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Abstract
Pelvic organ prolapse is a vaginal protrusion of female pelvic organs. It has high prevalence
worldwide and represents a great burden to the economy. The pathophysiology of pelvic organ
prolapse is multifactorial and includes genetic predisposition, aberrant connective tissue, obesity,
advancing age, vaginal delivery and other risk factors. Owing to the long course prior to patients
becoming symptomatic and ethical questions surrounding human studies, animal models are
necessary and useful. These models can mimic different human characteristics – histological,
anatomical or hormonal, but none present all of the characteristics at the same time. Major animal
models include knockout mice, rats, sheep, rabbits and nonhuman primates. In this article we
discuss different animal models and their utility for investigating the natural progression of pelvic
organ prolapse pathophysiology and novel treatment approaches.
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Pelvic organ prolapse (POP) consists of descent of the anterior, posterior or apical vaginal
compartments. While not life-threatening, POP often results in a significant reduction in
quality of life, including shame, embarrassment and sexual dysfunction. POP is also a
significant economic burden to millions of women and the healthcare system since it is one
of the major indications for benign gynecological surgery, accounting for over 225,000
inpatient procedures and costing more than US$1 billion per year in the USA alone [1].

The pathophysiology of POP is still not well understood, but is known to involve genetic
predisposition, aberrant connective tissue (CT) metabolism, pregnancy and hormonal
effects, vaginal delivery, and other risk factors such as previous hysterectomy, obesity,
advancing age and constipation [1]. POP often develops decades after the greatest risk
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factor, vaginal delivery, suggesting an additional impact of aging. Given the long time
course and the complex and multifaceted nature of this disorder, animal models are a
potentially useful way to improve our understanding of POP.

Animal models are particularly appropriate for studying the natural progression of
pathologies and investigating novel treatment approaches. However, the development of
applicable animal models for POP is challenging since humans, as the only strict bipeds,
have particularly difficult childbirth delivery process and a unique pelvic orientation with
regard to gravity. Several animal species, including mice, rabbits, nonhuman primates
(NHP), sheep, cows, pigs, dogs, domestic cats, deer, bongos, horses, buffalos, donkeys and
cheetahs have been documented to spontaneously develop forms of POP [2–17]. Although
most of these species are not conducive for use in laboratory research, over the past few
decades several of these species have been extensively studied and may serve as valuable
animal models. In this review we discuss these models and their utility for investigating
pathophysiology and potential new treatment approaches.

Relevant human anatomy
The female pelvis is a dynamic system that must provide sufficient pelvic organ support
while allowing physiological motility for storage and passage of urine and feces, copulation,
pregnancy and parturition [18]. Critical structural support is provided by connective and
muscular tissues within the pelvis. Traditionally, this structural support has been categorized
in three distinct levels highlighting support of the upper third of the vagina by the cardinal
and uterosacral ligaments (level I), paravaginal attachments of the middle half of the vagina
to the arcus tendineus fascia (level II), and the fusion of the lower third of the vagina to the
perineal membrane and perineal body (level III; Figure 1). Endopelvic fascia includes these
ligaments and a looser areolar tissue that provides resilience and distensibility [19].
Combined, these support structures oppose the forces against the pelvic floor, including
gravity, increased intra-abdominal pressure and the maternal trauma of vaginal delivery.
Some authors speculate that POP can be caused by an injury to the levator ani during
vaginal childbirth [20], although most of the time this injury is undetected. DeLancey et al.
found that primiparous women presented abnormalities in the levator ani compared with
nulliparous women [21]. Similarly, using a simulated vaginal birth model, Lien et al.
showed that the muscles of the levator ani are at significant risk for stretch related injury in
childbirth [22].

POP can be measured and assessed on physical exam using the standardized POP
quantification system (POP-Q). In this system, prolapse can be divided in five different
stages (stage 0 to stage IV). Stage 0 indicates normal anatomy with no prolapse and stage IV
indicates complete eversion of the total length of the vagina [23].

Human female anatomy has evolved to accommodate an upright posture, enabling greater
efficiency of walking and the use of both hands while ambulating; however, it has brought
great complexity and complications to parturition [24]. The resultant differences between
human and animal anatomy are potentially the most significant challenge to any nonhuman
model of POP. Often thought of as the ideal animal model for POP, NHP are not strictly
bipedal, spend a portion of their time in a quadruped orientation and have a different pelvic
anatomy from humans [25,26]. In rodents and other quadrupeds, the musculature of the
pelvic floor is situated dorsally to control the tail [27]. This partially shifts the axis of
support of the pelvic viscera from the pelvic floor to the abdominal wall. However, some
quadrupeds, including sheep, still rely on the pelvic viscera for support due to topography of
the land and/or intrinsically elevated abdominal pressures [28]. Animal models, therefore,
must be utilized in studies designed to minimize their limitations to reduce bias in the study
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of POP. In this review, we present several animal models and discuss the similarities and
differences to humans, as well as the advantages and limitations of each model.

