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Abstract

Objective—To evaluate the impact of prolapse meshes on vaginal smooth muscle structure 

(VaSM) and function, and to evaluate these outcomes in the context of the mechanical and textile 

properties of the mesh.

Design—Three months following the implantation of three polypropylene prolapse meshes with 

distinct textile and mechanical properties, mesh tissue explants were evaluated for smooth muscle 

contraction, innervation, receptor function, and innervation density.

Setting—Magee-Womens Research Institute at the University of Pittsburgh.

Population—Thirty-four parous rhesus macaques of similar age, parity, and pelvic organ 

prolapse quantification (POP–Q) scores.

Methods—Macaques were implanted with mesh via sacrocolpopexy. The impact of Gynemesh™ 

PS (Ethicon; n = 7), Restorelle® (Coloplast; n = 7), UltraPro™ parallel and UltraPro™ 

perpendicular (Ethicon; n = 6 and 7, respectively) were compared with sham-operated controls (n 
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= 7). Outcomes were analysed by Kruskal–Wallis ANOVA, Mann–Whitney U–tests and multiple 

regression analysis (P < 0.05).

Mean outcome measures—Vaginal tissue explants were evaluated for the maximum 

contractile force generated following muscle, nerve, and receptor stimulation, and for peripheral 

nerve density.

Results—Muscle myofibre, nerve, and receptor-mediated contractions were negatively affected 

by mesh only in the grafted region (P < 0.001, P = 0.002, and P = 0.008, respectively), whereas 

cholinergic and adrenergic nerve densities were affected in the grafted (P = 0.090 and P = 0.008, 

respectively) and non-grafted (P = 0.009 and P = 0.005, respectively) regions. The impact varied 

by mesh property, as mesh stiffness was a significant predictor of the negative affect on muscle 

function and nerve density (P < 0.001 and P = 0.013, respectively), whereas mesh and weight was 

a predictor of receptor function (P < 0.001).

Conclusions—Mesh has an overall negative impact on VaSM, and the effects are a function of 

mesh properties, most notably, mesh stiffness.
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Introduction

Pelvic organ prolapse (POP) is a condition characterised by a loss of support to the vagina, 

resulting in the descent of the pelvic organs. POP affects over one-half of women over 50 

years of age, and advanced stages are associated with a decrease in quality of life.1 In the 

USA, the lifetime risk of undergoing surgical repair for symptomatic POP is 7%, with direct 

annual costs estimated to exceed $1 billion.2,3 Surgical repair can involve the placement of a 

permanent synthetic polypropylene mesh to restore the prolapsed organs to their anatomical 

position; however, 10% of patients who receive mesh have complications, despite the 

introduction of lightweight (<45 g/m2), large-pore (>1 mm2), monofilament polypropylene 

meshes to the market.4,5 The prevalence of these complications, including exposure, erosion, 

pain, and infection, resulting especially from transvaginal repairs, have prompted warnings 

from the US Food and Drug Administration. The most recent public health notification 

appeared in 2011, warranting more thorough investigations into mechanisms by which mesh 

may negatively affect the vagina.6

Previously, we showed that implantation of mesh by sacrocolpopexy increases apoptosis and 

decreases the thickness of vaginal smooth muscle (VaSM) in the underlying and newly 

incorporated vagina.7,8 Interestingly, the degree of impact varied with each mesh, but these 

meshes are typically marketed similarly, and are used interchangeably in clinical settings. 

When paired with a previous study of ours, which showed variability in the textile and 

mechanical properties of meshes, these findings suggest that minor differences in mesh 

properties could be contributing to differing outcomes.9 For example, the widely used 

Gynemesh™ PS (Ethicon) was associated with the greatest negative impact on smooth 

muscle relative to two lower stiffness meshes, UltraPro™ (Ethicon) and Restorelle® 

(Coloplast).9 As VaSM plays an essential role in maintaining vaginal function (e.g. tone), 
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and is compromised in women with prolapse, it is essential that its structure and function, at 

the very least, be preserved if not improved following surgery.10–14

The results from the previously cited studies suggest that lower stiffness and lighter weight 

meshes be used to achieve the aforementioned goal, but the mechanism(s) remains unclear. 

Hence, to further investigate the mechanism of impact, this study evaluated the effect of 

mesh implantation on VaSM myofibre, innervation, receptor function, and innervation 

density, in the underlying grafted tissues and tissues adjacent to the mesh (non-grafted 

tissues).

