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Abstract
Purpose—Urinary incontinence affects 40% of women in the United States and stress urinary
incontinence accounts for a large portion of affected patients. As defined by the International
Continence Society, stress urinary incontinence is the involuntary leakage of urine upon effort,
exertion, sneezing or coughing. Since the ultimate success of long-term management for any
condition is based on an understanding of its pathophysiology, and because the pathophysiology of
stress urinary incontinence is incompletely defined, animal models have recently been developed to
better understand stress urinary incontinence and develop novel treatment alternatives.

Materials and Methods—Several animal models for urethral dysfunction have emerged in the
last few years, including those based on pathophysiological theories of urethral sphincter dysfunction
that were designed to simulate maternal birth trauma. Other models have focused on the creation of
a durable model of dysfunction for investigating novel treatments.

Results—Since animals cannot express intent, these animal models have focused on measuring
decreased urethral resistance. The most widely used methods are the sneeze test, the tilt table
technique and the leak point pressure test. Newer techniques include abdominal leak point pressure,
urethral pressure measurement and retrograde urethral perfusion pressure. In addition to the
advantages and disadvantages of each technique, all methods measure the composite contribution to
urethral resistance from smooth and striated muscle, urethral closure and connective tissue, although
none measures intent.

Conclusions—We critically reviewed the different models of stress urinary incontinence and
urethral dysfunction as well as the different methods of measuring urethral resistance.
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Urinary incontinence affects 40% of women in the United States. SUI, the involuntary leakage
of urine upon effort, exertion, sneezing or coughing, accounts for a large portion of affected
patients. More than 165,000 surgical procedures are performed for SUI in the United States.
It is estimated that a third of the procedures that are performed to treat SUI are done in patients
with recurrent disease. These currently performed procedures for SUI are based on
compensatory and nonphysiological mechanisms. Since the ultimate success of the long-term
management of any condition is based on an understanding of its pathophysiology, and because
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the pathophysiology of SUI is incompletely defined, we must invest in translational research
to understand the condition and develop pathophysiologically based treatment alternatives.

Neither the spectrum of SUI nor its clinical presentations can be explained by a single risk
factor or a single theory. Patients often do not become symptomatic until years after the initial
trauma of childbirth, which sets up a cascade of events that continues with aging. Therefore,
an opportunity exists to develop interventions aimed at preventing or slowing this cascade of
events. However, to our knowledge the mechanisms involved in these events are unknown.
The development of animal models is essential to understanding these events and developing
preventive interventions.

To address the mechanism of SUI development one could potentially rely on epidemiological
or clinical studies. However, the inherent limitations of clinical studies do not enable the
investigation of mechanistic cause-and-effect relationships under controlled conditions. Since
the creation of circumstances for studying the association between SUI and vaginal delivery
requires an in vivo condition, an animal model that shares the biological characteristics of the
human condition is the only workable alternative for investigating cause-and-effect
relationships in the development of SUI as well as for preclinically testing novel treatments
and prevention protocols.

ASSESSMENT OF SUI IN ANIMAL MODELS
Urinary incontinence involves the unintentional leakage of urine. However, animals cannot
communicate intent. Therefore, in research involving animal models a functional surrogate,
such as urethral resistance to leakage, must be used instead of knowledgeable intentional acts.
Several methods of determining whether urethral resistance is decreased, which mimic the
variety of clinical urodynamic tests, have been developed for use in animal, primarily rodent,
models of SUI.1–7

Lin1 and Sievert2 et al developed a sneeze test for use in rodent models of SUI. In this test a
whisker cut from anesthetized female rats is used to tickle the nose of the animal. Even under
anesthesia the rat responds with a small sneeze, which transiently increases abdominal pressure
on the bladder and lower urinary tract. In the absence of bladder pressure measurement this
test provides a dichotomous result. If the animal leaks during this sneeze, she is incontinent
and, if not, she is continent.1 Uninjured control animals never leak during the sneeze test and
approximately 30% that have undergone childbirth injury leak after 4 weeks.1

The sneeze test has been used to investigate the mechanism of reflexes involved in the
continence response to sneezing. Kamo et al reported that opening the abdomen significantly
decreases bladder pressure during a sneeze, indicating that the abdominal musculature
contributes to the pressure increase during a sneeze.8 The middle urethra generates a high
pressure response to a sneeze that commences before the increase in abdominal pressure and
is maintained relatively long after bladder pressure has returned to baseline, suggesting a sneeze
induced active reflex muscle contraction to maintain continence activated directly by sneezing,
rather than by afferent pathways from the bladder. By selectively transecting nerves Kamo et
al determined that the reflex involved in maintaining continence during sneeze generation in
urethane anesthetized female rats involves the pudendal nerve, and the nerves to the
iliococcygeus and pubococcygeus muscles but not the visceral branches of the pelvic nerve or
the hypogastric nerve.

