.05). Permanent strain was highest for the pregnant sheep, with 

significantly higher strains compared to the parous and virgin groups for both anterior 

(p<0.05, p<0.01) and posterior (p<0.0001, p<0.01) tissues respectively (Fig. 7C). The 
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virgin posterior tissue had significantly higher permanent strain than the parous tissue 

(p<0.01). Similarly, maximum strain was highest for the posterior tissue of the pregnant 

group compared to the posterior tissues of the parous (p<0.001) and virgin (p<0.05) groups 

(Fig 7D). Significant differences between anterior and posterior tissues were found for 

permanent strain in virgin and pregnant tissues (both p < 0.05), and maximum strain for 

pregnant tissues (p< 0.05), but none were observed for parous tissue for any of the 

biomechanical parameters examined. Tissues studied exhibited the Mullins effect, showing 

an increased strain at the same stress level for subsequent loading cycles.  Although not 

quantified, it was observed that this effect was more pronounced for the pregnant tissue 

than the other tissue types (Fig. 2). 

 

DISCUSSION 

In this study we provide the first comprehensive analysis of normal ovine vaginal tissue 

composition combining histological, biochemical and biomechanical analyses at different 

reproductive stages. We also described the first clinical assessment of vaginal wall and 

cervical displacement with traction. We found that parous sheep had the lowest ETAP and 

highest collagen content relative to tissue dry weight, and that pregnant sheep had the 

highest ETAP content and thickest musculature. Pregnant ovine vagina was the most 

extensible, but weakest tissue, with least dimensional recovery following repetitive 

loading. The parous and pregnant groups were of equivalent parity, indicating that 

pregnancy has the greatest influence on ovine vaginal ECM tissue composition and 

biomechanical properties. In general, there was a trend toward increased stiffness of  

anterior, compared to posterior tissue, reflecting the findings of other studies, in which 

anterior POP and non-POP vaginal tissues were stiffer than their posterior tissue 
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counterparts (Jean-Charles et al. 2010). However, anterior tissue was less extensible and 

more elastic than posterior vaginal tissue.  

A recent review concluded that the clinical data on vaginal tissue composition was 

inconclusive due to the heterogeneity of reported data and  inadequate standardization and 

quantification of the changes (De Landsheere et al. 2013). We showed that the vagina 

predominantly comprises collagen type I which is largely responsible for its tensile 

strength.  Parous vaginal tissue had the highest total collagen content relative to dry tissue 

weight which was associated with a high maximum (breaking) stress.  In contrast, pregnant 

tissue had significantly less collagen, which may be associated with the lower maximum 

stress. We did not find any quantitative differences in the level of collagen type III between 

pregnant, virgin and parous sheep. Ennen et al examined sheep with antepartum prolapses 

and found that mRNA expression for collagen type I was decreased, implying that elevated 

collagen type III may be associated with POP (Ennen et al. 2011).   

Elastin is the other major fibrillar protein found in soft viscoelastic tissues. The ETAP 

content was significantly lower in vaginal tissues from parous sheep. Elastic fibres are 

normally intended to last a lifetime except in reproductive tissue where  high degradation 

and re-synthesis was observed (Abramowitch et al. 2009). The muscles and connective 

tissue of the vaginal wall are responsible for its mechanical integrity and functionality. 

Both the lamina propria and the muscularis contribute to the strength and visco-elasticity 

of the vagina. The changes in the vaginal connective tissue ETAP composition were 

consistent with our mechanical assessment of these tissues. Pregnant vaginal tissue 

contained the highest ETAP and thickest muscularis and associated smooth muscle cell 

content; it was the least stiff (Young’s modulus) and most extensible tissue (maximum 

strain), with an average  four-fold decrease in stiffness and two-fold increase in maximum 

strain, compared to parous sheep of similar parity, and to virgin vaginal tissue. These 
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findings are in agreement with studies in mice (Rahn et al. 2008) and rats (Lowder et al. 

2007) where the supportive perivaginal tissues decreased in stiffness and strength during 

pregnancy and returned to virgin levels four weeks after delivery (Lowder et al. 2007). 

However, another rat study showed increased vaginal distensibility during pregnancy 

compared to virgins, which did not return to virgin levels four weeks postpartum (Alperin 

et al. 2010). We also found a higher level of induced permanent strain following cyclic 

loading in pregnant vaginal tissue, indicating it was the least elastic by this measure and 

the least likely to return to its original dimensions. Previous studies characterizing 

hysteresis by cyclic loading found vaginal tissue visco-hyperelastic (Abramowitch et al. 

2009) and to exhibit the Mullins effect (Diani et al. 2009); with a smaller stress required to 

reach a prescribed strain in subsequent loading cycles. In our study, the Mullins effect was 

more pronounced for pregnant vaginal tissue compared to that from virgin and parous 

ewes. We suggest that such a large elastic deformation permits the passage of the fetus 

through the vagina during delivery as described in other studies.  

An ideal animal model for prolapse research has not yet been established. Rats and rabbits 

are cost effective and available in large numbers (Abramowitch et al. 2009), however, their 

reproductive tract is small and the pelvic musculature is different from humans 

(Abramowitch et al. 2009).  The reproductive tract of sheep is large with similar vaginal 

dimensions as humans, and with similar pelvic organ support by the three primary levels 

although the pelvic musculature differs (Abramowitch et al. 2009). Furthermore, sheep 

experience high internal pressure on the pelvic structures compared to other quadruped 

species due to their ruminant anatomy (Couri et al. 2012). The ovine model may therefore 

be a more suitable preclinical model (Abramowitch et al. 2009, Deprest and Feola 2013) 

for evaluating regenerative medicine approaches for transvaginal surgical treatment of 
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POP. Macaques would be an ideal model, but their prohibitive costs and ethical restrictions 

are much greater than for sheep (Abramowitch et al. 2009). 