Methods

Animals

All non-human primates (NHP) (Macacca mulatta, rhesus macaques) used in this study were 

maintained and treated according to an experimental protocol approved by the Institutional 

Animal Care and Use Committee of the University of Pittsburgh (IACUC #1008675), and 

were in adherence with the National Institutes of Health guidelines. Animals were 

maintained in standard cages with water (ad libitum) and scheduled monkey diet, 

supplemented with fresh fruits, vegetables, and multiple vitamins, daily. A 12–hour light/

dark cycle (07:00–19:00 h) was used, and menstrual cycle patterns were recorded daily. 

Available demographic data of each NHP were collected prior to and after surgery, including 

age, weight, gravidity, and parity. Researchers were blinded to all demographic data of each 

primate until completion of the study.

Surgical procedures

Thirty-four cycling parous rhesus macaques without prolapse were selected for sham (n = 7) 

or mesh implantation. For the study the high stiffness mesh, Gynemesh™ PS (Ethicon; 27.5 

± 2.7 N/mm), was implanted, as well as two lower stiffness meshes, UltraPro™ (Ethicon; 

0.01 ± 0.00 N/mm) and Restorelle® (Coloplast; 0.18 ± 0.03 N/mm). Additionally, 

UltraPro™, which is highly anisotropic, was implanted with its blue orientation lines 

perpendicular to the long axis of the vagina, as is performed clinically (UltraPro™ 

perpendicular – low stiffness direction, 0.01 ± 0.00 N/mm; n = 6), and also with its blue 

orientation lines parallel with the long axis of the vagina (UltraPro™ parallel – high stiffness 

direction, 0.26 ± 0.09 N/mm, n = 7), so as to evaluate the influence of stiffness 

independently of changes in mesh weight and porosity. Following completion of the 

hysterectomy, and vaginal and presacral dissections, each primate was randomised on the 

day of surgery to a mesh group or to the sham control group. All meshes were implanted by 

abdominal sacrocolpopexy following hysterectomy, as previously published.7,8 This design 

ensured that the impact of mesh was being evaluated, independent of the degenerative effects 

of the POP (which could be variable), and following a procedure that has been shown with 

level–I clinical evidence to be associated with minimal complications. Twelve weeks after 

surgery, the vagina was dissected in toto, and immediately following acquisition, biopsies 

were obtained from a region of the anterior vagina underlying the mesh (grafted) and from a 

region adjacent to the mesh (non-grafted).
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Functional assay: tissue organ bath

For the organ bath assay, grafted and non-grafted tissues were subsequently divided into four 

2 mm × 7 mm circumferential strips. In order to perform accurate comparisons, biopsies 

analysed from the sham group were taken from regions corresponding to where the mesh 

was placed in the mesh-implanted animals, and adjacent to it, and labelled as sham grafted 

and non-grafted, respectively. The tissues were tested as previously described.15 Analysis of 

muscle myofibre function was measured by the force generated following muscle 

depolarisation by a high-concentration potassium solution (KCl: 120 mM), innervation 

function was measured by the force generated following electrical field stimulation (EFS: 1 

Hz), and receptor function was measured by the force generated following receptor 

depolarisation by a non-selective muscarinic and α1-adreno-receptor agonist (carbachol and 

phenylephrine: from 10−8 to 10−4 M, non-cumulatively). After the observed response had 

plateaued following the application of each dose, the tissues were washed with Krebs 

solution three times (10 minutes for each wash), and the next dose was applied. The 

contractile force generated in response to EFS, carbachol, and phenylephrine was 

normalised to the force generated following KCl application. With 120 mM KCl proven to 

fully depolarise the smooth muscles, partial nerve depolarisation or receptor activation 

would only yield a percentage of the contractile force generated by KCl, thus providing an 

opportunity to capture functional changes. Additionally, to ensure that the changes observed 

were not a result of changes in muscle myofibre function, normalisation to the KCl response 

was necessary.