Kaiho et al recently noted that intrathecal phentolamine and prazosin decreased the middle
urethral response to sneezing by 11% to 15% without affecting baseline urethral pressure.9
Intravenous nisoxetine increased the middle urethral response to sneezing by almost 20%, an
increase that was eliminated by intrathecal phentolamine or prazosin. This suggests there are
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at least 2 urethral continence reflex mechanisms involving noradrenergic pathways. One
enhances the urethral pressure response to sneezing via α1-adrenoceptors in the spinal cord
and the other augments urethral baseline pressure via peripheral α1-adrenoceptors.9

We have developed and validated a model of testing LPP in rats that mimics the Credé
maneuver and can be used to statistically compare lower urinary tract pressure between
experimental groups.3,4 Urethane intraperitoneal is usually used for anesthesia because it does
not mask voiding reflexes.3 However, ketamine and xylazine intraperitoneal have also been
used when repeat measurements are needed.10 Usually the bladder is filled and bladder
pressure is measured via a previously placed suprapubic bladder catheter.3,4 Abdominal
pressure is slowly increased by gentle pressure from 2 fingers placed on the closed abdomen
directly over the bladder. As soon as a leak is observed at the urethral meatus, the fingers are
rapidly raised and bladder pressure rapidly returns to baseline.3,4 Increased abdominal pressure
to leakage in the absence of voiding is LPP, which is approximately 40 cm H2O in normal
female rats.11,12

LPP can trigger a void, although it does not do so every time. Voids can be easily distinguished
from leaks because the bladder pressure increase lasts longer and the volume loss is greater
during voiding.4 Despite the possibility of variability in this manually controlled technique
LPP provides highly consistent results in the hands of experienced investigators.4 Because of
its ease of use and sensitivity to injury and treatments, this method of testing urethral resistance
has been adopted by several groups for evaluating urethral resistance in rodent models of
simulated birth injury.13–16 A modified LPP test using a urethral instead of a suprapubic
catheter has been developed.2,10,17 However, since urethral catheters can increase bladder
pressure due to increased outlet resistance,18 we recommend using a suprapubic catheter for
LPP when possible.

Another method used to determine urethral resistance in rodents raises and lowers a saline
reservoir connected to a suprapubic catheter to slowly increase bladder pressure in controlled
fashion.5,6,19 The rat is mounted on a vertical tilt table to best match the orientation of the
human pelvis with respect to gravity. The spinal cord of the rat is transected at the T8–T9 level
to eliminate spinobulbospinal pathways, while maintaining urethral closure mechanisms intact.
5 This tilt table technique provides urethral resistance measurements similar to those of the
LPP methods described20 with similar reliability and repeatability. However, the tilt table test
is more technically challenging than the LPP test because of the spinal cord transection. As a
result, some groups have adopted this technique without spinal cord transection.21

Additional methods of measuring urethral resistance are urethral closure pressure22,23 as well
as the measurement of abdominal leak point pressure via a catheter in the rectum and
measurement of RUPP via a catheter introduced into the urethral meatus.7 Because of the
distensibility of the rodent abdomen, abdominal leak point pressure is not likely to have the
same degree of sensitivity to injury and dysfunction as LPP. Phull et al experimentally validated
RUPP by testing rats that underwent pudendal nerve transection or urethrolysis with RUPP
and LPP.10 They found similar results in various situations, including injured/not injured and
treated/not treated. When further validated, RUPP may prove to be advantageous since it does
not require bladder instrumentation.