In conclusion, our data showed that vaginal tissue is dynamic, undergoing profound 

changes in connective tissue composition that influence the biomechanical behavior, 

particularly during pregnancy. We speculate that varying degrees of vaginal tissue 

recovery might explain why some females develop POP and others do not.  
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Table 1 Measurements of vaginal wall and cervical maximum displacement under traction  

 Virgin Parous Pregnant p- value 

Ba 0.8 ± 0.3 1 ± 0.4 3.3 ±1 < 0.05* 

Bp 0.8 ± 0.3 1 ± 0.4 3.2 ± 0.8 < 0.05* 

C 1.5 ± 0.9 1.5 ± 0.6 1.6 ± 0.8 ns 

Data are reported as mean ± SEM in cm for n=3 virgin and n=6 each for parous and 

pregnant ewes. * compared between virgin versus pregnant and parous versus pregnant. 

Ba, reference point 3 cm proximal of the external urethral meatus of the anterior wall. Bp, 

reference point on the posterior wall opposite Ba. C, Cervix. Ns, not significant. 

 

 

 

Table 2. Measurements of the muscularis thickness in virgin, parous and pregnant sheep. 

Tissue  Muscularis thickness, (µm ± SEM)  Total muscularis  
(% of total wall 
thickness1 ± SEM ) 

  Min2 Max2  

Virgin Anterior 1359 ± 144  1970 ± 149 50.5 ± 6.2* 

 Posterior 1037 ± 271 2201 ± 439 45.0 ± 9.3** 

Parous Anterior 2047 ± 356 3325 ± 598 65.1 ± 8.1 

 Posterior 1537 ± 311 2747 ± 146 50.7 ± 6.9** 

Pregnant Anterior 1983 ± 377 2440 ± 486 71.1 ± 5.9* 

 Posterior 2436 ± 193 3428 ± 596 76.5 ± 5.5** 

1 Total thickness was measured from the surface, including the epithelium, to the serosal 
border. 

2 numerous measurements (>20) were taken to establish minimum and maximum values 
for each slide. 

p < 0.05 (*pregnant anterior compared to virgin anterior; **pregnant posterior compared to 
virgin posterior and to parous posterior) 
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FIGURE LEGENDS 

Figure 1. Schematic showing dissection of ovine vaginal tissue for 1 biomechanical 

testing, 2 histology, 3 biochemical analysis. 

  

 

 

 

 

 

 

Figure 2. Typical stress-strain curves for parous, virgin and pregnant ovine vaginal tissue, 

indicating maximum stress and strain, Young’s modulus, and permanent strain for the 

virgin tissue curve. 
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Figure 3. Histological structure of ovine vaginal wall. H+E and Masson stained sections 

showing the anterior and posterior vaginal walls of virgin (A-D), parous (E-H) and 

pregnant sheep (I-L). * indicates blood vessels. In image E arrows indicate the 3 vaginal 

layers. Scale bar for H+E sections 100 µm, for Masson sections 250 µm. 
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Figure 4. αSMA immunohistochemical staining of ovine vaginal wall. A. virgin, B. 

parous, C. pregnant ovine vaginal tissue. Dotted lines indicate the muscularis layer. Scale 

bar 200 µm. 
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Figure 5.  Biochemical analysis of the ECM content of the vaginal wall of virgin, parous 

and pregnant sheep. A. % total collagen per dry weight assessed by hydroxyproline assay 

in the anterior (black bars) and posterior (grey bars) vaginal wall. B. % collagen III/ (I+III) 

analysed by SDS-PAGE. C. % Elastin per dry weight by Amino Acid Analysis. D. % GAG 

per dry weight by DMMB assay. Data is presented as mean (±SEM), n=6/ group for parous 

and pregnant and n = 3 for virgin ewes. * p< 0.05,*** p< 0.001, **** p< 0.0001. 
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Figure 6.  Verhoeff- Van Gieson staining for elastic fibres (black) on virgin (anterior), 

parous (posterior) and pregnant (posterior) vaginal tissues. The white arrows on the full 

thickness images A, D, G denote the region where the higher magnification images were 

taken in the lamina propria (B, E, H) and deep muscularis (C, F, I).  The green arrows 

indicate regions of elastic fibres.  Scale bars 500 µm (full thickness images) and 50 µm 

(high magnification images). 
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Figure 7. Biomechanical properties of ovine vaginal wall. A. Young’s modulus (MPa) B. 

Maximum stress (MPa). C. Permanent strain (%). D. Maximum strain (%) in virgin, parous 

and pregnant ewes in the anterior (black bars) and posterior (grey bars) vaginal wall, 

calculated as described in Figure 2. Data is presented as mean (±SEM), n=2-7 

replicates/group. * p< 0.05,**p<0.01, *** p< 0.001, **** p< 0.0001.  

 

Supplementary Figure 1. Wet weight of virgin, parous and pregnant sheep, anterior 

(black bars) and posterior (grey bars) vaginal wall. Data is presented as mean (±SEM), 

n=6/ group for parous and pregnant and n = 3 for virgin ewes. 
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CHAPTER 6 

Comparison of ovine and human vaginal tissue composition and 

properties 

In chapter 5 I demonstrated that there are complex differences in ovine vaginal tissue 

dependent on the different reproductive stages in terms of collagen, GAG and elastin 

composition as well as in the biomechanical properties with pregnancy having the greatest 

effect on tissue composition and biomechanical properties. 

To establish a reliable preclinical model we wanted to compare ovine and human vaginal 

tissue. We further wanted to determine whether there are regional differences in the 

vaginal wall. In humans, vaginal tissue collection in young, healthy women without POP 

is unethical. We therefore decided to set up a postmenopausal sheep model as a surrogate 

matched control group to postmenopausal women. 

