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Abstract

Introduction and hypothesis—New Zealand white rabbits are an inexpensive large-animal
model. This study explored the rabbit as a model for mesh-augmented colpopexy using the intra-
abdominal vagina. We hypothesized that polypropylene mesh would negatively impact rabbit
vaginal smooth muscle (VSM) morphology and contractile function, similar to the nonhuman
primate (NHP)—the established model for prolapse mesh evaluation.

Methods—Restorelle was implanted onto the vagina of ten rabbits via lumbar colpopexy after a
hysterectomy. Ten rabbits served as sham. Twelve weeks post-implantation, the vagina was
excised and VSM morphology and vaginal contractility were assessed. Outcome measures were
compared using independent samples t and Mann-Whitney U tests with a Bonferroni correction,
where appropriate. Results from the rabbits were compared with published NHP data.

Results—Animals had similar age, parity and BMI. VSM was 18% thinner after Restorelle
implantation, 2= 0.027. Vaginal contractility was 43% decreased in response to 120 mM KCI (P=
0.003), similar to the 46% reduction observed in the NHP vagina implanted with Restorelle (P =
0.027). Three meshes wrinkled in vivo, resulting in dramatic thinning of the underlying vagina in
the area of the mesh causing a mesh exposure.

Conclusions—Polypropylene mesh negatively impacts VSM morphology and vaginal
contractility in the rabbit, similar to the NHP, suggesting that the rabbit may serve as an alternative
large-animal model. The vaginal thinning and appearance of a mesh exposure in the area of a mesh
wrinkle suggest the rabbit may also serve as a model for understanding the pathophysiology of
mesh exposure.
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Introduction

Polypropylene mesh is commonly used in the surgical treatment of pelvic organ prolapse
(POP) [1]. Unfortunately, mesh usage has been hampered by complications, with mesh
exposure through the vaginal epithelium and pain most commonly reported [1]. The precise
etiology of mesh complications is unclear. Animal models have improved our understanding
of the impact of mesh on the vagina and provided insight into mechanisms of mesh
complications [2-6].

The nonhuman primate (NHP), Rhesus macaque, is currently the gold standard model for
investigating the impact of mesh on the vagina. NHPs are advantageous as they
spontaneously develop prolapse and their pelvic anatomy and physiology are similar to those
of humans [7]. Additionally, the NHP’s pelvis is large enough to accommodate implantation
of a prolapse mesh of reasonable dimensions onto the vagina in a flat configuration via an
abdominal sacrocolpopexy (ASC), similar to humans. However, NHPs are a limited resource
and are expensive, which limits the number and length of studies that can be conducted with
this model. Hence, there is an urgent need for a cheaper large-animal model that can be used
to investigate mechanisms of mesh complications.

The ewe is a cheaper and more accessible animal model relative to the NHP, and previous
studies have utilized the ewe to implant mesh onto the vagina via a transvaginal approach
[8-10]. However, performing abdominal surgery on ewes is surgically difficult because of
the large rumen, and bowel obstructions are extremely common after surgery. The New
Zealand White rabbit, on the other hand, is an alternative large-animal model that is cheaper
than the NHP and is not a ruminant. Additionally, the rabbit vagina is large enough (~15 cm
long and 2.5-4 cm wide) to allow for the implantation of mesh in a flat configuration. It is
important to note that unlike in NHPs and humans, the rabbit vagina consists of two parts—
an intra-abdominal portion and an external portion. The external vagina has previously been
used for mesh implantation studies [11-15]. However, meshes implanted on the external
vagina cannot be placed on tension because of limited accessibility of the pelvic side wall
and spine. In contrast, mesh can be implanted in a flat configuration on the intra-abdominal
vagina and placed on tension by attaching it to the spine, similar to an ASC. Additionally,
compared with the external vagina, the intra-abdominal vagina is more representative of
POP in women because it naturally lacks lateral and apical support, common sites of support
defects in women with POP. In this way the rabbit may serve as an alternative model for
addressing certain questions regarding the impact of mesh on the vagina such as the impact
of tensioning and loading. We describe a novel method for implanting mesh onto the internal
rabbit vagina and then define the impact of mesh on rabbit vaginal smooth muscle (VSM)
morphology and vaginal contractility. Additionally, the results of this study were compared
to the results from previous studies in which mesh was implanted onto the NHP vagina to
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assess the validity of using the rabbit as an alternative model to the NHP [4-6]. As studies
utilizing the NHP have found that polypropylene mesh negatively impacts VSM morphology
and vaginal contractility [4-6], we hypothesize the rabbit, if an appropriate model, would
behave similarly.