Histochemical and immunohistochemical assay: muscle and nerves

For the histochemical and immunohistochemical assays, grafted and non-grafted tissues 

were fixed in 4% paraformaldehyde, embedded in Optimal Cooling Temperature (OCT) 

compound, and cryosectioned at 10–μm thickness, followed by Masson’s trichrome staining, 

according to the methods of the Center for Biological Imaging (CBI, University of 

Pittsburgh). Protein gene product (PGP 9.5), a neuron-specific ubiquitin that localises to 

neuronal axons, was used to evaluate peripheral nerve density (1:10 000; rabbit polyclonal 

antibody, YBG78630507; Accurate Chemical, Westbury, NY, USA). Vesicular acetylcholine 

transporter (VAChT), which is localised within the soma and the axons of cholinergic 

neurons, plays a role in the packaging and transporting of acetylcholine (ACh) into synaptic 

vesicles (1:5000 rabbit monoclonal antibody; V5387; Sigma-Aldrich, St. Louis, MO, USA). 

Lastly, tyrosine hydroxylase (TH), a rate-limiting enzyme that converts L–tyrosine to L–

DOPA, which is then converted to dopamine (a precursor of norepinephrine), was used to 

identify adrenergic nerve fibres (1:1000; rabbit polyclonal antibody, T8700; Sigma-Aldrich). 

Following incubation with the primary antibodies, the sections were incubated for 4 hours at 

4°C with Cy3 or FITC-conjugated f(ab) donkey anti-rabbit IgG (1:100; no. 711 165 152; 

Jackson Laboratories, Bar Harbor, ME, USA), diluted in PBDT [phosphate buffered saline 

(PBS), 0.3% triton, and 2% donkey serum (Jackson Laboratories, #017-000-001). In control 

experiments, no immunofluorescence staining was observed when the primary antiserum 

was omitted.
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Morphometric analysis

All images were captured using a Nikon microscope, synced with a Nikon colour digital 

camera, before being imported into ELEMENTS 3.2 (NIS-Elements AR) for quantification. 

To evaluate fibres immunoreactive (IR) for PGP 9.5, VAChT, and TH in the three regions of 

the vagina, images were randomly captured at 10× magnification. For analysis, all images 

were acquired, and the same threshold was applied. Pixels of binary images in which the 

intensity did not exceed the threshold value were automatically removed and considered 

negative. The numbers of profiles per unit area of the vaginal wall for the vaginal layers was 

measured (% fractional area) and averaged for each section.

Statistical methods

Statistical analysis of functional (maximum force), and histological (% fractional area) 

outcomes of VaSM myofibre, nerve, and receptor function were performed using IBM SPSS 

17.0 (SPSS Inc., Armonk, NY, USA). Differences between mesh groups were evaluated 

using Kruskal–Wallis tests, and Bonferonni post-hoc tests. For additional analysis of 

UltraPro™ Perpendicular versus UltraPro™ Parallel, and grafted versus non-grafted regions, 

Mann–Whitney U–tests were used. Regression and correlation analysis were then performed 

to evaluate the influence of mesh properties on these outcomes. For all measures, 

significance was set at P < 0.05, and all P values presented have been corrected. These 

analyses were performed to aid in determining whether the negative impact of mesh on 

VaSM is the result of a loss of muscle contractile elements, a loss of innervation, or a loss of 

receptor function, and if these changes are a function of mesh textile and mechanical 

properties. Additionally, the evaluation of both grafted and non-grafted tissues will provide 

verification of the extent of the impact on the vagina.

Results

There were no significant differences in the age, weight, and parity of the NHP groups 

(Table 1) prior to implantation with the three meshes of variable textile properties (Table 

S1);8 however, upon explantation, the grafted region, shown as the boxed area in Figure 1, 

was distinct from the non-grafted region, and this grafted region was visually variable 

between groups. The mesh in the grafted region had evidence of host tissue ingrowth (Figure 

1A–D), with the degree of incorporation varying according to the stiffness of the mesh 

implanted (Figure 1E–H). Specifically, at the mesh–tissue interface, UltraPro™ 

perpendicular and Restorelle® had better tissue incorporation, whereas Gynemesh™ PS and 

UltraPro™ parallel appeared buckled, and surrounded by a capsule of connective tissue 

(Figure 1A–D). Immunohistochemical and functional characteristics following mesh 

implantation are summarised in Tables 2 and 3, but detailed interpretations of the results are 

as follows.

Muscle-mediated contractions

In the grafted region, evaluation of the contractile force generated following KCl 

administration showed that muscle myofibre function significantly differed between the 

groups (P < 0.001) (Table 2). The grafted region of Gynemesh™ PS, UltraPro™ parallel 

(high stiffness), and Restorelle® generated significantly less force relative to sham (P < 
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0.001, P < 0.001, and P = 0.015, respectively), but UltraPro™ perpendicular did not (P = 

0.155). As shown in Table 2, the decrease in contractile force following implantation of 

Gynemesh™ PS and UltraPro™ parallel was the greatest at 80 and 65%, respectively. 