For this chapter I established a model of postmenopausal sheep by removing the ovaries in 

a surgical setting and leaving the sheep for 3 months. I thank Dr. Vincent Letouzey for his 

intellectual input and help with the study design. My thank also goes to Dr. Jan Deprest 

and Graham Jenkins for their advice.  

I performed a comprehensive analysis of vaginal tissue in ovine and human tissue using 

the same techniques as described in chapter 5 with similar contributions of the co-authors. 
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Ovine and human vaginal tissues show comparable biochemical composition suggesting 

that sheep are a suitable animal model for preclinical prolapse research. 
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ABSTRACT 

Objective 

There are increasing numbers of reports describing human vaginal tissue composition in 

women with and without pelvic organ prolapse with conflicting results. The aim of this 

study was to compare ovine and human posterior vaginal tissue in terms of histological and 

biochemical tissue composition and to assess passive biomechanical properties of ovine 

vagina to establish a suitable animal model for pelvic organ prolapse research. 

Study design 

Vaginal tissue was collected from ovariectomised sheep (n=6) and from postmenopausal 

women (n=7) from the proximal, middle and distal thirds. Tissue histology was analysed 

using Masson’s Trichrome staining; total collagen was quantified by hydroxyproline 

assays, collagen III/I+III ratios by delayed reduction SDS PAGE, glycosaminoglycans by 

dimethylmethylene blue assay, and elastic tissue associated proteins (ETAP) by amino acid 

analysis. Young’s modulus, maximum stress/strain, and permanent strain following cyclic 

loading were determined in ovine vagina.  

Results 

Both sheep and human vaginal tissue showed comparable tissue composition. Ovine 

vaginal tissue showed significantly higher total collagen and glycosaminoglycan values 

(p< 0.05) nearest the cervix. No significant differences were found along the length of the 

human vagina for collagen, GAG or ETAP content. The proximal region was the stiffest 

(Young’s modulus, p<0.05), strongest (maximum stress, p<0.05) compared to distal 

region, and most elastic (permanent strain). 

Conclusion 

Sheep tissue composition and mechanical properties showed regional differences along the 

postmenopausal vaginal wall not apparent in human vagina, although the absolute content 

of proteins was similar. Ovariectomised sheep may be a suitable preclinical model for POP 

surgery. 

Key Words 

Extracellular matrix, human vagina, mechanical properties, pelvic organ prolapse, ovine 

vagina 
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MAIN TEXT 

INTRODUCTION 

Pelvic organ prolapse (POP), the herniation of the pelvic organs into the vagina, 

affects up to 25% of all women (Nygaard et al. 2008). POP predominantly results from 

vaginal childbirth injury and is exacerbated by ageing, obesity and other factors. However, 

due to multifactorial reasons the exact aetiology is unclear since young or nulliparous 

healthy women also develop POP, although at much lower frequency than parous women 

(Gyhagen et al. 2013). 

The pelvic organs are supported at three different levels by the pelvic floor 

muscles, the cardinal and uterosacral ligaments and the dense fibromuscular connective 

tissue of the vaginal wall, termed the endopelvic fascia (Delancey 1992). The connective 

tissue of the endopelvic fascia is derived from resident fibroblasts. The main proteins of 

the extracellular matrix (ECM) are collagen and elastin (Gerhard Meisenberg 2006). The 

muscularis mainly comprises smooth muscle cells, and along with ECM, is a dynamic 

structure that undergoes changes in response to the environment. Together collagen type I 

and III, elastin and smooth muscle cells are mostly responsible for the biomechanical 

properties of the tissue. 

Sheep may be a suitable model for preclinical studies to perform POP research 

(Abramowitch et al. 2009, Couri et al. 2012); sheep have a similar sized pelvic region, 

large fetal head-maternal pelvis ratio and spontaneously develop POP pre- and postpartum. 

There are an increasing number of reports on the composition of sheep and human vaginal 

tissue; however, most studies only perform one type of analysis or do not describe the 

exact location. It is therefore difficult to accurately compare the results and draw 

conclusions (Ennen et al. 2011, Gabriel et al. 2011). To date, no study has compared 

human and ovine tissue to justify sheep as a suitable model for basic scientific research in 

the field of urogynaecology. Regional differences have been observed in the vaginal tissue 

of rats (Skoczylas et al. 2013) where the contractility and gross anatomy varied along the 

vagina. Prolapse repair with synthetic meshes is often associated with severe side effects 

like pain, infection or erosion. It is necessary to define the tissue at different parts of the 

vagina to understand prolapse repair and to introduce a large animal model for future 

preclinical studies. The aim of this study was to assess the variation of histoarchitectural, 
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ECM and biomechanical properties along the length of the vagina of postmenopausal ovine 

vagina and to compare these findings to human tissue from postmenopausal women.  

 

MATERIALS AND METHODS 

ANIMALS 

The experimental procedures and sheep husbandry were approved by the Monash 

Medical Centre Animal Ethics Committee A. Border Leicester Merino sheep were housed 

in the Monash Animal Service facilities in compliance with the National Health and 

Medical Research guidelines for the care and use of laboratory animals.  

Vaginal tissue was harvested from 6 postmenopausal sheep that had delivered 3 

lambs vaginally with the last lamb being delivered at least 12 months prior. A 

postmenopausal model was achieved by surgical removal of the ovaries. The animals were 

sedated with Medetomidine; anaesthesia was induced with Pentobarbitone sodium 

followed by isoflurane inhalation with ventilation (1.5-2.5%) in 100% O2. Antibiotics 

(Amoxicillin 1g) were administered. The sheep were placed in dorsal recumbency and the 

wool shaved on the abdomen followed by skin prepping using Chlorhexidine, 70% alcohol 

and Betadine. A fentanyl patch was applied to secure pain relief. A 10 cm lower abdominal 

midline incision was performed and the ovaries removed. The abdominal fascia and 

subcutis were closed continuously, respectively, with 3/0 Vicryl followed by local 

anaesthetic (Bupivacaine, 5 ml) infiltration under the skin. 16 weeks after ovariectomy, 

animals were humanely euthanized by intravenous administration of Pentobarbitone 

sodium (150mg/kg). A measure of maximum displacement of the vaginal wall was 

performed on the posterior vaginal wall 3 cm above the muco-cutaneous junction zone 

corresponding to point Bp of the POP-Q and by traction on the cervix (Bump et al. 1996). 