Animal models of POP
Mice & rats

Rodents are the most widely used animal models for investigation of the development of
spontaneous POP in women, as well as to test novel treatments and improve existing
therapies. There are several advantages to rodent models of POP, including ease of handling,
short lifespan and relatively low cost. Rodents also have predictable and short estrous cycles
and lengths of gestation that make POP development less time intensive to study [29]. Large
numbers of subjects can be easily acquired and studied, enabling investigations with
population-based epidemiological outcomes.

However, there are several anatomical differences between rodents and humans that must be
considered when interpreting results from rodent studies. For example, unlike humans, the
pelvic floor is oriented horizontally in rodents and they have a much smaller fetal head-to-
birth canal ratio than humans. Despite this, genetically manipulated mouse models display a
POP phenotype similar to the clinical condition [30,31]. In addition, standard laboratory
rodents have been utilized to study POP pathogenesis and evaluate surgical implants for
prolapse repair [32–35].

Mice with aberrant elastin metabolism—Lysyl oxidase like-1 (LOXL1)-deficient
mice closely resemble the clinical phenotype of POP. LOXL1 is the enzyme responsible for
crosslinking tropoelastin, the monomeric form of elastin [36]. Therefore, LOXL1 is critical
to elastic fiber homeostasis and repair. LOXL1-deficient mice primarily prolapse after
delivery, similar to humans. Lee et al. determined that parity significantly increases the rate
of prolapse in LOXL1-deficient mice, and that prolapse significantly decreases leak point
pressure, a measure of stress urinary incontinence, a pelvic floor disorder closely associated
with POP [30]. Elastin von Gieson staining of the external urethral sphincter in prolapsed
mice showed increased elastin clusters, which the authors suggest is associated with
abnormal elastin repair, compared with both nonprolapsed LOXL1-knockout (KO) mice and
wild-type mice. On MRI, mouse POP was found to include multiple organs, paralleling the
heterogeneity of human prolapse [37]. Liu et al. also studied bladder and urethral sphincter
function in LOXL1-KO mice compared with wild-type controls and found that prolapsed
mice had lower mean bladder capacity and lower voiding pressure compared with controls
[38]. Gustilo-Ashby et al. determined that cesarean section delays, but does not fully
eliminate prolapse development, similar to what is seen in the human condition [6,39].

To further elucidate the role of elastin metabolism in prolapse development, Drewes et al.
characterized mice deficient in fibulin 5 (FBLN5), which colocalizes with both LOXL1
enzyme and elastin [40]. FBLN5-KO mice develop prolapse as early as 12 weeks of age,
even if nulliparous. Parous mice prolapse earlier, likely because of a deficiency of the
enzymes required for repair after parturition. Isolating the mechanical injury of childbirth,
Rahn et al. showed that vaginal distension increased the rate of prolapse, presumably due to
an increase in demand of elastin repair enzymes in response to excessive stretch [41,42].
This theory is supported by a separate study demonstrating that the vagina is weaker after
POP in these mice [41].

Budatha et al. recently determined that an evolutionarily conserved motif on the FBLN5
gene regulates the expression of matrix metalloproteinases (MMPs), enzymes that degrade
elastin and collagen, particularly MMP9 [43]. Mice in which this motif is disrupted have
increased MMP9 expression and activity, but normal elastic fibers and do not develop POP.
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Furthermore, FBLN5-KO mice with reduced MMP9 levels were partially rescued from the
POP phenotype, supporting the theory that FBLN5 regulates the CT of the pelvic floor by
two separate mechanisms, elastic fiber organization and MMP inhibition [43].

POP in LOXL1- and FBLN5-deficient mice can be quantified by a grading system, the
mouse organ prolapse quantification scale (MOP-Q), which was verified and validated on
FBLN5 mice and subsequently used on LOXL1-KO mice [6,30,44]. The differences in
staging POP in mice and humans highlight the differences in anatomy that limit the models.
Mouse prolapse involves an external perineal bulge, whereas human prolapse is a herniation
through one of the vaginal compartments (anterior, apex or posterior) and is externalized
only in severe cases.

The relevance of mouse models deficient in LOXL1 and FBLN5 are supported by clinical
studies that show decreased expression of these enzymes in women with POP [45,46].
However, some studies have failed to find significant decreases in LOXL1 expression in
women with POP and have even found increased levels [47]. This discrepancy in the
literature may be explained by cause and effect when examining levels of enzymes in a
dynamic system, such as the pelvic floor. Although studies attempt to control for hormone
levels and other variables it is unknown how abnormal CT, as in prolapse, affects expression
of these enzymes. Prospective longitudinal human studies examining tissue biopsies from
healthy women without prolapse then re-examining tissue from those who eventually
prolapse would be ideal, although extremely difficult in practice and would often have
uncontrolled confounding variables in clinical studies. Animal models that predictably
prolapse, therefore, have the potential to be used to study cause and effect between POP and
molecular events such as enzyme expression, given the relative ease with which animal
tissue can be acquired for analysis.