Comparison of the contractile force generated by UltraPro™ parallel and UltraPro™ 

perpendicular showed a trend towards less force generation by the stiffer UltraPro™ parallel 

(P = 0.078). In the non-grafted region, the difference was not significant but there was a 

trend toward differences between the groups (P = 0.085), and UltraPro™ parallel again 

showed a trend towards less force generation than UltraPro™ perpendicular (P = 0.052).

Nerve-mediated contractions

In the grafted region, the contractile force generated following EFS showed that nerve 

function was significantly different between the groups (P = 0.002; Table 2). Nerve-

mediated contractile force generated following implantation with Gynemesh™ PS 

significantly decreased by 91% relative to sham-operated controls (P = 0.008); however, 

there was no significant decrease following implantation with the lower stiffness UltraPro™ 

perpendicular and Restorelle® (P = 0.187 and P = 0.155, respectively). Comparison of the 

contractile force generated by UltraPro™ parallel and Ultra-Pro™ perpendicular showed no 

significant difference (P = 0.143). In the non-grafted region, there was also no significant 

difference in nerve function between the groups (P = 0.361), and UltraPro™ parallel and 

UltraPro™ perpendicular were similar (P = 0.247).

Receptor-mediated contractions

In the grafted region, contractile force generated following the application of the muscarinic 

agonist, carbachol, showed that muscarinic receptor function was significantly different 

between the groups (P = 0.008; Table 2). Of note, there was a 90% decline in the receptor-

mediated contractile force generated following implantation with Gynemesh™ PS (P = 

0.007), whereas there was a 62% increase in the contractile force generated following 

implantation with Restorelle® (P = 0.037). Comparison of the contractile force generated by 

UltraPro™ parallel and UltraPro™ perpendicular showed no significant difference (P ≥ 

0.999). In the non-grafted region, there was no significant difference in cholinergic receptor 

function between the groups (P = 0.148), and UltraPro™ parallel was not significantly 

different from UltraPro™ perpendicular (P = 0.647).

The contractile force generated following application of the adrenergic receptor agonist 

phenylephrine (from 10−8 to 10−4 M, non-cumulatively) was not substantial and was 

rendered unquantifiable, whereas a robust response in our positive control (primate bladder) 

was observed. This could be because of a downregulation of the α1-adrenoreceptors, as has 

been shown to occur with childbirth or surgery.19

Histochemical and immunohistochemical assays

Muscle morphology—Masson’s trichrome staining of the grafted region showed dense 

and organised smooth muscle bundles in the sham-operated animals, relative to all mesh-

implanted animals (Figure 2). Following Gynemesh™ PS implantation there was increased 

disruption and decreased size of the muscle bundles in the grafted region, as well as a 

decrease in the thickness of the muscle layer (Figure 2B). UltraPro™ parallel also appeared 
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to have an effect on the size of the muscle bundles, but the thickness of the muscle layer was 

preserved, as there was less migration of the mesh into the smooth muscle layer compared 

with Gynemesh™ PS. In contrast, UltraPro™ perpendicular and Restorelle® were observed 

to have minimal negative effect on the smooth muscle bundles, organization, and thickness 

in the grafted region (Figure 2E). In the non-grafted region, these changes were less visible, 

supporting the trends in the functional data.

Peripheral nerve density—In the grafted region, peripheral nerve density was 

significantly different between the groups (P < 0.001; Table 3). There were fewer peripheral 

nerves present following Gynemesh™ PS and UltraPro™ parallel implantation, relative to 

sham (P < 0.001 and P < 0.001, respectively), but Restorelle® and UltraPro® perpendicular 

were not significantly different (P = 0.159 and P = 0.110; Figure 3A–D). Comparison of 

peripheral nerve density between UltraPro™ parallel and UltraPro™ perpendicular showed 

a trend towards reduced nerve density in the stiffer UltraPro™ parallel (P = 0.088). In the 

non-grafted region, there was no significant difference in nerve density between the groups 

(P = 0.157), and UltraPro™ parallel was not significantly different from UltraPro™ 

perpendicular (P = 0.684).