The complete vaginal tract was removed from the 6 sheep immediately after euthanization; 

full vaginal thickness tissue was collected in a longitudinal manner from the posterior 

vaginal wall starting at the muco-cutaneous junction zone to the cervix. Tissue for 

biochemical, histological and biomechanical analysis was obtained at 20% (p20), 50% 

(p50) and 80% (p80) of the posterior vagina with p20 representing the distal third close to 

the hymen and p80 the proximal third close to the cervix (Fig. 1). 
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HUMANS 

Human tissue collection was approved by the Monash Health Human Research 

Ethics committee B. All women gave written informed consent. A thorough clinical history 

and pre-operative POP-Q parameters were obtained. Vaginal tissue was obtained from 7 

women undergoing vaginal pelvic organ prolapse reconstructive surgery. Redundant 

vaginal tissue was excised from the midline and obtained at 20, 50, and 80% (at point of 

excision, Fig.1) of the vagina in a similar manner to the sheep tissue acquisition for 

histology and biochemical analysis. 

 

HISTOLOGY 

The explanted tissue was processed and stained with Masson’s Trichrome to 

measure the percentage muscularis in each zone; p20, p50 and p80. Sections were viewed 

at X2 magnification and an area of muscularis was outlined in relation to the total area of 

the full vaginal wall thickness. Vaginal wall area was measured in µm2 from the epithelial 

to the adventitial margin using NIS-elements RA3.2 software. 

The tissue was also stained with alpha smooth muscle actin (αSMA). Sections 

underwent dewaxing, rehydrating and antigen retrieval in citric acid buffer as described 

(Ulrich et al. 2013). Endogenous peroxidase was quenched followed by Protein block 

(Dako®, Denmark). The primary antibody (1:400, Dako) was incubated for 1 hour, isotype 

control was applied at the same concentration (IgG2a, Dako). Secondary antibody (Mouse 

Envision Kit with HRP, Dako) was applied (Ulrich et al. 2012), colour was developed with 

3,3'-Diaminobenzidine (DAB). 

 

BIOCHEMICAL ANALYSIS 

Collagen content was measured by a hydroxyproline (Hyp) assay using 5×5 mm 

frozen tissue pieces. These were weighed, lyophilized for 4 hours, then digested with 1 ml 

papain (0.5 mg/ml in 0.1 M Na2HPO4, 5 mM EDTA, 5 mM Cysteine. HCl, pH 7.4) for 16 

hours; supernatant was collected and total collagen content determined by hydrolysing in 

6N HCl at 115oC for 4 hours followed by desiccation overnight (Woessner 1961). After 

reaction with 0.05 mol/L chloramine-T (Sigma) and 10% (w/v in 2-methoxyethanol) ρ-

dimethylaminobenzaldehyde (Sigma), Hyp was measured spectrophotometrically at 560 
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nm using a standard curve (L-Hyp standards (0-10 µg/mL) (Sigma)) and total collagen 

calculated using a Hyp to collagen ratio of 0.143:1 (Woessner 1961). 

The collagen type III/type I ratio was determined using a SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) using delayed reduction (Sykes et al. 1976) as described 

(Ulrich et al. 2013). Frozen tissue was thawed to room temperature, and 5 x 5 mm pieces 

were digested for 4 h in pepsin (Sigma) (0.5 mg/ml in 100 mM acetic acid, pH 2.5) at 4°C. 

Samples were electrophoresed for 1 h at 130 V. 5% v/v 2-mercaptoethanol (Sigma) was 

added to each well for 1 h; electrophoresis was then continued for 3 h at 130 V at 4°C. 

Gels were stained with Coomassie Blue R-250 solution, destained in 20% ethanol and 5% 

acetic acid. Images were taken using FujiFilm LAS-3000 software. The percentage of 

collagen III in each tissue was calculated from peak sizes using:  Percentage type III 

collagen = Area α1(III)x 1.12 x100/[Area α1(III)x 1.12]+ Area α1[I] (Chan D 1984); the 

calibration factor 1.12 corrects for the colour yield from equal weights of the two collagen 

types (Chan D 1984). 

The insoluble precipitate from the above papain-digested, centrifuged sample was 

used for indirect elastic tissue associated proteins (ETAP) analysis. This sample contains 

remaining insoluble collagen and ETAP (primarily elastin but also includes insoluble 

elastic-associated proteins fibulin, fibrillin and latent TGF binding protein) and was rinsed 

in PBS and distilled water. After freezing and lyophilization for 4 hours, the residual tissue 

was weighed (Wres), and sent to Australian Proteome Analysis Facility for amino acid 

analysis. The weight of insoluble collagen in the residual tissue (Wres-col) was calculated 

based on its corresponding Hyp amino acid amount. The percentage of ETAP in the tissue 

samples was calculated using: ETAP %=[(Wres-Wres-col)/Wdry]  × 100.  

Glycosaminoglycans (GAG) were measured by dimethylmethylene blue (DMMB) 

assay (Chandrasekhar et al. 1987) using the same sample preparation as for collagen 

measurement. The GAG concentration in papain treated tissue digests was determined 

spectrophotometrically at 525 nm; Chondroitin sulfate C from shark cartilage (Sigma) was 

used as the standard (0-0.5 mg/mL). 