MODELS SIMULATING
MATERNAL CHILDBIRTH INJURIES

VD—Common to all investigations in this model is the use of a Foley catheter that has been
modified by cutting off the tip. However, the catheter size, volume infused in the balloon and
duration of vaginal distention have varied in the last 10 years. Catheter size depends largely
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on rat age, weight and breeding status. Lin et al used a 5 ml 12 Foley catheter inflated with 2.0
ml water in virgin rats and 2.5 ml in retired breeder rats for 4 hours.1 Sievert et al used a larger
22Fr catheter with a 5 ml balloon inflated for 3 hours in immediately postpartum rats.2 They
also placed the rats prone with the symphysis at the edge of the table, allowing the catheter and
an attached 130 gm weight to hang freely without touching the table to simulate the forces
during the second stage of delivery. Resplande et al used the same technique of vaginal
distention in immediately postpartum rats using an 18Fr catheter inflated to 5 ml for 4 hours.
22 Cannon et al performed predilation of the vagina by inserting increasing sizes (24Fr to 32Fr)
of urethral dilators to accommodate the vagina of virgin rats, followed by VD using 10Fr
catheters inflated to 3 ml.24

Functionally VD results in decreased urethral resistance, as reflected by a reproducible decrease
in LPP11,12 or modified LPP2,22 measurement. LPP decreases to approximately 60% of
control values 4 days after simulated birth injury (VD),11 demonstrating sufficient sensitivity.
When incontinence was determined by a positive sneeze test performed 4 weeks following
VD, a third of the rats were incontinent in the experiments of Lin et al.1 Sievert et al found
that none of the virgin rats were incontinent using the sneeze test and 29% were incontinent
following delivery.2

Several investigators have modified the VD model of birth injury to add OVX to simulate
menopause or decrease estrogen.2,22 In the absence of VD OVX did not impact incontinence
rates, although when VD was done immediately after delivery, OVX increased the incontinence
rate.2 In contrast, OVX before VD in the absence of delivery decreased the difference in LPP
between the sham operated and VD groups.25 Kuo determined that OVX does not significantly
affect LPP after a single VD.16 However, when combined with multiple vaginal traumas, a
significant decrease in LPP occurred. All of these studies suggest that, if the injury is severe
enough, later hormone deficiency may significantly decrease continence.

In a sequence of experiments to delineate the time course of the functional changes following
VD Pan et al observed that LPP decreased to a nadir 4 days following VD and this decrease
was independent of the duration of VD (1 vs 4 hours).12 They noted that the duration of VD
affected the recovery of urethral resistance. Ten days following VD LPP was significantly
decreased in the 4-hour VD group but not in the 1-hour group, suggesting that longer recovery
time is needed with a longer duration of VD. LPP was comparable to sham VD values in the
2 VD groups 6 weeks after the intervention, indicating functional recovery at that time. In
addition, they have previously reported that a lesser duration of VD or intermittent cycling VD
does not result in changes in urethral resistance.24

Active middle urethra sneeze induced reflex responses are present but decreased by
approximately 50% after simulated childbirth injury (VD) in rats.26 However, they were
increased by intravenous nisoxetine and decreased by intrathecal phentolamine and prazosin,
suggesting that this injury simulates clinical SUI and it may be treatable with a norepinephrine
reuptake inhibitor.9

VD in rats has been shown to result in injury to the urethra, bladder, vagina and levator muscles,
1,2,11 involving smooth muscle, striated muscle and nerve fascicles.1,11,24 Ischemia and
hypoxia have also been observed27 as well as chemokine and neuronal factors.17,28 Lin et al
noted marked cellular swelling and interstitial edema in the levator muscles 24 hours following
VD.1 After 4 weeks muscle necrosis and degeneration, an irregular shape and size of muscle
fibers, and a change in the type I-to-II ratio of muscle fibers were prominent.29 Urethral smooth
muscle was decreased and disrupted and the septum between the vagina and the urethra was
thinned in incontinent rats by sneeze test criteria.1 Animals with a normal-appearing urethra
were continent despite moderate or severe degrees of levator muscle changes.1 Cannon et al
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documented similar changes in the urethra following 1-hour VD, consisting of extensive
disruption of the skeletal muscle layer and marked thinning of the smooth muscle fibers.24

In addition to muscular injury, VD results in neurogenic injury. Lin et al noted c-Fos
immunoreactivity in neurons in the dorsal horn and around the central canal in spinal segments
L6 and S1, indicative of nerve injury or irritation in the VD area.1 There was also evidence of
a significant loss of ganglion cells in the neural plexus posterolateral to the vagina. A marked
decrease in terminal neurofilaments in the urethra of mice exposed to VD has been reported.
30 Damaser11 and Kane31 et al observed neurodegeneration in nerve fascicles near the EUS
following VD, suggesting that neuroregenerative treatments could have a positive impact.