Materials and methods

Animals

Twenty female New Zealand white rabbits, retired breeders, ages 2 to 3 years, were utilized
according to experimental protocols approved by the University of Pittsburgh Institutional
Animal Care and Use Committee (IACUC #16035431). Rabbits were housed in standard
cages, on a 12-h alternating light/dark cycle, with water and a standard rabbit diet
supplemented with hay and greens ad libitum.

Surgical procedures

Sterile samples (12 x 3 cm?) of Restorelle (Coloplast, Minneapolis, MN) were implanted
onto the anterior and posterior vagina via a modified ASC. Restorelle was chosen as it is
widely used in humans and in previous studies had the least negative impact on vaginal
morphology and function [4-6]. Following laparotomy, the bladder and rectum were gently
dissected off of the vagina. Muscles overlying the lumbar spine were divided, and two 2-0
PDS 11 sutures, which served as the mesh-vagina anchoring sites, were placed through the
ligamentous portion of the vertebral body. Next, a complete hysterectomy was performed
without excision of the ovaries, and two straps of mesh were secured to the anterior and
posterior vagina with 3-0 PDS 1l sutures. The two straps were then anchored to the lumbar
spine with the previously placed 2-0 PDS |1 sutures (Fig. 1, right). For sham animals, the
vagina with no mesh attached was anchored to the lumbar spine (Fig. 1, left). Lastly, the
abdominal muscle layer was closed with 2-0 PDS 11, and the skin was closed with a
continuous subcuticular stitch (2-0 Vicryl). Note the more appropriate terminology for this
modified ASC is lumbar colpopexy, a term that will be used throughout this manuscript.
Twelve weeks post-implantation, the vagina with and without mesh was excised and
harvested for histomorphology and biomechanical analyses.

Histology analysis

VSM morphology was assessed using Masson’s trichrome staining. Briefly, full-thickness
cross sections of the rabbit vagina with and without mesh were excised, fixed in formalin,
embedded in paraffin and sectioned at 7 um. Sections were stained with hematoxylin
solution Gill no. 2 (to stain nuclei) and trichrome stain AB solution (Sigma-Aldrich, St.
Louis, MO, USA) and imaged at x100 using a Nikon Eclipse 90i imaging microscope
(Melville, NY, USA). VSM thickness was measured using a custom Mathematica VV11.3
(Wolfram, Champaign, IL) script, developed by Megan R. Routzong (co-author). Briefly, the
smooth muscle layer was outlined by identifying the inner (i.e., the intersection where the
sub-epithelium ends and the smooth muscle begins) and outer (i.e., the intersection where
the smooth muscle ends and the adventitia begins) borders of the smooth muscle layer. The
distance between the inner and outer border of the smooth muscle was then determined
using built-in mathematical functions within Mathematica. This method was found to be
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within a 5% error when calculating the thickness of known geometries and manual
measurements.

Vaginal contractile function analysis

The contractile function of the VSM was assessed utilizing a vaginal contractility assay as
previously described [4, 5]. Briefly, strips (approximately 7 mm x 2 mm) oriented along the
circumferential direction were cut from the anterior and posterior proximal vagina (2 strips
per side) with and without mesh. For samples with mesh, the mesh-vagina complex was
tested intact to avoid damaging the tissue or the mesh and to afford testing of the contractile
function of the vagina in the presence of mesh. Strips were clamped on opposing ends, and
care was taken to ensure that no mesh was placed between the clamps in the case of mesh-
implanted vaginas. Contraction of the vagina was induced using three stimulants: (1) 120
mM KCI to assess function of muscle myofibers via global muscle depolarization, (2)
electrical field stimulation (EFS) 20 V for 5 s at 1-64 Hz to measure nerve-mediated smooth
muscle contraction and (3) 10~7 to 104 M phenylephrine (an a.;.adreno-receptor agonist),
applied non-cumulatively to measure receptor-mediated smooth muscle contraction via
receptor depolarization. After each stimulant, maximum contractile force was recorded, and
tissues were washed with Krebs solution prior to the application of the next stimulant. The
resultant contractile forces generated in response to all three stimuli were normalized by the
tissue volume. For comparison of rabbit to NHP, contractile force to EFS was also
normalized by force generated in response to 120 mM KCI, both acceptable methods of
normalization [4, 5, 16].