A similar, yet more severe, POP phenotype is observed in mice deficient in fibulin 3
(FBLN3), a related scaffold protein with less clearly understood function. McLaughlin et al.
created a targeted KO of FBLN3 that develops with reduced fertility and decreased lifespan,
decreased body mass, lordokyphosis, and fat, muscle and organ atrophy [31]. POP in these
mice has similar risk factors and biochemical expression as FBLN5-deficient mice [12].
Interestingly, POP and other generalized hernia phenotypes developed in FBLN3-deficient
mice on a C57B/6 genetic background, but not on a BALB/c background, suggesting that
genetic modifiers on the BALB/c background compensate for the loss of FBLN3. This
compensation, which has yet to be investigated in LOXL1-or FBLN5-deficient mice,
demonstrates the complexity of elastin homeostasis and repair. The presence of severe
defects, in addition to POP, highlights the implications of using organism-wide-KO mice to
study pelvic floor disorders. Refinement of each mouse model with aberrant elastin
metabolism may lie in creating site specific KOs, although it is unknown whether enzyme
dysregulation is site specific in humans with POP [48].

Hoxa11 knockdown mouse model—Working specifically with Level I support,
Connell et al. investigated the role of homeobox gene Hoxa11 in the development of the
uterosacral ligaments (USL) [49]. They found that mice deficient in Hoxa11 lack a USL and
have dysregulated expression of MMPs. Using USL tissue from prolapsed and nonprolapsed
women undergoing hysterectomy they found that women with POP have decreased Hoxa11
mRNA expression compared with controls. Hoxa11 also increases proliferation of
fibroblasts and human USL cells in vitro and may do so via repression of p53, a known cell-
cycle suppressor [50]. Knockdown of Hoxa11 decreases collagen and increases MMP
expression in mice mimicking, at least in part, the enzymatic derangements seen in women
with POP [51–53].
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Hoxa11-deficient mice elucidate a possible pathway that combines molecular derangements
and anatomic failure to explain the pathogenesis of POP. This concept is supported by
human studies implicating a role for Hoxa11 in women with POP [49]. However, Hoxa11-
deficient mice do not spontaneously prolapse. Although it is likely that the unique rodent
pelvic anatomy reduces the importance of the USL in preventing prolapse, it may be
difficult to design studies to test novel therapeutics to prevent or attenuate POP without
phenotypic outcomes that do not require sacrifice and harvest of pelvic tissues.

UPII-SV40T mice—The serendipitous discovery of spontaneous prolapse in a strain of
UPII-SV40T mice engineered to develop bladder cancer has become another animal model
of POP [54]. These mice reliably develop urothelial cell carcinoma due to expression of
SV40T specifically in urothelium, leading to cancer development. POP was first observed in
a male mouse and has since been characterized with gross dissection and MRI evaluation in
both males and females. POP has been shown to be independent of SV40T or UPII
expression using a pedigree analysis in these mice. McNanley et al. therefore suggest that
this is a novel mutation leading to prolapse development in this strain [54]. The group plans
to screen candidate genes to identify the defect. The two primary limitations to this model
are the observation of prolapse in males, who do not develop prolapse in the human
condition, and the development of prolapse in nulliparous females. While some women will
develop POP even without having delivered children, these cases are far less common than
POP associated with vaginal delivery.

Rats to study prolapse pathogenesis—Rat models have also been used to study the
biomechanics of the female reproductive tract and the effects of pregnancy, labor and
delivery, providing critical insight into the pathogenesis of POP. Distensibility of rat vaginal
tissue changes dramatically during pregnancy to accommodate pending parturition [33] and
does not return to a prepregnant state up to 4 weeks after delivery [35]. The authors
speculate that impaired return to a prepregnant state leaves the vaginal tissue susceptible to
further injury, weakening and eventual prolapse. Future studies, however, are necessary to
assess recovery beyond 4 weeks. Studies such as these in normal rodent models may enable
development of more accurate animal models, as well as a better understanding of human
prolapse pathophysiology.

Rabbits
A case series of eight spontaneous vaginal prolapses over a span of 5 years has been
documented in a colony of specific pathogen-free IIIVO/JU rabbits [15]. Six of the eight
prolapsed female rabbits (does) were parous while two were nulliparous. All does with
prolapse were in a period of increased sexual activity, but parous does were at least 2
months post-parturition. Litter size of does that prolapsed were smaller than average,
implicating possible generalized abnormalities of the reproductive tract and/or genetic
abnormalities. The authors concluded that this was likely a spontaneous mutation given the
isolated observation in the colony and the variability in reproductive history between cases
[15].

The vast majority of rabbits, however, do not spontaneously prolapse. Furthermore, while it
is appealing to study POP in a small mammal model, the anatomy of the rabbit vagina
differs significantly from that of humans. The vagina of the rabbit is extensive, consisting of
both an internal and external portion. The internal portion is more similar to the small
intestine in gross and histological structure, and a large portion of the anterior wall of the
external vagina includes the clitoris [27]. Owing to these differences in anatomy, the best
use of rabbit models may be to study biocompatibility of surgical implants.
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Large animals
Several large animal species develop spontaneous POP. However, the scientific data mostly
exists for sheep, cows and pigs, which we review here [5,10,17,28,55,56].