We have also noted that blood flow to the urethra and vagina is significantly decreased just
before the release of 1-hour VD, followed by a tripling immediately after the release of VD,
suggestive of ischemia/reperfusion injury.27 Immunohistochemical data demonstrated focal
hypoxia of the urothelium as well as of the submucosa, smooth muscle and potentially the
EUS. Hypoxia was also observed in the bladder and vagina. However, up-regulation of the
hypoxia specific chemokine stromal-derived factor 1 was not demonstrated in the pelvic organs
immediately following VD.28 However, there is 20-fold over expression of macrophage
chemoattractant protein 3 in the urethra immediately following VD, which has been postulated
to be secondary to a shear effect on the pelvic muscles.28

Due to the functional evidence of recovery VD in rats is an appropriate model in which to
investigate the pathophysiology of SUI and the molecular factors that contribute to functional
recovery, including stem cell mobilization following injury. Recently we noted that stem cells
home to the urethra when injected intravenously after VD, a finding that is associated with
accelerated recovery of urethral resistance.32 This suggests that promoting stem cell
mobilization may promote healing after delivery and have a positive effect on SUI.

Therefore, the VD model can best be used to study mechanisms of injury and tissue recovery
as well as the pathophysiology of SUI. It allows the evaluation of factors, ie chemokines,
neuroregenerative agents and pharmacological agents, that accelerate functional recovery28,
31,32 as well as evaluation of the impact of contributing/decompensating factors in the
pathophysiology and recovery of continence, ie diabetes, aging and obesity.

PNC—The pudendal nerve, which innervates the EUS, courses through Alcock’s canal and is
particularly vulnerable to stretch and crush injury during childbirth.33 Pudendal nerve terminal
motor latency, that is the time from electrical stimulation of the pudendal nerve to the initial
EUS muscle response,34 increases when the number of large myelinated motor nerve fibers
decreases due to nerve damage.33 Increased pudendal nerve terminal motor latency has
positively correlated with vaginal delivery,35 advanced age36 and SUI.37 Recent studies with
quantitative EMG also demonstrated evidence of pelvic floor nerve injury after vaginal delivery
even in the absence of incontinence symptoms.38

Because of this clinical evidence of pudendal nerve injury more proximal than the distal injuries
incurred by vaginal delivery, we have developed an animal model focused specifically on the
maternal pudendal nerve injuries incurred during childbirth.11,39 In this model the pudendal
nerve is crushed bilaterally in the ischiorectal fossa proximal to where it innervates the external
urethral sphincter. Four days after bilateral PNC LPP attains a nadir and is decreased by a third,
representing a significant difference from that in control animals.11,39 Two weeks after PNC
LPP returns almost to normal values but histologically the EUS and nearby nerve fascicles
have not yet normalized.39 The functional recovery of LPP at this time point is due in part to
neuroregeneration, as demonstrated by a significant decrease in LPP following nerve
transection 2 weeks after PNC.40 Three months after PNC only approximately 50% of the
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nerves had reinnervated the EUS.41 Estrogen is a strong neuroregenerative agent and it
facilitates accelerated recovery from PNC.31,42

Thus, this model is best used to study mechanisms of injury and tissue recovery in response to
nerve injury. It allows evaluation of the role of neuroregenerative agents31,42,43 in tissue
recovery and the impact of contributing/decompensating factors in the pathophysiology and
recovery of continence, ie diabetes, aging and obesity.

Combinational Models
The models of simulated childbirth injury can be used in combination with each other or with
other animal models to investigate the interaction between different risk factors for SUI. To
this end we recently began to combine PNC with VD to create a combinational model that
perhaps best represents the injuries incurred due to maternal vaginal delivery. Neurotrophins,
particularly brain derived neurotrophic factor, must be up-regulated by the target muscle for
the regeneration of peripheral nerves after nerve injury. However, brain derived neurotrophic
factor is up-regulated noticeably less in the EUS after PNC plus VD than after PNC alone,43
suggesting that neurotrophic factors could be studied as potential methods of promoting pelvic
floor reinnervation after birth injuries.