Cholinergic nerve density—In the grafted region, cholinergic nerve density did not 

significantly differ between the groups (P = 0.093; Table 3). Comparison of nerve density 

following implantation with UltraPro™ parallel and UltraPro™ perpendicular also showed 

no significant difference (P = 0.146). Interestingly, in the non-grafted region, there was a 

significant difference between the groups (P = 0.009), with a trend toward less cholinergic 

nerve density following implantation with Gynemesh™ PS, supporting the loss in nerve 

function (P = 0.077). In contrast, there was a trend towards increased cholinergic nerve 

density following implantation of the less stiff UltraPro™ perpendicular and Restorelle® (P 
= 0.055 and P = 0.099, respectively; Figure S1). Comparison of cholinergic nerve density in 

UltraPro™ parallel and UltraPro™ perpendicular also showed a significant difference (P = 

0.028), which may explain the trend towards an increase in nerve density with the less stiff 

meshes.

Adrenergic nerve density—In the grafted region, adrenergic nerve density was 

significantly different between the groups (P = 0.008; Table 3). There were less adrenergic 

nerves present following Gynemesh™ PS and UltraPro™ parallel implantation, relative to 

sham (P = 0.004, P = 0.013), but less stiff Restorelle® and UltraPro® perpendicular were not 

significantly different (P = 0.848 and P = 0.121, respectively). Comparison of adrenergic 

nerve density in UltraPro™ parallel and Ultra Pro™ perpendicular, showed no significant 

difference (P = 0.464). In the non-grafted region, there was also a significant difference in 

adrenergic nerve density between the groups (P = 0.005). Similar to the grafted region, nerve 

density decreased following Gynemesh™ PS implantation and UltraPro™ parallel 

implantation (P = 0.004, P = 0.011, respectively), but was not significantly different 

following implantation with Restorelle® or UltraPro™ perpendicular (P = 0.848, P = 0.121, 

respectively) (Figure S1, row 2). Comparison of adrenergic nerve density in UltraPro™ 

parallel to UltraPro™ perpendicular also showed no significant difference (P = 0.223).
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Relationship between mesh properties and smooth muscle outcomes

Correlational analysis showed a relationship between the smooth muscle functional outcome 

measures (contraction, innervation, and receptor function) and mesh properties, and these 

trends were similar for the histological analysis (not shown). Specifically, mesh stiffness was 

negatively correlatedwith outcome measures in both the grafted [Spearman ρ = −0.567 (P = 

0.001), ρ = 0.718 (P < 0.001), and ρ = −0.444 (P = 0.018)] and non-grafted [Spearman ρ = 

−0.398 (P = 0.029), ρ = −0.398 (P = 0.029), ρ = −0.398 (P = 0.029)] regions. Similar to 

mesh stiffness, mesh weight was also negatively correlated with the outcome measures, but 

only in the grafted region [Spearman ρ = −0.427 (P = 0.019), ρ = −0.711 (P < 0.001), and ρ 
= −0.605 (P = 0.001)], whereas mesh porosity was positively correlated with smooth muscle 

outcomes in the grafted region [Spearman ρ = 0.427 (P = 0.019), ρ = 0.711 (P < 0.001), and 

ρ = 0.606 (P < 0.001)].

In addition to confirmation of a relationship between the outcome measures and mesh 

properties, regression analysis further showed that the outcomes measures could be 

predicted by the mesh properties (Table 4). Specifically, mesh stiffness was shown to be the 

single significant influencer of muscle contraction in both the grafted and non-grafted 

regions (P < 0.001 and P = 0.001, respectively). Mesh stiffness was also shown to influence 

peripheral nerve density in both the grafted and non-grafted regions (P = 0.013, P = 0.049, 

respectively), but so was mesh weight (P = 0.007 and P < 0.001, respectively). Unlike mesh 

stiffness, however, mesh weight also had an influence on receptor function in the grafted 

region (P < 0.001 and P = 0.002, respectively). An evaluation of mesh porosity again showed 

an influence on peripheral nerve density (P = 0.033), and similar to mesh weight, porosity 

also had a significant influence on receptor function (P = 0.002).