Sheep—The female domestic sheep (ewe) has been well documented to acquire
spontaneous POP [10,17,27,28,57]. The ewe is the only domesticated animal that frequently
suffers antepartum POP [58]. Although few epidemiological studies have been performed,
the prevalence of POP in sheep may be as high as 15% [59]. Similar to humans, sheep of all
ages can develop POP but the incidence is highest in mature, multiparous sheep and the risk
increases with each successive pregnancy [28]. However, as is the case in humans,
parturition is not required for the development of POP. In general, POP in ewes occurs
months after delivery, but virgin animals may also develop POP [28,60]. Numerous studies
document the pathological findings and potential etiology of prolapse in ewes [28,55,58,61–
68]. Additionally, studies have been conducted that use the sheep as a model to study
biomechanics of the vagina [69] and as a model for investigating surgical treatments for
POP [70–74].

The most commonly used staging system for prolapse in the ewe was proposed by Bosse et
al. [10,75]. Although this system is not as detailed as POP-Q, it simulates this classification
system as well as the Baden–Walker halfway system [23,76]. Additionally, radiological
methods have been developed to track the displacements of the various components of the
ewe genital tract, enabling quantification of descent of the cervix throughout progression of
POP [77].

The advantages of the ewe as a model of prolapse lie in the similarities between human and
sheep reproductive anatomy. The dimensions of the ewe and human vagina are similar in
both length and diameter [73,78]. Additionally, the ewe’s pelvic architecture relies on three
levels of support, similar to those detailed by DeLancey in women [19,27]. It is possible that
the introduction of assisted birthing in domesticated ewes has selected for larger lamb birth
weight while maintaining the size of the pelvic inlet. Among other risk factors, prolapse in
the ewe has been attributed to a high incidence of dystocia, which is correlated to smaller
pelvic inlet area and large lamb size [79].

It has also been suggested that the ruminant abdominal anatomy generates increased
pressures [72]. Ewes grazing on hills rest with their head uphill, and studies have shown that
flocks that graze hills tend to have higher incidence of prolapse [28,63]. A survey of
approximately 120,000 ewes in New Zealand found that the incidence of vaginal prolapse
was significantly higher on hilly land than flat land [63]. McLean et al. studied the effect of
topographical elevation on the intra-abdominal pressure (IAP) of ewes [63]. They found that
sheep lying on a slope of 16 degrees have significantly higher IAP at the vaginal level than
sheep lying on a horizontal platform [63,80]. These data suggest that increased IAP
predisposes ewes to prolapse, similar to the increased risk in women with obesity [1].

Similar to humans, the bladder is often the organ contained within the prolapse. Scott et al.
found that the bladder alone was present in the 41.7% cases of ewe vaginal prolapse, the
uterine horn(s) in 16.7%, and both bladder and uterus in 25% [65]. Urethral constriction or
kinking was observed in vaginal prolapse involving the bladder, as is often seen in women
with POP and occult stress urinary incontinence [65,81]. These results suggest a high
similarity between the presentation of POP in humans and ewes [82].

The pathophysiology of POP in sheep also appears to be similar to that of humans. Ennen et
al. found that ewes with prolapse had decreased expression of the α-2 chain of collagen I,
increased MMP1 and decreased TIMP1 compared with late-term pregnant ewes [55].
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Additionally, although they found significantly decreased levels of estrogen receptor-α in
prolapsed ewes, the authors were unable to determine the role of estrogens in the
development of prolapse [55]. Given that the studies of CT metabolism and hormonal
effects on POP in women and rodent models has gained significant traction [6,36,40,42,82–
85], the finding that ewes with prolapse display significant alterations in the metabolism of
vaginal collagen during the antepartum period has profound implications for the use of
sheep as a model of POP.

Phytoestrogens contained in the grazing pastures of some sheep flocks affect the
hypothalamic–pituitary–ovarian axis and lead to increased risk of prolapse, among other
reproductive abnormalities [28,61,86–88]. Thus, estrogenic diets can produce pronounced
effects on the support of the genital tract of ewes [28,61,86,88–91]. Non-hormonal-induced
prolapse using specific diets that result in excess fat deposition, impacted rumen contents
and greater rumen size may also be useful in developing models of prolapse in sheep [68].
Genetics may also play a significant role in the development of prolapse in the ewe since
certain ram pedigrees generate ewes that prolapse at unusually higher rates [28,92].

While the ewe as a model of prolapse has the advantages of similar normal anatomy,
anatomical derangement in prolapse and similar risk factors, several logistic disadvantages
must be considered when using sheep, particularly the space required to board sheep. The
ewe may be best used as an animal model of female pelvic anatomy and support with which
to study vaginal repair techniques.