In a recent study we examined the combined effects of diabetes and birth trauma in relation to
SUI.44 In a rat model of streptozotocin induced diabetes we induced simulated childbirth
injuries using VD and noted that diabetes, which is an independent risk factor for urinary
incontinence, increased the severity of SUI beyond that caused by VD alone. Diabetes also
delayed recovery from the simulated birth trauma and increased the histological effects of VD.
44 To our knowledge these findings provide the first line of evidence toward a possible link
between vaginal delivery, SUI and diabetes in females, and it enables preclinical testing of
measures to treat and prevent SUI in patients with diabetes.

MODELS OF DURABLE URETHRAL DYSFUNCTION
Urethrolysis

Urethrolysis has been used as a model of durable urethral dysfunction to create longer lasting
dysfunction for testing potential treatments. After the proximal urethra is circumferentially
detached by incising the endopelvic fascia the remaining urethra is then detached from the
anterior vagina and pubic bone. Rodriguez et al reported that by 1 week after urethrolysis
abdominal leak point pressure and RUPP decreased to approximately 50% of preoperative
values and they were maintained at these levels for 24 weeks.7 The ratio of muscle to connective
tissue significantly decreased within week 1 and increased 12 weeks later. Denervation without
recovery and an increase in the number of apoptotic cells 4 to 24 weeks after urethrolysis were
also described. Therefore, this model creates a decrease in urethral resistance of longer duration
and with more significant tissue damage than the models of simulated childbirth. Therefore, it
is best used to investigate treatment interventions, ie slings and injectables, including stem cell
injections, that require a durable injury model, rather than one that simulates birth injury.

Cauterization
Similar to results in the urethrolysis model, electrocauterization of the urethra of female rats
produces a decrease in urethral resistance using the tilt table technique to about 50% of that in
sham operated animals, which was maintained for 16 weeks.45 Histological studies
demonstrated disruption of the EUS and denervation 16 weeks after cauterization.45 As with
urethrolysis, this model creates a longer lasting decrease in urethral resistance and more
significant tissue damage than childbirth simulations. It can best be used to investigate
treatment interventions.
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Pudendal Nerve Transection
Six weeks after injury Peng et al found a significant decrease in LPP in rats with unilateral
pudendal nerve transection and a further decrease in those with bilateral nerve transection.15
Voiding efficiency in bilaterally transected rats during cystometry was significantly decreased,
while residual volume was significantly increased compared to those in unilateral and sham
injured rats. Likewise unilaterally transected animals had voiding efficiency and residual
volume between that of bilaterally transected and sham operated rats, and they were
significantly different from each. This suggests that in female rats the pudendal nerve and its
target organ, the EUS, are important not only for maintaining urethral resistance and continence
during filling, but also for complete bladder emptying during voiding.

Interestingly large amplitude EUS EMG activity was recorded 6 months after unilateral or
bilateral pudendal nerve transection.15 Striated muscle bundle diameters in bilaterally
transected rats were significantly decreased compared to that in unilaterally and sham injured
rats, indicating that the pudendal nerve was unlikely to have regenerated after transection.
Therefore, the remaining extrapudendal innervation, as indicated by EUS EMG, may be carried
by the nerves to the iliococcygeus and pubococcygeus muscles, as suggested by Kamo et al.
8 This innervation may enter the urethra more distal than the pudendal nerve, as suggested by
a recent anatomical study by Kim et al in female rats.46

Botulinum Toxin
Takahasi et al tested the injection of 10 U/200 μl botulinum-A toxin periurethrally at the mid
urethra of female rats to create a durable animal model of decreased urethral resistance.21 A
significant decrease in LPP compared to controls occurred 2 weeks after injection due to the
shrinkage of smooth and striated urethral muscle. Function recovered to normal levels 6 weeks
after injection, demonstrating functional recovery in this model. This model would likely be
most useful for testing treatments aimed specifically at restoring the function of smooth and
striated muscle since each is damaged in the absence of physical trauma to the urethra.

TREATMENT TESTING
Slings

Of the various treatment options the sling procedure has become the mainstay of surgical
treatment for SUI.47 While the sling procedure offers the highest success rate, it also results
in the highest morbidity and complication rates among anti-incontinence procedures.48
Therefore, an animal model of a rat sling procedure has been developed for use in investigative
studies,13,14,49 resulting in increased urethral resistance in the short and long term.13,14,49
In an experiment in which the suburethral portion of the sling was cut immediately after
placement LPP 6 weeks later was significantly higher than in a sham sling preparation and
comparable to that in an intact sling preparation.50 Peak micturition pressure was not
significantly different among the 3 groups, indicating the absence of bladder outlet obstruction
after the sling procedure.