 

MECHANICAL TESTING 

The tissue was stored at -20°C until testing, thawed overnight at 4°C and tested 

within 24 hours of defrosting. Freezing and thawing allows a more reliable assessment as 
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specimens are tested under the same condition (Rubod et al. 2007). Vaginal tissue was 

dissected from sheep (n=4-6) in the p20, p50, and p80 regions. Dogbone shaped samples 

(n=1 replicate/region), central width and total length, 4 and 34 mm, respectively, were 

punched from the sheep tissue in the longitudinal axis and kept moist using PBS. 

Sample thickness was measured at 3 positions using digital callipers for calculation 

of the initial cross sectional area. Uniaxial tensiometry was performed using an Instron® 

Tensile Tester (5567®Instron Corp, USA) and a 5 kN load cell. Samples were secured in 

pneumatic serrated jaws to prevent slippage and were set to a gauge length of 14 mm. 

Samples were preloaded at 10 mm/min to 100 mN and cyclically loaded from 0 to 1 N, 0 

to 2 N, and 0 to 3 N, for 5 cycles each, at 20 mm/min and then extended to break (Rubod et 

al. 2007, Rubod et al. 2008, Jean-Charles et al. 2010, Rubod et al. 2012). Loading values 

were chosen to avoid damage to ovine tissue. 

Stress-strain curves were plotted from the generated force and elongation data. 

Nominal stress (MPa, 1Pa = 1N/mm2) was calculated by dividing the force (N) by the 

initial cross sectional area (mm2) and strain by dividing the extension (mm) by the initial 

gauge length (mm). Young’s modulus (MPa) was determined from the slope of the stress-

strain curve in the linear region, immediately following cyclic loading and prior to yielding 

(Fig. 2). Permanent strain was calculated as the percentage increase in sample length 

following cyclic loading (Fig. 2). Maximum stress (MPa) was derived from the stress-

strain curve and maximum strain (%) was calculated from the corresponding maximum 

strain, derived from the stress-strain curve (Fig. 2). 

 

STATISTICS 

GraphPad Prism 6 was used for statistical analysis of the biochemical data, and R 

software (open source) for the biomechanical data. Results are reported as mean ±SEM for 

each experimental group. Two way ANOVA and post hoc test (Tukey’s correction) were 

used for comparisons of biochemical and muscularis data between regions and between 

species, and for analysis of biomechanical data comparing sheep and region. Kolmogorov-

Smirnov tests showed the normality required for each ANOVA was satisfied. P values < 

0.05 were considered statistically significant. Based on the total collagen as the primary 

outcome of interest with a power of 80% and an alpha level of 0.05, it was estimated that 6 
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subjects were necessary in each group (p20, p50, and p80) to detect a difference of 15% in 

the total amount.  

 

RESULTS 

All sheep were 4-5 years old and had delivered 3 lambs. The point corresponding to 

Bp could be moved to -1±0.1 cm, the cervix 1.5±0.3 cm indicating no significant prolapse 

in sheep. 

The women’s (n=7) mean age was 71 ± 8 years, median parity was 2 (1-4); mean 

time since menopause was 17 ± 8 years. The human vaginal tissue showed stage 2 to 3 

pelvic organ prolapse (Ba: 0.2 ±2.5, Bp: 0.0 ±1.8, C: -0.8 ±4.7).  

Both ovine and human vaginal tissue showed the typical 4 vaginal wall zones of 

epithelium, lamina propria, muscularis and adventitia at the 3 regions examined (Fig 3A-

C). Masson’s Trichrome (Fig. 3 A-C) and αSMC immune-staining (Fig. 3 D-F) 

demonstrated the extent of muscularis in each full thickness vaginal tissue section for the 3 

regions along the vaginal length (Fig 1), with no significant difference in percent of 

muscularis between the anatomical regions from p20 to p80 in either human or ovine 

vaginal walls. In sheep, the percent muscularis varied from 39.7±4.2% at p20 to 

45.6±5.8% (n=6) at p80; in human samples, from 44.4±4.8% at p20 to 41.5±5.8% (n=7) at 

p80 (Fig. 3G, H) with no significant difference between the two species for the 3 regions.  

The total collagen content was significantly higher (p<0.01) in the proximal region 

(p80) of ovine vagina compared to the distal (p20) and middle (p50) (p<0.05) regions (Fig. 

4A). This difference was not observed in the human vagina; however the average total 

collagen content was comparable between the ovine and human regions of the vagina (Fig. 

4A). Collagen type III, as measured by the collagen III/III+I percentage was 29±4.5% at 

p20, and 21±5.5% at p80 in the ovine vagina (Fig. 4B). There was no such trend in the 

human samples with all regions showing comparable levels of collagen type III, around 

40% (Fig. 4B), which was significantly higher at p50 and p80 compared to ovine tissue (p< 

0.05, and p< 0.01), respectively. 

Similarly, no significant difference in total ETAP content was found along the 

ovine and human vagina (Fig. 4C). ETAP content was comparable between ovine and 

human tissue, approximating 15%. 
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In ovine vagina the GAG content was significantly higher (p<0.01) in the 

p80compared to the p20 region (Fig. 4D). In the human samples, there were no regional 

differences. In both ovine and human tissue samples, the % GAG content was not 

significantly different at p50 and p80 but at p20 GAG was significantly higher in human 

compared to sheep (p< 0.01), but in both very low levels between 0.5 to 1.2% were 

observed.  

Due to small human sample sizes, biomechanical analysis was only possible for the 

ovine tissue. Young’s modulus was highest in the p80 region indicating the proximal third 

of the vagina is the stiffest following cyclic loading (p<0.05) compared to p20 and p50 

regions, which were of similar stiffness (Fig. 5A). Maximum stress (strength) was also 

highest in the proximal region, with significant differences between p20 and p80 regions 

(p<0.05) (Fig. 5B). Permanent strain, an indicator of tissue elasticity, did not show 

statistical differences along the vaginal length, however a trend of increasing elasticity was 

observed, with the proximal region being the most elastic (Fig. 5C). Maximum strain 

(extensibility) produced a similar non-significant trend, with the proximal region being the 

least extensible (Fig. 5D). 