Cows—Like sheep, cows often develop prolapse and the predisposing factors seem to be
similar, including inherited factors, estrogenic diets and increases in IAP [10]. Beef breeds
are particularly affected, with prevalence as high as 1.1% in Hereford cattle. Unlike sheep,
most cases of vaginal prolapse in cows are observed during the last 2 months of gestation.
The prolapse often begins with the mucosa of the anterior vagina just cranial to the urethral
meatus protruding towards the introitus. As the prolapse progresses, the entire anterior wall
and cervix may extend through the introitus. Similar to humans, sheep and other animal
models, the disease is progressive and may lead to ulceration, necrosis and infections [10].

Pigs—Prolapse is well documented to occur in pigs at estrus and following diets high in
estrogens [10,56]. Interesting, prolapse is common in gilts following diets of moldy corn
with up to 40% of animals demonstrating POP [3]. Marked degrees of prolapse are seen in
gilts as young as 4 months old and signs of hyperestrogenism are apparent in gilts as young
as 1 week old [56]. This model may be particularly useful for studying the effects of diets
and hormones on POP development given the short interval between the start of diet and the
signs of POP [3].

Few studies have been performed to directly evaluate the use of the pig as a model of POP
in humans. However, Gruber et al. studied the anatomy and histology of the pig vagina and
pelvic support structures to determine its efficacy as a model of human pelvic floor disorders
[93]. They found that the anatomy of the uterosacral and cardinal ligaments had similar
origins and insertions as humans. Elastin content is higher in the utersosacral ligament than
the cardinal ligament and the pig vagina is thinner and contains less elastin than human
vaginas [93]. This latter finding may be due to the fact that the pigs they studied were young
and nulliparous, whereas studies of human vaginal tissues are typically of older parous
women. The authors concluded that the pig model represents a potentially valuable model
for studying pelvic floor disorders [93].
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Nonhuman primates
NHP are often thought to be the best animal model to study POP, given the similarity to
humans in gross anatomy and histological structure [25,94,95]. The reproductive cycle,
process of gestation/parturition, large head relative to the pelvic outlet [96] and hormone
effects on the pelvic organs resemble those seen in humans [27]. Vaginal delivery increases
the risk of POP in NHP, similar to humans [25]. NHP also more accurately simulate human
posture. They are intermittently bipedal, which places downward forces on the pelvic floor,
as in humans. Perhaps owing to these similarities, NHP have been known to present with
spontaneous POP [4,94,97]. Disadvantages of this model include lengthy pregnancy and
time to develop spontaneous POP, as well as cost of maintenance and boarding. Currently
studied species of NHP include the rhesus macaque, squirrel monkeys and baboons.

Rhesus macaque—Rhesus macaques have been studied as a model for human POP
owing to their similarities in anatomy, and since they have infants with relative large heads,
requiring a fivefold vaginal diameter dilation during vaginal delivery [94]. Feola et al.
showed that vaginal parity is correlated with loss of collagen alignment and that
modification of vaginal biomechanics can lead to POP [25]. Otto et al. studied the effects of
estradiol and progesterone on rhesus paravaginal attachment and demonstrated that it is
ligamentous and hormone sensitive [94]. They also showed that the rhesus macaque vagina
has the same components as human women and respond with thickening to estrogen
treatment. These suggest the presence of estrogen receptors in fibroblasts like in humans
[94].

Squirrel monkey—Squirrel monkeys have a long gestation, approximately 153 days, and
have disproportionately sized neonates for the maternal pelvic outlet, since the newborns are
close to 17% as large as their mothers [98]. Labor duration in squirrel monkeys is long,
approximately 12 h. Hormonal cycles of squirrel monkeys are different from humans, but
they demonstrate similar variations in circulating hormone levels (estradiol and
progesterone) throughout the breeding period [99].

Coates et al. observed pelvic relaxation in 50% of a group of 28 squirrel monkeys and, as in
humans, they presented loss of support in different areas of the vagina (anterior and
posterior compartments and cervix) [99]. In a larger study with 164 squirrel monkeys they
showed that, with increasing parity, the percentage of females with normal pelvic support
decreases significantly. The age of these animals varied from 3 to 17 years, indicating that
this model may be impractical owing to the high variability and long time for phenotype
presentation [4].

Pierce et al. showed that female squirrel monkeys have similar intrapelvic skeletal muscle
anatomy to humans and that the levator ani nerve originates from the S2 spinal root with no
innervation from the pudendal nerve [95]. Similarly, Barber et al. showed that the
innervation of the levator ani in humans originates from the S3–S5 level of the spinal cord
and the pudendal nerve is not related to levator ani innervation [100]. These authors suggest
further that studies on animal models are essential due to the impossibility of performing
definitive studies, such as nerve transection in humans [100].