Discussion

Main findings

Prolapse meshes Restorelle® (Coloplast), UltraPro™ (Ethicon), and Gynemesh™ PS 

(Ethicon), which are used interchangeably in clinical settings, with seemingly minor 

differences in textile and mechanical properties, resulted in variable outcomes following 

implantation. It was immediately apparent upon excision of the mesh-implanted vaginas that 

the less stiff UltraPro™ perpendicular and Restorelle® were better incorporated into the 

tissue than the stiffer Gynemesh™ PS, which appeared buckled and surrounded by a capsule 

of connective tissue. Implantation of the stiffer Gynemesh™ PS was also associated with the 

greatest loss in muscle thickness, which was accompanied by a decrease in muscle myofibre 

function, nerve function, and receptor function in the grafted region. In general, UltraPro™ 

parallel, which has comparable stiffness to that of Gynemesh™ PS, had a similar degree of 

impact, whereas the less stiff Restorelle® had less of an impact, and the least stiff mesh, 

UltraPro™ perpendicular, had minimal impact. The observed responses mirrored the 

stiffness profiles of the meshes, and upon statistical evaluation, mesh stiffness proved to be a 

significant predictor of smooth muscle function in both the grafted and non-grafted regions, 

whereas the observed changes in nerve-and receptor-mediated contractions were shown to 

be a function of not only mesh stiffness but also of mesh weight and porosity.
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Further quantification of peripheral nerve density in the grafted region also showed a 

significant decline following implantation with Gynemesh™ PS and UltraPro™ parallel, but 

not following implantation with UltraPro™ perpendicular and Restorelle®. Gynemesh™ PS 

significantly decreased cholinergic nerve density in the non-grafted region, whereas 

implantation with UltraPro™ perpendicular and Restorelle® caused an increase in 

cholinergic nerve density, albeit non-significantly. Subsequent analysis of adrenergic nerves 

showed that implantation with Gynemesh™ PS and UltraPro™ parallel significantly 

decreased adrenergic nerve density in both the grafted and non-grafted regions. The finding 

of variable effects of mesh from what would appear to be negligible differences in textile 

and mechanical properties of clinically used prolapse meshes is enlightening.

Strengths and limitations

Although relevant and timely, this work is not without limitations. The use of non-human 

primates without proplase in this study is indeed limiting, but nevertheless allows for ease of 

application when designing future clinical studies to further evaluate sources of 

complications in women with prolapse due to the similarity in pelvic floor anatomy. As is, 

our analysis also had sufficient statistical power to show significant differences between 

each mesh, as well as the influence of specific mesh properties. However, as a result of the 

design of the study, we are also unable to definitively state whether the loss of innervation 

and receptor function precedes the decline in VaSM myofibre function and thickness, 

although abundant literature is in support of this mechanism. Finally, as all evaluations were 

conducted at 3 months post-implantation, it is likely that the effect of mesh stiffness may be 

more pronounced at a later time point, and that the effects of subtle changes in mesh 

properties may become negligible, as these changes may simply be altering the time course 

of remodelling.

Interpretation

The use of synthetic polypropylene mesh for prolapse surgery was originally adopted by 

clinicians because of the long-term anatomical support that it provides, and as clinical 

successes soared, the widespread use of mesh ensued as well as the advent of multiple mesh 

products on the market.16–18 The increased use of mesh has been paralleled by rising 

complication rates, however, which has prompted the need for studies aimed at elucidating 

possible sources of complications.4,5 To this end, the detailed histological and functional 

data from this study on the variable negative impacts of clinically used synthetic meshes on 

VaSM myofibre, nerve, and receptor function is highly relevant.

The surprising finding of the increased encapsulation of Gynemesh™ PS is supported by 

recent studies, which show that stiffer implants promote increased macrophage 

phagocytosis, migration, proliferation, differentiation, adhesion, and expression of the pro-

inflammatory cytokine TNF–α.20–24 This would suggest that, Gynemesh™ PS, the stiffest 

and heaviest mesh implanted, was the most vulnerable to eliciting an immense foreign body 

response, irrespective of surgical technique. It is unclear exactly how long this negative 

remodelling process takes place and how complications like mesh exposures ensue. It is 

likely, however, that for most meshes negative remodelling proceeds to a point at which the 

forces equilibrate, and the remodelling response reaches homeostasis, as most women do not 
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experience mesh exposure. These observational findings of mesh-specific differences, 

although superficial, were in essence, indicators of the more robust remodeling occurring 

within the tissues, as subsequent smooth muscle outcomes measures also showed mesh-

specific differences.

Gynemesh™ PS had the most significant impact on VaSM myofibre function and thickness. 