 

DISCUSSION 

In this study we performed a detailed comparative analysis of the histological, 

biochemical and biomechanical properties (ovine only) along the postmenopausal ovine 

and human posterior vaginal walls. We found significant differences between sheep and 

human vaginal tissues for collagen ratio and GAG, whereas there were no differences for 

total collagen and ETAP between the species at any of the vaginal regions suggesting the 

sheep to be a suitable animal model for POP research. 

Several of the major ECM components were highest in the proximal region of the 

ovine vagina, particularly total collagen and GAG, although ETAP and collagen ratio did 

not differ significantly. In human tissue there were no significant differences along the 

vaginal wall for collagen, GAG or ETAP content. The p80 point in humans may 

sometimes have been 70-75% of the vaginal length, which may contribute to the lack of 

differences between the regions. 

The vaginal wall consists of four layers, of which its major components have been 

quantified in several studies, however, it is difficult to compare existing studies given the 
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range of techniques used; histology, immunohistochemistry and biomechanical analyses, 

and that the exact origin of the tissue is often not stated (De Landsheere et al. 2013). Many 

studies have relied on immunohistochemistry, which can only be regarded as semi-

quantitative. In this study for the first time we undertook quantitative biochemical assays to 

accurately measure the major ECM proteins of vaginal tissue. We combined this 

quantitative biochemical analysis with histomorphometry to provide a comprehensive 

analysis of both ovine and human vagina. In ovine vagina we further compared this with 

biomechanical analyses.   

Previous studies showed conflicting results in terms of human vaginal wall 

collagen content; some found no differences between women with or without POP 

(Kannan et al. 2011), whereas others found a higher collagen content in women with POP 

(Moalli et al. 2005). Prolapse predominantly occurs in postmenopausal women and tissue 

analyses is often available for this reproductive status (De Landsheere et al. 2013). Our 

study has not included women without POP and neither has it compared with 

premenopausal controls, which are limitations. Collagen type I was the major ECM protein 

in a previous study (Ulrich et al. 2014) and in ovine and human vaginal tissue in this study, 

in contrast to others which showed collagen III as the dominant protein using 

immunoquantification (Moalli et al. 2005). Our quantitative biochemical analysis of ovine 

vaginal tissue indicated that total collagen was highest in the proximal region, which was 

associated with the highest maximum stress and Young’s modulus, suggesting that the 

vaginal apex is the strongest and stiffest region, likely due to Collagen type I, known for 

conferring tissue strength (Ramshaw et al. 2009).  

Elastin is a major fibrillar protein of viscoelastic tissues (Woessner and Brewer 

1963). ETAP, mainly elastin but also fibulin, fibrillins and latent TGF binding proteins, 

showed a trend towards higher values in the proximal ovine vagina, which was also the 

most elastic biomechanically (least permanent strain) compared to the distal regions. 

Higher ETAP contents were also found in women with POP compared with controls (Zong 

et al. 2010), whereas no differences were found in another study (Kannan et al. 2011). 

The regional differences in biomechanical and biochemical properties observed 

along the length of the vagina could have developed through different forces experienced 

during previous deliveries. Our results in sheep are in line with a study in rats which 

showed significant regional differences of vaginal wall contractility (Skoczylas et al. 
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2013). We restricted our testing to the posterior vaginal wall tissue due to the different 

anatomical location of the urethral orifice between sheep and humans.  

The sheep used in this study did not have significant prolapse in contrast to the 

women, however were comparable to the human study subjects in terms of parity and 

reproductive stage of life. Sheep have been recognized as a relatively suitable animal 

model for POP research (Abramowitch et al. 2009, Couri et al. 2012) due to similarities in 

the labour process, head- pelvis ratio and spontaneously develop POP. For the first time, 

we have directly compared the ECM composition with mechanical data.  

Although the tissue composition varied along the vaginal length more in sheep, the 

similarity in content for most components between sheep and women suggest that sheep 

can serve as a good model of POP research.  
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FIGURE LEGENDS  

Figure 1. Schematic showing dissection of ovine posterior vaginal wall. Specimen 1 was 

used for mechanical analysis, specimen 2 for biochemical analysis and, specimen 3 for 

histological analysis. Each was obtained at 20% (p20), 50% (p50) and 80% (p80) of total 

vaginal length. 
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Figure 2. Typical nominal stress strain curves for a model of postmenopausal ovine tissue 

(ovariectomised parous ewes), indicating maximum stress and strain, Young’s modulus, 

and permanent strain for the p80 curve.  
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Figure 3. Masson staining of postmenopausal ovine vaginal wall at A. p20, B. p50, C. p80. 
D shows % muscularis in sheep in p20 (white bars), p50 (grey bars) and p80 (black bars). 
E. p20, F. p50, G. p80 images of human vaginal wall with αSMA staining.  H shows % 
muscularis in humans in p20 (white bars), p50 (grey bars) and p80 (black bars).Data are 
presented as mean (±SEM), n=6/ group each for sheep and for human. Scale bar is 250 µm. 



154 
 

 

Figure 4. Biochemical analysis of the ECM content of postmenopausal ovine and human 

vaginal wall in relation to p20 (white bars), p50 (grey bars) and -p80 (black bars) location. 

A and B..  % total collagen per dry weight assessed by hydroxyproline assay in ovine and 

human vaginal tissue, respectively;  C and D. % collagen III/ (I+III) quantified by 

interrupted SDS-PAGE in ovine and human vaginal tissue, respectively;  E and F. % ETAP 

per dry weight by amino acid analysis in sheep and human vaginal wall, respectively; G 

and H. .% GAG per dry weight assessed by DMMB assay in ovine and human vagina, 

respectively. Data are presented as mean (±SEM), n=6/ group each for sheep and 

human.** p< 0.01. 
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Figure 5. Biomechanical evaluation of vaginal tissues from ovariectomised 

(postmenopausal) parous sheep in relation to p20 (white bars), p50 (grey bars) and p80 

(black bars) location. A. Young’s modulus (MPa). B. Maximum stress (MPa). C. 