Historic nonhuman primate study design and analysis synopsis

Previously, Restorelle was implanted onto the anterior and posterior vaginal walls of eight
middle-aged NHPs under nearly identical conditions—sacrocolpopexy after a hysterectomy
with preservation of the ovaries [4-6]. Eight NHPs served as sham. Similar to the methods
and analyses described previously, the histomorphology and thickness of the VSM were
assessed after staining with Masson’s trichrome and labeling with a.-smooth muscle actin,
respectively. The contractile function of the vagina was also evaluated using KCI and EFS as
described for the rabbits. The NHP vagina does not consistently respond to phenylephring;
therefore, the response to phenylephrine was not compared between the rabbit and NHP.
Given the similar methods utilized, the impact of mesh on VSM structure and vaginal
contractility between the rabbit and NHP was compared.

Statistical analysis

Based on a power analysis, ten animals per group were needed to detect differences between
groups with a power of 80% and a two-tailed significance set at £< 0.05. To determine
whether the data were normally distributed, Kolmogorov-Smirnov tests were utilized.
Differences in the smooth muscle thickness and contractile force within (rabbit sham vs.
Restorelle) and between species (rabbit vs. nonhuman primate) were determined using
independent samples t-tests in normally distributed data and Mann-Whitney U tests as a
nonparametric alternative, with a Bonferroni correction where appropriate. All statistical
analyses were performed utilizing SPSS 25.0 statistical software (IBM, Armonk, NY, USA).
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Twenty female rabbits underwent a hysterectomy with preservation of the ovaries followed
by mesh implantation via lumbar colpopexy (a modified ASC) vs. sham (no mesh). One
rabbit in the mesh-implanted group sustained a bowel obstruction and was excluded, leaving
a final sample size of sham A= 10 and Restorelle /= 9. Animals had similar age and
weight.

Gross morphology and histology analysis

At the time of tissue harvesting, vaginal tissue was well integrated within the pores of
Restorelle in the mesh-implanted rabbit vagina (Fig. 2). Similar to humans and NHPs, the
rabbit vagina had four layers (epithelium, subepithelium, muscularis and adventitia) (Fig.
3a) [7]. However, the rabbit vaginal epithelium is glandular, and the smooth muscle layer
comprised approximately 70% of the overall thickness compared with approximately 30%
of the NHP vagina (Fig. 3a and b). In six animals, meshes remained flat after implantation;
however, three meshes wrinkled and were exposed through the vaginal epithelium (Fig. 4).
In areas where the mesh wrinkled toward the vaginal lumen, there was an associated
thinning of the underlying vagina (Fig. 5). This is in contrast to the meshes that remained
flat after implantation, which displayed thinning of the muscularis without areas of extreme
thinning as observed with wrinkles. Overall, the VSM layer was significantly thinner after
Restorelle implantation compared with sham [1577.1 (319.4) pm vs. 1286.8 (125.0) um,
respectively (P=0.027)].

Contractile function

The contractile function of the rabbit vagina without and with mesh implanted was assessed
utilizing 120 mM KClI, EFS and phenylephrine. Given that anterior and posterior strips of
the vagina were evaluated, statistical analyses were performed to determine whether the
contractile function of the sham anterior and posterior strips of the vagina differed. In
response to all three stimuli, the resulting contractile forces were not significantly different
between the sham anterior and posterior vagina (120 mM KCI £=0.518, EFS P=0.428 and
phenylephrine P=0.114); therefore, for the purposes of this study, the contractility data
presented here represent the average contractile force of the anterior and posterior vagina.

Implanting Restorelle onto the rabbit vagina negatively impacted the ability of the
myofibers, nerves and receptors to induce a smooth muscle contraction (Table 1). The
contractile force decreased 43.3% in response to 120 mM KCI (£ = 0.003), 50% following
EFS (P=0.007) and 44.9% following stimulation with phenylephrine (£=0.012). A similar
46.2% decrease in muscle-mediated contractile function was observed with the implantation
of Restorelle onto the NHP vagina, 2= 0.027; however, nerve-medicated contractile
function was not significantly decreased (P = 0.379), and a contractile response to
phenylephrine was not consistently observed, likely because of the higher smooth muscle
content in the rabbit vagina.

Compared with the nonhuman primate, the rabbit vagina was significantly more contractile
(Table 2). In response to 120 mM KCI, the rabbit vagina, without (sham) and with mesh
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implanted (Restorelle), was 6.6- (£< 0.001) and 6.9- (P < 0.001) fold more contractile than
the NHP sham and Restorelle-implanted vagina, respectively. Similarly, the rabbit vagina
without (sham) and with mesh implanted (Restorelle) was 88- and 44- fold more contractile
than the NHP sham and Restorelle-implanted vagina in response to EFS, respectively (P <
0.001 for both). Normalizing the contractile force to EFS by the contractile force in response
to 120 mM KClI, an alternative method of normalization, resulted in a similar decrease in
smooth muscle contractility in the rabbit and NHP sham vagina (£ = 0.315). The decrease in
contractility between the rabbit and NHP Restorelle-implanted vagina was also similar by
this method (P = 0.610).