It is likely that the high stiffness mesh shielded the underlying soft tissues from experiencing 

normal physiological stress, thus inducing atrophy and thinning of the smooth muscle layer. 

This is particularly important, as women with POP show changes in smooth muscle function 

and peripheral nerve density relative to women without prolapse.14,25 Additionally, the high 

weight and low porosity is likely to result in a greater mesh burden, and an increased 

likelihood of a heightened foreign body response, with impaired tissue ingrowth and a poor 

functional outcome. This is similar to cases where implantation of very stiff stents off-

loaded the arterial wall, causing rapid and extensive atrophy of arterial smooth muscles.26–32

More interestingly, evidence of a significant impact on adrenergic nerve density, which was 

shown to be a function of mesh porosity, in both the grafted and non-grafted regions suggest 

that adrenergic nerves may be the most vulnerable to injury. It is also possible that its loss 

may precede, and possibly orchestrate, changes in the other smooth muscle components. The 

recent study by Northington et al. showed that women with POP exhibit a complete loss of 

response to the α1–adrenoreceptor agonist, phenylephrine, relative to non-prolapse 

controls.14 Therefore, the perseverance of adrenergic nerve density following implantation 

with UltraPro™ perpendicular and Restorelle®, versus Gynemesh™ PS and UltraPro™ 

parallel, may explain the more favourable outcomes demonstrated. Alternatively, the 

observed decline in adrenergic nerve density following Gynemesh™ PS and UltraPro™ 

parallel implantation may explain the gross negative impact on VaSM. The results support 

the conclusion that high-stiffness meshes can have a negative effect on cholinergic nerves, as 

in the case of Gynemesh™ PS, but that lower stiffness meshes may have the potential to 

maintain or increase nerve density, a finding which is supported in the literature.33–38

Conclusion

Overall, this study shows that mechanical and textile properties of the mesh can have a 

significant impact on smooth muscle outcomes. In particular, mesh stiffness and weight are 

negatively correlated with muscle outcomes, whereas porosity is positively correlated with 

muscle outcomes, supporting the transition to lightweight and large-pore meshes. Mesh 

stiffness also proved to have the most independent negative effect, especially on myofibre 

function, which was evident in both the underlying grafted tissues and in the tissues adjacent 

to the mesh. It is possible that the impact of one of the identified negatively correlated mesh 

properties, as observed with UltraPro™ parallel, could prove tolerable; however, a mesh 

exhibiting a combination of these, as shown in the case of Gynemesh™ PS, could lead to 

major complications. Future work will involve more studies to not only explore the 

mechanisms of mesh impact at later time points, but to also aid in designing new meshes to 

improve the postoperative degenerative effects following surgical mesh placement.
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Figure 1. 
Representative images of the anterior wall of the vagina at 3 months post-implantation 

(adapted from Feola et al.8) and their corresponding meshes (A–D). The half closest region 

to the cervix underlying the mesh was defined as the grafted region (boxed), and the lower 

portion adjacent to the mesh was defined as the non-grafted region. At the mesh–tissue 

interface of each mesh there was evidence of host tissue ingrowth, but the degree of 

incorporation varied depending on mesh-type. The less stiff meshes, UltraPro™ 

perpendicular and Restorelle®, had better incorporation of the tissue, whereas the stiffer 

Gynemesh™ PS appeared buckled and surrounded by a capsule of connective tissue (A).
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Figure 2. 
Representative images showing gross smooth muscle morphology following Masson’s 

trichrome staining of grafted cross sections of (A) sham-operated, (B) Gynemesh™ PS, (C) 

Restorelle®, (D) Ultrapro™ perpendicular, and (E) UltraPro™ parallel tissue biopsies. 

Compared with sham and UltraPro™ perpendicular, implantation with the higher stiffness 

meshes Gynemesh™ PS and UltraPro™ parallel were observed to have less smooth muscle 

bundles. Scale bar: 250 μm.
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Figure 3. 
Representative images of PGP 9.5 immunolabelling of grafted cross sections. The sham-

operated group showed high levels of immunoreactivity (IR), indicative of the maintenance 

of peripheral nerve fibres, which were localised immediately below the epithelial layer (ep, 

top panel) and within muscularis (sm, lower panel). Following Gynemesh™ PS (A) and 

Ultrapro™ parallel implantation, the nerve morphology of nerve fibres in the muscularis was 

altered, and nerve density was significantly reduced. Scale bars: 250 μm.
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