Permanent strain (%). D. Maximum strain (%). Data is presented as mean (±SEM), n=4-6/ 

group. 
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CHAPTER 7 

DISCUSSION 

This thesis aimed to develop a cell based therapy for POP repair using a TE approach. The 

TE constructs comprised new meshes and a novel source of MSC recently identified and 

characterised in the human endometrium (eMSC) (Gargett et al. 2009). We developed both 

small and large animal models for the preclinical testing of the newly designed meshes 

and tissue engineered constructs. Since a single marker had been identified for obtaining 

the eMSC population (Masuda 2012), magnetic bead-purified eMSC were used to 

generate the TE constructs.  MSC are known to have anti-inflammatory and 

immunomodulatory properties (Uccelli et al. 2008, Gargett et al. 2012) and these 

properties are probably greater in a pure population compared to a non-purified stromal 

cell fraction and therefore more likely to influence the tissue response to the mesh 

component of the TE construct.  

Chapter 2 describes the evaluation of the in vivo biocompatibility of the newly designed 

meshes in a rat abdominal hernia model (Ulrich et al. 2012). PA, PA+G and PEEK meshes 

showed complex differences compared to the commercially available PP meshes and to 

the control group. PA and PA+G meshes generated a milder inflammatory response 

compared to PP, and PA+G stimulated the highest collagen deposition. PA and PEEK 

meshes induced the most vascularisation. We were able to establish objective measures of 

tissue inflammation using image analysis whereas previous studies relied on subjective 

scoring. Therefore we were able to tease out more subtle differences that have not been 

possible on previous subjective analyses, thus setting new parameters for future studies in 

the field. Chronic inflammation is a key factor in mesh surgery as many of the side effects 

result from a strong ongoing foreign body reaction. Vascularisation is also important for 

good mesh biocompatibility to ensure neo tissue is well supported with oxygen and 

nutrients. In summary it appeared that the PA+G mesh was superior to the other meshes 

with respect to inflammation, collagen deposition and vascularisation, which was the 

reason for choosing the PA+G mesh for assessing the effect of eMSC on mesh 

biocompatibility in chapter 4. 
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Many women with POP are postmenopausal and if autologous eMSC are to be used in the 

TE constructs for POP surgery, it is important that sufficient endometrium is available for 

biopsy procurement of their eMSC and to confirm that the harvested cells do indeed have 

MSC properties. Chapter 3 describes the effect of oral estrogen on the endometrium in 

postmenopausal women using image analysis techniques. Postmenopausal endometrium is 

thin and atrophic, but has capacity to regenerate under the influence of increased 

circulating estrogen given as oral estrogen therapy. Both the estrogen-treated and untreated 

postmenopausal eMSC possessed the key MSC surface phenotype and differentiation 

capacity similar to premenopausal eMSC. They expressed the W5C5 marker used for 

prospective isolation and could be obtained in a similar manner as premenopausal MSC. 

Since endometrium is an easily obtainable source of MSC, the identification of eMSC in 

postmenopausal women is of great interest. Even though the endometrium is atrophic due 

to the lack of circulating estrogen during menopause, we showed that eMSC resided in the 

residual “basalis-like” layer (Nguyen et al. 2012) and can still be collected by a curettage 

for autologous cell-based therapies. Procurement is facilitated by short term estrogen 

supplementation if not contraindications This population of eMSC may be responsible for 

the ability of postmenopausal endometrium to regenerate in response to estrogen only 

hormone therapy, particularly the stromal vascular components. In a recent gene array 

study, the human premenopausal eMSC subpopulation highly expressed  genes and cell 

signalling  pathways regulating proteolysis, cell motility, haemostasis, vasoconstriction 

and wound healing suggesting their involvement in tissue repair (Spitzer et al. 2012). It is 

speculated that these gene pathways are involved in regenerating postmenopausal 

endometrium. BmMSC are known to drop in numbers and activity during an individual’s 

lifespan (Haynesworth et al. 1993), however the exact mechanisms that influence adult 

stem cell aging and cell aging in general are not fully understood  (Signer and Morrison 

2013). Future studies are needed to compare the properties of young (premenopausal) 

versus old (postmenopausal) eMSC in vitro and in vivo. In summary, this study identified 

that postmenopausal eMSC are a readily available source of MSC for tissue engineering 

purposes that can be obtained in adequate numbers by a biopsy after short-term oral 

estrogen therapy. Long term estrogen replacement therapy can be associated with side 

effects that have not been shown for a short term therapy, however careful consideration 

regarding patient’s history has to be taken in case of estrogen contraindications. 
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TE has become popular during the last decade since the discovery of human embryonic 

stem cells and their potential promise in regenerative medicine applications ranging from 

tracheal, bladder or vaginal replacement (Dorin et al. 2011, Raya-Rivera et al. 2011, Elliott 

et al. 2012). Adult stem cells have also been discovered in many tissues and pose a 

popular cell type for TE applications. Most attempts at using TE for the lower urinary tract 

are still in the experimental stage and clinical trials are needed  before taking untried 

treatments into the clinic, despite the pressure from patient groups (Sumino and Mimata 

2013). It is therefore likely that it might take time for established protocols to be 

developed for POP repair. At the start of this thesis no attempts using TE for prolapse 

repair had been published, however rapid progress is being made on all fronts with TE 

combining all sorts of materials and cells. In this thesis, a proof of principle model for a 

non-degradable mesh and eMSC tissue engineering construct was developed for use in a 

preclinical model of POP. The rat fascial wound model is generally well accepted for 

baseline and proof-of-principle studies although it is not ideal to study the physiology of 

POP. Mesh implantation in the vagina of nude rats prohibits the use of adequately sized 

mesh pieces to perform a comprehensive set of informative analyses. While the abdominal 

hernia model provides pressure from the abdominal organs the aim of chapter 4 was to 

evaluate the sole effect of eMSC on mesh integration. Therefore the wound repair model 

was developed. The objective image analysis and biochemical measurements allowed us to 

obtain comprehensive, more quantitative and reproducible data, setting a benchmark for 

future studies.  