Discussion

By suspending the vagina to the lumbar spine via a mesh bridge (lumbar colpopexy), we
were able to (1) implant Restorelle onto the rabbit internal vagina in a flat configuration and
(2) recreate the loading conditions observed during a human ASC. Interestingly, the internal
vagina of the rabbit lacks lateral and apical support structures and therefore is similar to the
vagina of women with advanced prolapse. The most important points of this study are that,
first, implanting polypropylene mesh onto the rabbit internal vagina resulted in a significant
decrease in VSM thickness and vaginal contractile function, similar to previous observations
following implantation of Restorelle in the NHP. This finding is congruent with the study
hypothesis and suggests that the rabbit can serve as an alternative model to the NHP. Second,
significant thinning of the vagina was observed in areas where the mesh wrinkled, similar to
what is seen in women with mesh exposure. In this way, the rabbit is one of the first models
with potential for directly studying the mechanism(s) of mesh exposure. The third major
finding was the rabbit vagina is comprised of considerably more muscle than the NHP (or
human based on qualitative observation) and appears more sensitive to VSM stimulants,
suggesting that it might also be a preferred model for studying the impact of vaginal
implants on VSM.

VSM thickness significantly decreased with the implantation of mesh for the rabbit but not
for the NHP, although the trend was similar. This is likely a result of the rabbit vagina
consisting of proportionally more smooth muscle than the NHP in which the smooth muscle
layer is not as predominant. Hence, changes in thickness will be more observable in the
rabbit VSM than in the NHP. The relative change in the contractile force in response to EFS
for the rabbit was higher than the NHP, 50% and 31%, respectively, and only the decrease in
the rabbit achieved statistical significance. However, when normalizing the EFS contractile
force by the force of contraction to 120 mM KClI, the observed decrease in both models was
statistically similar, suggesting that the impact of mesh on nerve-mediated contractions is
indeed similar for the rabbit and NHP. Likewise, the relative change in the muscle-mediated
contractions was significantly decreased for both rabbit (43% decreased) and NHP (46%
decreased). Together these results support that the impact of polypropylene mesh on the
rabbit and NHP vagina is similar.

Vaginal smooth muscle plays an essential role in maintaining vaginal tone and the overall
support of the vagina through the connection between VSM fibers and fibers of the levator
ani muscles [17]. Additionally, VSM is critical to sexual function as the relaxation of VSM
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with sexual stimulation results in vaginal enlargement, vasocongestion, engorgement and
lubrication [18]. Studies have shown that in women with POP, VSM is disorganized, the
fractional area of smooth muscle is decreased, and smooth muscle apoptosis is increased
[19-21]. Based on studies in the NHP and now the rabbit demonstrating the negative impact
of polypropylene mesh on VSM, it is possible that surgeons are implanting mesh onto a
vagina that is already compromised with regard to VSM structure and function and that
mesh could be exacerbating this condition. With the abundance of VSM within the rabbit
and the ability to elicit both nerve- and receptor-mediated contractions, the rabbit model
provides a cost-effective model for defining the impact of mesh on VSM morphology and
function.

Mesh exposure is one of the most common complications reported, occurring in
approximately 10-20% of the meshes placed transvaginally and 10.5% of meshes placed
transabdominally with rates that increase with time [1, 22-25]. Infection, host reaction to a
foreign material, stress mis-matches between the mesh and the vagina, and micro-motion are
all proposed mechanisms [2, 4, 6]. Clinically, mesh exposures are often observed in the areas
of a mesh wrinkle and/or contraction [26, 27]. Furthermore, mesh explants removed from
women with exposure demonstrate marked deformation and wrinkling associated with
increased pro-MMP-9 and cytotoxic T cells relative to control tissue without mesh,
indicative of tissue degradation [28, 29]. Indeed, thinning of the underlying tissue in the area
of mesh wrinkles, as observed in this study, strongly suggests that mesh wrinkling leading to
tissue degradation is a plausible mechanism for mesh exposure.

Together, our data establishing the rabbit model as an alternative to the NHP comprise a
crucial next step toward understanding mechanisms of mesh complications, particularly
those whose pathophysiology involves smooth muscle dysfunction and atrophy. The
availability, size, ability to implant mesh via a lumbar colpopexy and relatively low expense
of the rabbit give scientists the ability to investigate multiple research questions and to
conduct long-term studies.