Pharmacological Therapy
Serotonin and norepinephrine reuptake inhibitors have been tested in preclinical and clinical
studies of SUI, and they have been found to be efficacious despite side effects.9 Using the
botulinum-A toxin model Takahashi et al evaluated the effect of injecting escalating does of
bFGF.21 Six weeks after botulinum-A toxin injection LPP in rats with 50 and 200 μg bFGF
was significantly higher than in sham injected rats. Urethral smooth and striated muscles
recovered from shrinkage due to the botulinum-A toxin injection. The bFGF injection induced
marked angiogenesis in the urethral periatrophic zone, suggesting that endoscopic periurethral
injection of bFGF may be an attractive therapy for SUI.
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Phull et al reported that angiotensin II administration did not significantly alter RUPP and
ALPP in nonoperated rats.10 However, after urethrolysis or pudendal nerve transection
angiotensin II treatment resulted in a significant increase in RUPP and LPP. This suggests that,
if bladder or urethral specific formulations could be found to minimize cardiovascular side
effects, angiotensin II may hold potential as a treatment option.

Stem Cells
Cannon et al performed direct injection of muscle derived progenitor cells into denervated
female rat urethras.51 Injecting muscle derived progenitor cells into the denervated sphincter
significantly improved fast-twitch muscle contraction amplitude. Immunohistochemistry 2
weeks following injection revealed a large amount of new skeletal muscle fiber formation at
the injection site of the urethra with minimal inflammation. In subsequent experiments
allogenic MDSCs significantly improved the LPP of nerve transected animals after 1 and 4
weeks5 and increasing doses resulted in increasing improvement.19 Similarly 2, 4 and 6 weeks
after the cauterization of periurethral tissue the mean LPP in rats that received MDSCs was
significantly increased compared to that in sham injected, cauterized rats.52 MDSCs have been
seeded onto a urethral sling with positive effects,49 suggesting that slings could be an effective
delivery mechanism for these cells.

Jack et al observed the viability and incorporation of processed lipoaspirate cells into the
recipient smooth muscles of the bladder and urethra of Rnu athymic rats and SCID mice.53
Eight weeks following injection processed lipoaspirate cells demonstrated in vivo expression
of α-smooth muscle actin, an early marker of smooth muscle differentiation. In a subsequent
study SM-hASCs (human adipose stem cells differentiated into smooth muscle) were injected
into the proximal urethra of urethrolysed nude rats using engineered PLGA-ms as a carrier
matrix. Only the SM-hASC plus PLGA-ms group demonstrated long-term improvement in
LPP and RUPP, suggesting that PLGA-ms may not only provide an immediate bulking effect,
but also localize cells to the urethra.54

HIGHER MAMMALIAN MODELS
As evident in this review, most of the animal models that have been developed are primarily
in rats because of the expense and lengthy nature of experiments in higher mammals. Acquired
SUI develops in 20% of spayed dogs and this occurrence is affected by the body weight and
breed of the animals, and is not entirely predictable.55 Therefore, the cost of working with
such a model becomes a major limitation with limited added benefit. Nonhuman primates could
potentially provide the advantage of having a similar orientation of the pelvis with respect to
gravity as that of humans. This is likely to be even more key for studying pelvic organ prolapse
than SUI due to the specific effects of gravity on prolapsing organs. Rats and mice have a
different central nervous system control system at Onufrowicz’s nucleus for voiding than
humans.56 Thus, it is possible that pharmacological treatments aimed at modifying central
nervous system control of voiding at Onufrowicz’s nucleus, ie duloxetine, should be tested in
higher mammalian models that more closely match the human control system. Therefore,
higher mammalian models may be useful for testing treatment interventions for SUI. However,
at this time the treatments being investigated in rats, ie stem cells,19,49,51–54 or slings,13,
14,49,50 appear to be sufficiently tested in the various rodent models.

CONCLUSIONS
Models of simulated birth injury are useful for investigating the pathophysiology of maternal
birth injuries and the development of SUI as well as for developing and testing preventive
measures and combination studies to investigate the interplay of multiple risk factors. Durable
animal models are useful for establishing a long lasting decrease in urethral resistance for
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testing treatments aimed at reversing SUI symptoms (see Appendix). The continued
contributions of investigators to all of these methodologies signal increased scientific activity
in investigational studies of SUI as well as a continued commitment to improving the scientific
prevention of and treatment for this common condition.