Recently in vitro attempts have been made to examine oral fibroblasts and adipose- 

derived MSC for their tissue engineering potential to treat urogenital disorders when 

seeded on degradable poly lactic acid (PLA)-based scaffolds (Roman et al. 2013). Both 

cell types showed similar effects on collagen production and an increase in biomechanical 

properties. Just recently PLA has been suggested as an alternate option for POP repair 

models in animal studies.  At the start of the thesis, prior to the second FDA warning on 

the use of synthetic mesh for vaginal surgery, the long term success of non-degradable 

materials in humans was promising (Maher et al. 2010). In particular we decided to 

fabricate new non-degradable meshes more closely matching the biomechanical properties 

of human vaginal tissue to ensure that future TE constructs would continue to support 

prolapsed tissues and regenerate new tissue or improve the biocompatibility of non-

degradable mesh. A key issue with the use of degradable meshes is the large and 
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unpredictable variation in degradation rate between subjects, making design of such mesh 

for the general population of women very difficult.  In our setting, we performed an in vivo 

experiment and the eMSC improved the biocompatibility of the mesh by increasing early 

neovascularisation, promoting wound healing, decreasing long term inflammation and 

changing the mechanical properties to increased compliance (Ulrich et al. 2013). In this 

setting there was no difference in the amount of collagen produced during the healing 

phase, and although differences in its quality was shown in the birefringence data, clinical 

conclusions cannot be fully drawn due to the lack of similar forces experienced on 

vaginally placed  mesh in the dorsum of the rats. The next step will be to test this TE 

construct in a preclinical large animal model of vaginal surgery to address this issue, i.e. 

the sheep. Preliminary data from my colleagues show that eMSC are available in sheep 

uterus and can be used in an autologous setting for a TE construct for analysis in sheep 

vagina. Since there is increasing evidence that autologous cell use is superior to 

heterologous the conclusions drawn from this study need to be re-evaluated in an 

autologous model as a proof of principle, i.e. the sheep. Furthermore the 

immunomodulatory and anti inflammatory properties and the mechanisms by which 

eMSC improve mesh biocompatibility need to be investigated.  

To develop a reliable animal model for preclinical research it is necessary to define 

baseline parameters. Chapter 5 provides a comprehensive analysis of ovine vaginal tissue 

at different reproductive stages to define baseline data for a large animal model of POP 

vaginal surgery. This study provides the first data that includes several analytical 

techniques relevant to POP and compares the results between different stages of 

reproductive life. This data can serve as a basis to plan preclinical studies in this large 

animal model to test alternative biomaterials and other cell types for their efficacy in POP 

repair surgery. It may also assist in the development of a model for investigating the 

aetiology and progression of POP. We found that pregnancy has a major influence on the 

composition of the ECM and the mechanical properties of vaginal tissue. Interestingly 

most alterations to the chemical composition and biomechanical behaviour of the ovine 

vagina normalise to pre-pregnancy values in some but not all parous sheep, which might 

explain why some individuals develop POP and others with a similar history do not. 

However, longitudinal, non invasive studies using technologies that do not destroy the 

tissue are required to confirm this finding.  
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To link preclinical and clinical studies, in the last chapter a comparison between sheep and 

human vaginal tissue was attempted in postmenopausal individuals. A postmenopausal 

ovine model was developed by performing ovariectomy in sheep to establish hormone 

deprivation. Baseline data was generated along the vaginal wall to further characterise 

differences between the different regions. We have performed a comprehensive analysis 

including histological and chemical techniques for both human and sheep tissue from the 

distal, middle and proximal vaginal regions. It is not ethical to obtain large tissue samples 

from human, which meant only histological and chemical analyses were conducted on the 

human tissues. We found significant differences in the sheep between the lower distal and 

upper proximal vaginal wall whereas these differences were not as pronounced in human 

tissue. Interestingly the overall ECM content was similar between the two models 

supporting the hypothesis that sheep are a suitable preclinical model for POP research. To 

date, there is high level of inconsistency between studies examining vaginal tissue 

composition (De Landsheere et al. 2013). Reasons could be the inconsistency of the tissue 

acquisition process; often the precise region from which the tissue was exactly obtained is 

not known. Furthermore, different authors use different techniques which has hindered 

comparison between studies. Ethical restrictions in human tissue acquisition also play a 

role in the paucity of data available. 

New treatment strategies for POP are needed since the success rates of native tissue repair 

are unsatisfying (as low as 40%) (Maher and Baessler 2006, Carey et al. 2009, Guerette et 

al. 2009) and the side effects resulting from the use of current meshes are relatively high 

(up to 25%) (Jia et al. 2010). Although POP can be debilitating and significantly affect the 

quality of life of women, it is not a lethal condition, but this does not justify a high 

incidence of side effects or risks for treatment options. Additional costs incurred by a 

tissue engineering approach such as cell isolation and culture expansion, as well as 

material development have to be considered too. It has been postulated that the first 

priority for new treatment options for POP is their safety, regardless of success or other 

factors (Davila 2012). New or alternative materials in combination with different cell 

sources will have to be evaluated in large preclinical studies to find the optimal treatment 

option for POP to return to women the quality of life they deserve without inducing any 

harm. The methodologies, animal models and approaches used in this thesis provide a 

basis for ongoing development of future innovative treatments for POP. 
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