In a later study Pierce et al. also demonstrated that myogenic changes in the levator ani
muscle increase with age as in women, and that gross disruption or atrophy of the levator ani
does not lead to pelvic prolapse [101]. In contrast, studies in humans suggest that levator ani
disruption can lead to POP [20,21]. Despite the similarities in histology and anatomy of CT
and muscle between squirrel monkeys and humans, this is a difficult animal model to work
with and not many investigations are ongoing.
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Baboon—Mattson et al. found that baboons had similar anatomy to women and squirrel
monkeys [26]. However, they found no evidence of spontaneous POP in baboons. Unlike
humans, baboon neonates are relatively small compared with the maternal pelvic outlet, and
the pelvic floor stresses due to erect posture are different. Nonetheless, baboons could be
useful to assess surgical procedures, such as meshes and their complications due to their
similar anatomy to humans [26].

All the NHP present histological, hormonal and anatomical similarity with humans.
However, they are often impractical to work with because of expense, long lifespan and
study timelines, and the expertise needed to handle them.

Investigations of surgical implants for POP
Surgical implants, such as vaginal meshes, can correct a defect such as POP, by taking the
load during increased IAP. As vaginal meshes for prolapse repair have become more
commonly used worldwide and increasingly controversial in the USA, investigators have
turned to animal models to study novel synthetic mesh materials. Standard laboratory rats
and rabbits subjected to vaginal or abdominal wall defects have been utilized extensively as
injury and biocompatibility models to compare synthetic implants [32,102–105]. Pierce et
al. compared polypropylene to porcine subdermis meshes in rabbits and found that
lightweight polypropylene was less compromised after long duration implantation [32]. Ho
et al. used small intestine submucosa seeded with stem cells for vaginal reconstruction
compared with small intestine submucosa alone, and found that the stem cells enhanced
tissue repair [106]. More recently, Letouzey et al. aimed to prevent infection of implanted
synthetics by coating meshes with antibiotics in a rat model and found that this method
provided full protection against infection [34]. While the lack of comparable anatomy limits
the potential to use rodents in pure efficacy studies of novel synthetic implants, investigation
of biocompatibility has proven feasible and useful in these animal models. A potentially
novel avenue of investigation involves testing newly available biomaterials in animal
models with incomplete or inadequate tissue repair capabilities and/or spontaneous POP
development, potentially mimicking the clinical situation of women with failed meshes.

Similar to rodents, sheep have been employed as a model of the female genital tract for
studying surgical implants, including materials used in female pelvic reconstructive surgery
[70,71,73,74]. De Tayrac et al., found that vaginal mesh extrusion was more common with
noncoated polypropylene meshes than with coated meshes in the ewe vagina [71]. However,
there was no difference with regard to mesh shrinkage, tissue in-growth, inflammatory
response and position of the mesh within the vaginal wall [71]. Krause et al. studied both the
rabbit and sheep model to identify a practical animal model for vaginal implantation of
surgical mesh [73]. They found that implantation into the sheep genital tract was technically
easier given the size of nulliparous and primiparous sheep vaginas. Extrusion rates in sheep
and rabbit vaginas were high [73] suggesting that these models may be useful for studying
pelvic mesh extrusion in women, a significant complication of POP repair [107].

The sheep model has been utilized to study a new tension-free vaginal tape-like mesh
intended for use in the treatment of female stress urinary incontinence [74]. The authors
chose sheep in part because they believed it offered the most comparable attributes to human
female anatomy regarding both tissue properties and anatomical size [74]. They found that
the initial pullout force of the new tension-free vaginal tape-like mesh increased from 1 to
12 weeks suggesting engraftment within the pelvic tissues. They also reported no
histological abnormalities and good histological tissue integration. Alcalay et al. utilized
sheep to determine the pullout force of polypropylene mesh deployed by the EndoFast
Reliant™ system (Endogun Medical Systems, Israel) and compared three different methods
of deployment of mesh straps (EndoFast, pocket, or tunneling technique) [70]. The
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feasibility and successful outcomes of these studies support the use of sheep as a model for
studying surgical implants for female pelvic surgery.

Although pigs have been utilized to study several types of meshes these studies have
involved abdominal and peritoneal implantation as opposed to implantation in the vagina
[108]. While investigations in pigs may not provide specific advantages over those in sheep
or other animal models, given the current controversy over pelvic meshes, it is important to
take any opportunity to study these surgical implants.

Animal models can be used to test the local reaction to surgical implants, such as meshes.
They also can be useful for testing biomechanics and other material properties after
implantation in a biological system. However, no animal model replicates the IAPs in
humans due to the different postural orientation of different animals; humans are the only
ones with a strictly bipedal posture.

Expert commentary
The multifactorial etiology of POP includes genetic predisposition, evolutionarily
disadvantaged pelvic structure, vaginal delivery and common comorbidities that further
increase risk. Each animal model should be exploited strategically for its unique attributes
relating to POP pathogenesis. Despite the fact that there is no ideal animal model
recapitulating the human situation with all human characteristics present simultaneously,
animal models are still our best option for investigations into which controlling confounding
variables are important.