The strengths of this study include the use of an inexpensive large-animal model that lacks
apical and lateral vaginal support similar to women with POP. Additionally, the methods
utilized to assess the contractile function of the rabbit vagina are the same as those used
previously for the NHP and women with prolapse, which allows for a direct comparison
between species [4, 5, 30]. The NHP ASC model also served as a way to validate the rabbit
lumbar colpopexy model developed in this study. This study however has some limitations
which must be considered. First, the rabbit vagina is structurally different from that of
humans. Specifically, the rabbit vagina has a glandular epithelium, it is primarily smooth
muscle and is thinner than the human vagina (which can make the rabbit vagina more
susceptible to mesh complications), and it lacks lateral and apical support (typical of women
with POP but not women with normal support). Furthermore, the rabbit is a quadruped and it
does not develop POP spontaneously. Due to the inherent challenges in conducting
longitudinal experiments on tissue in women undergoing prolapse procedures, researchers
must utilize animal models that mimic the human condition. Indeed, if the appropriate
animal model is chosen based on the research question investigated, the limitations of
utilizing an animal model can be reduced. Second, the contractile function of the VSM from
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sham and Restorelle-implanted animals was indirectly measured with the vagina or mesh-
vagina complex completely intact (i.e., the VSM was not isolated from the other layers of
the vagina). This was done to (1) avoid any damage that would occur when separating the
smooth muscle layer from the other layers of the vagina, especially since the mesh was well
integrated within the vaginal tissue, and (2) to determine how vaginal tissue functions (i.e.,
contracts) in the presence of mesh. In this study, the contractile function reported was
normalized to the volume of the sample tested to account for any differences in the
dimensions of the samples (e.g., length, width and thickness). This addresses questions
about the overall contractile function of the organ as a whole, but does not provide
information on the contractile phenotype of specific cells or cell layers. Lastly, stimulating
rabbit vaginal tissue with 120 mM KCI did not produce the maximal contractile response
(i.e., phenylephrine stimulation produced the highest response in this study), but did allow
for a direct comparison to that of the NHP since 120 mM KCI was also utilized on the NHP
vagina. Moreover, we performed a preliminary dose-response curve of the rabbit vagina (the
smooth muscle was not isolated from the other layers of the vagina) in response to KCI and
found that the dose for maximal stimulation (over 160 mM KCI) substantially exceeds
physiologic ranges.

Overall, this study demonstrated that polypropylene mesh negatively impacts rabbit vaginal
morphology and function, similar to what we have observed in the NHP, suggesting that the
rabbit model can serve as an alternate model. Perhaps most interestingly and unexpectedly,

we were able to recreate conditions consistent with mesh exposures in women. In this way,

the rabbit may serve as a model for understanding the mechanism(s) of mesh exposure.
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Fig. 1.

Ragbbit in vivo lumbar colpopexy. Surgical image depicting a lumbar colpopexy post-
hysterectomy in which the vagina is attached to the lumbar spine without (left image) and
with mesh attached to the vagina (right image). Note in the right image the mesh is attached
to the vagina in a flat configuration.
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Fig. 2.
Mesh-vagina explant. Mesh-vagina complex explanted 12 weeks post lumbar colpopexy.

Demonstrated in the image, vaginal tissue is incorporated between the pores of the mesh,
and the mesh remained in the flat configuration in which it was implanted.
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Fig. 3.
Rabbit and nonhuman primate sham vaginal cross section. Masson’s trichrome staining of

the a rabbit and b nonhuman primate sham vagina demonstrating the characteristic layers of
the vagina with a prominent muscularis (smooth muscle) layer. Relative to the nonhuman
primate, the muscularis layer makes up a greater portion of the rabbit vagina.
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Fig. 4.
Mesh wrinkle. Cross-sectional view of the mesh-vagina complex depicting a mesh wrinkle.
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Fig. 5.
Smooth muscle thinning with mesh implantation. Cross-sectional images of the rabbit

vagina stained with Masson’s trichrome staining depicting: a a vagina in which no mesh was
implanted, b a mesh with no wrinkle and ¢ a mesh wrinkle in which the mesh fibers (black
circles) erode toward the lumen (dotted white line) of the vagina (characteristic of a mesh
exposure). Overall, thinning of the muscularis (smooth muscle) layer was observed in the
mesh-implanted rabbit vagina relative to sham. Note: For esthetics, only a few mesh fibers
are outlined in b and c.
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