Advances in science in the last 20 years now offer significant advantages in the use of the
mouse as a model for many diseases, including complex conditions with genetic and
environmental components, such as SUI. These advances include a fully sequenced genome,
versatile strategies for making genetically modified animals, such as transgenics, knockouts,
conditional or tissue specific knockouts and knock-in mutants, and the availability of probes
for gene expression profiling. To capitalize on these advantages we have begun to extend our
methods to the mouse.30 Several mouse models of pelvic organ prolapse have recently been
developed in mice that are missing 1 of several enzymes responsible for elastin homeostasis.
57–60 Since pelvic organ prolapse and SUI often occur together, we expect that the
investigation of SUI in these mice will provide a fruitful avenue of research into the
pathophysiology of how pelvic floor disorders interrelate. We expect that with the expansion
of these models of SUI to mice coupling surgical and physiological studies with genetic ones
will result in synergistic results as well as novel treatment and prevention options in women
with SUI.
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Abbreviations and Acronyms
bFGF  

basic fibroblast growth factor

EMG  
Electromyography

EUS  
external urethral sphincter

LPP  
leak point pressure

MDSC  
muscle derived stem cell

OVX  
Ovariectomy

PLGA-ms  
poly-lactic-glycolic acid microspheres

PNC  
pudendal nerve crush

RUPP  
retrograde urethral pressure profile

SUI  
stress urinary incontinence
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VD  
vaginal distention
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APPENDIX
Rat Models of Urethral Dysfunction

Model Method Advantages Disadvantages Translational Research Use
VD1,2,11,12,22,24,28 Balloon distention

of the vagina
Reversible injury Nonspecific injury Best used in studying

mechanisms of injury and
tissue recovery as well as
pathophysiology

Functional recovery
depends on duration of VD

Not a durable
injury

Simulates birth trauma
Technique is easily done
and results are reproducible

Allows for evaluation of
factors (chemokines,
neuroregenerative and
medication selective
serotonin reuptake inhibitor)
that accelerate functional
recovery28–32
Allows for evaluation of the
impact of contributing/
decompensating factors on
pathophysiology and
recovery of incontinence
(diabetes,44 aging and
obesity)

PNC11,39 Crush injury to the
pudendal nerve in
the ischiorectal
fossa

Reversible injury Technique
requires fine
surgical skills and
operating
microscopy

Best used in studying
mechanisms of injury and
tissue recovery in response to
isolated nerve injury.

Functional recovery occurs
in 2 weeks
Selective neurogenic model Not a durable

injury
Can be used in combination
with VD for a more
profound type of injury40

Allows for evaluation of the
role of neuroregenerative
agents in tissue recovery31,
42,43
Allows for evaluation of the
impact of contributing/
decompensating factors on
pathophysiology and
recovery of incontinence
(diabetes,44 aging and
obesity)

Pudendal nerve transection15,46 Complete
transection of the
pudendal nerve in
the ischiorectal
fossa

Durable injury Technique
requires fine
surgical skills and
operating
microscopy

Best used to investigate
treatment interventions:
slings, stem cell injection and
different injectable material

Selective neurogenic model
Not an injury that
occurs naturally in
childbirth

Urethrolysis7 Proximal urethra is
circumferentially
detached by incising
the endopelvic
fascia and the
remaining urethra is
then detached from
the anterior vagina
and pubic bone

Durable injury Not an injury that
occurs naturally in
childbirth

Best used to investigate
treatment interventions:
slings and injectables,
including stem cell injection

More significant damage
compared to VD model
Technique is easily done

Cauterization45 Electrocauterization
of the urethra

Durable injury Not an injury that
occurs naturally in
childbirth

Best used to investigate
treatment interventions:
slings and injectables,
including stem cell injection

More significant damage
compared to VD model
Technique is easily done

Botulinum toxin21 Periurethrally 10 U/
200 μl at the mid
urethra

Reversible model Not an injury that
occurs naturally in
childbirth

Allows for evaluation of
interventions that accelerate
tissue recovery (fibroblast
growth factor)21

Recovery occurs in 6 weeks
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