Rodent models provide the most critical insight into the CT components of POP
pathophysiology. Accordingly, CT enzyme deficiencies, backed by clinical data, have shed
significant light on the molecular pathophysiology that predisposes and contributes to POP.
Adding risk factors beyond genetic predisposition, such as vaginal delivery and vaginal
distension, improves the utility of these models.

Rodents also form a significant fraction of animal models used to study surgical implants.
Rodents, similar to any in vivo mammalian system, are often used to test biocompatibility of
the material. However, NHP or sheep may be more anatomically relevant models.
Furthermore, surgical implants destined for vaginal placement should be tested in the
particular environment of the vagina. This transvaginal approach is easier in larger animals.

Large animals serve as particularly useful models of POP given the anatomical similarities
of the pelvic soft tissues and similarities in predisposing risk factors. The pathophysiology
and risk factors of POP in sheep and NHP seem to follow a similar multifactorial pathway as
in women. Although many of the studies examining POP in sheep were performed in the
1950s and 1960s, more recent studies illustrate the marked similarities in pathophysiology
including CT content, MMP-mediated tissue turnover and hormonal changes. This model
may serve as an ideal starting point for studying the effects of hormones on prolapse.
Perhaps the most exciting data regarding prolapse in sheep is the potential for developing
breeds of sheep that predictably prolapse with increasing age and parity. This would enable
progress in the field given the limited number of animals that reliably and spontaneously
prolapse (Table 1). Despite anatomical and hormonal similarity to humans, NHP have not
been used as a model for surgical implants due the high cost of maintenance and long
duration of the studies.

In light of the recent US FDA warning and the controversies surrounding the use of
synthetic mesh for vaginal prolapse repair and its complications, NHP and sheep may also
be invaluable for studying extrusion/intrusion, one of the most relevant complications of
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surgery with mesh. The fact that sheep develop mesh extrusion at unusually high rates
makes them an excellent model for investigating vaginal surgical mesh.

Five-year view
In their current state, animal models have focused on characterization and elucidation of the
anatomy, biomechanics, histology and molecular pathophysiology of POP. However, animal
models should also provide a basis to develop novel therapeutics and improve upon existing
treatments. The most efficacious current treatments are surgical, with or without pelvic
meshes. Treatments on the horizon include cell-based therapies and tissue regeneration
techniques [106,109,110]. These therapies have great potential but will take time and ample
funding to investigate thoroughly.

As they are currently used, animal models to study surgical meshes largely focus on
biocompatibility. Future work in this area should focus on biocompatibility and efficacy of
meshes in inherently diseased animals. Given that women with prolapse probably have
abnormal CT homeostasis, surgical meshes should be tested in animal models with similarly
abnormal CT homeostasis. Furthermore, novel materials for vaginal implantation should
continually be sought out. The standard polypropylene mesh, despite modification and
improvement, still presents a high rate of rejection and complications [107]. Given the
environment of the vagina, biomedical engineers and researchers are challenged with the
task of developing appropriate materials to be tested in animal models.

Most treatments for POP, however, are instituted once gross anatomical deformity and
symptoms have occurred. Ideal treatment should involve early intervention and prophylaxis
in appropriately screened populations. Animal models can also be used to test novel
techniques that can target prevention or early detection, such as cell-based therapies. They
could potentially be combined with mesh to reduce complications and improve efficacy.
These techniques have great potential but take many years and research funding to be
translated to clinical practice.
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Key issues

• The prolonged natural history, difficulty in obtaining tissue samples and
multifactorial etiology of pelvic organ prolapse (POP) in humans necessitates
the development of appropriate and accurate animal models.

• Animal models can mimic different human characteristics including
histological, anatomical or hormonal characteristics, but none present all
characteristics at the same time.

• Mice deficient in critical enzymes involved in elastin homeostasis develop
spontaneous POP that simulates the human condition.

• Developmental abnormalities in level I support may contribute to POP
development as elucidated by a unique rodent model and supported by human
biopsy studies.

• Standard laboratory rats have been used to elucidate the pathophysiology of
POP and improve current surgical implants.

• Large animal models, particularly sheep, may serve as excellent models for
studying the influence of hormones and biomechanics on the pathophysiology of
POP.

• Sheep can also serve as models for investigations into the mechanisms of pelvic
mesh extrusion.

• Nonhuman primates are similar to humans in anatomy, histology, hormones and
pregnancy/parturition, making them excellent models for surgical implants and
surgical complications. However, they are impractical for many investigators.

• Animal models of POP are in their infancy, but, as in other fields, we expect
them to provide useful clinically relevant pathophysiological information as the
field matures.

• Future studies should utilize these animal models to discover new mechanisms
in POP pathophysiology, novel treatments, improve upon existing surgical
implants and translate novel therapeutics to clinical practice.
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Figure 1. Vaginal levels of support
The three levels are anatomically connected and continuous, providing support to the vagina
and uterus by a complex interaction of connective tissue, ligaments and muscle.
Reprinted with permission from the Cleveland Clinic Center for Medical Art & Photography
© 2012. All Rights Reserved.

Couri et al. Page 19

Expert Rev Obstet Gynecol. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Couri et al. Page 20

Ta
bl

e 
1

C
ha

ra
ct

er
is

tic
s 

of
 a

ni
m

al
 m

od
el

s 
of

 p
el

vi
c 

or
ga

n 
pr

ol
ap

se
.

A
ni

m
al

m
od

el
L

if
es

pa
n

(y
ea

rs
)

Sp
on

ta
ne

ou
s

P
O

P
A

ge
sp

on
ta

ne
ou

s
pr

ol
ap

se
ap

pe
ar

s

In
cr

ea
se

d
P

O
P

 w
it

h
pa

ri
ty

D
if

fi
cu

lt
la

bo
r

D
ur

at
io

n
of ho

rm
on

al
cy

cl
e

(d
ay

s)

F
ea

si
bi

lit
y

fo
r 

pe
lv

ic
re

pa
ir

su
rg

er
y

Si
m

ila
r

pe
lv

ic
an

at
om

y
to w

om
en

G
en

et
ic

al
ly

m
od

if
ie

d
C

os
t

M
ic

e

L
O

X
L

1 
K

O
  1

–2
Y

es
~1

2 
w

ee
ks

+
Y

es
N

o
4–

5
D

if
fi

cu
lt

Po
or

Y
es

$

FB
L

N
5 

K
O

  1
–2

Y
es

~1
2 

w
ee

ks
+

Y
es

N
o

4–
5

D
if

fi
cu

lt
Po

or
Y

es
$

FB
L

N
3 

K
O

  1
–2

Y
es

~1
2 

w
ee

ks
+

N
o

N
o

4–
5

D
if

fi
cu

lt
Po

or
Y

es
$

H
ox

a1
1 

K
O

  1
–2

N
o

N
A

N
A

IN
A

4–
5

D
if

fi
cu

lt
Po

or
Y

es
$

U
PI

I/
SV

40
T

  1
–2

Y
es

~1
6 

w
ee

ks
+

IN
A

IN
A

4–
5

D
if

fi
cu

lt
Po

or
Y

es
$

R
at

s

2.
5–

4
N

o
N

A
N

o
N

o
4–

5
In

te
rm

ed
ia

te
Po

or
N

o
$

R
ab

bi
ts

5–
6

N
o†

N
A

N
o

N
o

N
A

In
te

rm
ed

ia
te

Po
or

N
o

$$

Sh
ee

p

6–
11

Y
es

2 
ye

ar
s+

Y
es

Y
es

13
–1

9
G

oo
d

G
oo

d
N

o
$$

$

C
ow

s

20
–2

5
Y

es
~3

 y
ea

rs
+

IN
A

Y
es

18
–2

4
G

oo
d,

 b
ut

 lo
gi

st
ic

al
ly

 d
if

fi
cu

lt
G

oo
d

N
o

$$
$

Pi
gs

~1
5

Y
es

4 
m

on
th

s+
IN

A
Y

es
18

–2
2

G
oo

d
Fa

ir
N

o
$$

$

N
H

P

R
he

su
s 

m
ac

aq
ue

~2
5

Y
es

~1
3 

ye
ar

s‡
IN

A
Y

es
26

–2
9

G
oo

d
E

xc
el

le
nt

N
o

$$
$$

$

Sq
ui

rr
el

 m
on

ke
y

~2
0

Y
es

3 
ye

ar
s+

Y
es

Y
es

8–
12

G
oo

d
E

xc
el

le
nt

N
o

$$
$$

$

B
ab

oo
n

30
–4

0
N

o
N

A
N

o
N

o
30

–4
0

G
oo

d
E

xc
el

le
nt

N
o

$$
$$

$

† A
lth

ou
gh

 th
er

e 
ha

ve
 b

ee
n 

re
po

rt
s 

of
 s

po
nt

an
eo

us
 p

ro
la

ps
e 

in
 r

ab
bi

ts
, t

hi
s 

ha
s 

on
ly

 b
ee

n 
ob

se
rv

ed
 in

 o
ne

 c
ol

on
y 

[1
5]

.

‡ R
he

su
s 

m
on

ke
y 

ag
e 

of
 s

po
nt

an
eo

us
 p

ro
la

ps
e 

ob
ta

in
ed

 f
ro

m
 C

la
rk

 e
t a

l. 
[1

11
].

$–
$$

$$
$:

 R
el

at
iv

e 
co

st
 o

f 
w

or
ki

ng
 w

ith
 e

ac
h 

an
im

al
 m

od
el

; I
N

A
: I

nf
or

m
at

io
n 

no
t a

va
ila

bl
e;

 K
O

: K
no

ck
ou

t; 
N

A
: N

ot
 a

pp
lic

ab
le

; N
H

P:
 N

on
hu

m
an

 p
ri

m
at

es
; P

O
P:

 P
el

vi
c 

or
ga

n 
pr

ol
ap

se
.

Expert Rev Obstet Gynecol. Author manuscript; available in PMC 2013 March 01.


