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Abstract
Stress urinary incontinence (SUI) is a common health problem significantly affecting the quality
of life of women worldwide. Animal models that simulate SUI enable the assessment of the
mechanism of risk factors for SUI in a controlled fashion, including childbirth injuries, and enable
preclinical testing of new treatments and therapies for SUI. Animal models that simulate childbirth
are presently being utilized to determine the mechanisms of the maternal injuries of childbirth that
lead to SUI with the goal of developing prophylactic treatments. Methods of assessing SUI in
animals that mimic diagnostic methods used clinically have been developed to evaluate the animal
models. Use of these animal models to test innovative treatment strategies has the potential to
improve clinical management of SUI. This chapter provides a review of the available animal
models of SUI, as well as a review of the methods of assessing SUI in animal models, and
potential treatments that have been tested on these models.

Keywords
Animal models; Bladder pressure; Leak point pressure; Mechanism of injury; Simulated
childbirth; Stress urinary incontinence; Urethral pressure; Urinary incontinence; Urodynamics

1 Introduction
Stress urinary incontinence (SUI) is jointly defined by the International Continence Society
and International Urogynecological Association as the complaint of involuntary loss of urine
on effort or physical exertion (e.g., sporting activities), or on sneezing or coughing (Haylen
et al. 2010). It results from a sudden increase of abdominal pressure in the absence of
detrusor contraction and is associated with both intrinsic sphincter dysfunction and urethral
hypermobility (McGuire 2004). SUI is a common health problem worldwide and
significantly impacts both the society and individuals (Birnbaum et al. 2004; Hampel et al.
2004). It is correlated to various risk factors, including general disease, obesity, smoking,
being female, advanced age, surgical trauma, and, most significantly, childbirth (DeLancey
et al. 2008). However, its pathophysiology is not completely understood.

No animal model can completely simulate the human situation and multifactorial basis for
SUI. Nonetheless, animal models can be utilized to further our understanding of the
pathophysiology of SUI and enable preclinical testing of potential treatments. They also
allow us to assess the mechanism of specific risk factors or contributing elements to SUI in a
controlled fashion and to use this knowledge to improve or optimize the management
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strategy for SUI. Translational investigation of SUI using animal models could potentially
lead to an understanding of the importance of each event during the progression of SUI and
also to the development of preventive interventions to be delivered before the occurrence of
significant events.

2 Methods of Determining SUI in Animal Models
SUI is a behavioral condition that involves unintentional urine leakage; however, animals
cannot indicate intent. Therefore, the functional surrogate of urethral resistance to leakage
has been used to assess SUI in animal models. In the clinical case, sophisticated
urodynamics and other related tests may be performed to narrow diagnosis and treatment
(McGuire 2004). The methods used to assess urethral resistance in animal models are based
on clinical methods of diagnosing SUI; therefore, the principals of assessing SUI are
relatively similar between the two situations.

Other differences between clinical and experimental animal methods arise because untrained
animals do not easily follow instructions. Therefore, anesthesia is required for animal testing
to immobilize the animal. In addition, invasive and nonsurvival studies examinations can be
performed in animals, unlike in humans.

Urethral resistance contributing to urinary continence involves both passive and active
mechanisms (Rovner and Wein 2004; Haab et al. 1996), including pressure transmission,
urethral smooth muscle contraction, urethral striated muscle contraction, pelvic floor muscle
contraction, as well as mucosal coaptation and elasticity of the urethra. Deficiency of these
factors is associated with insufficient urethral resistance and may result in symptoms of SUI
and decreased leak point pressure (LPP) during a urodynamics study (McGuire 2004).
Several methods of determining and characterizing SUI in animal models have been
established and developed in the last decade (Hijaz et al. 2008) and are reviewed below.

2.1 Sneeze Testing
The sneeze test was introduced by Lin et al. in 1998 for use in rats to test for decreased
urethral resistance to leakage and presumptive SUI (Lin et al. 1998). To perform this test,
chili powder or a clipped whisker is placed in the rat’s nose, inducing sneezing (Lin et al.
1998). The sneezing response transiently increases abdominal pressure on the bladder and
induces leakage in 30% of animals 4 weeks after simulated childbirth injury. No leakage
was induced in uninjured rats (Lin et al. 1998). This method has been used extensively to
study SUI in rodent models (Conway et al. 2005; Kaiho et al. 2007; Kamo et al. 2003, 2006)
and has also been used in cats and other animals (Julia-Guilloteau et al. 2007; Bernabe et al.
2008; Wallois et al. 1995).

Sneeze testing has been utilized to investigate the nature of the continence reflex response to
increased abdominal pressure due to sneezes (Kamo et al. 2003; Julia-Guilloteau et al.
2007). It is presumed that the bladder is squeezed by the abdominal wall during sneezing
since bladder pressure was significantly decreased after opening the abdomen during sneeze
testing (Kamo et al. 2003). Pressure in the middle urethra increased before bladder pressure
increased from sneeze testing, suggesting that continence mechanisms are activated in
preparation for sneezing (Kamo et al. 2003). These active closure pressure increases elicited
by a reflex response to sneezing are believed to result from contraction of the external
urethral sphincter and pelvic floor muscles occurring in the middle urethra in female rats
(Kamo et al. 2003).

Urethral smooth muscle contraction also actively contributes to active closure mechanisms
during a sneeze reflex since intrathecal phentolamine, prazosin, and intravenous nisoxetine
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decrease the increased pressure response to sneezing in the urethra of rats (Kaiho et al.
2007). Therefore, the continence response to sneezing includes the noradrenergic system,
which can be enhanced with a norepinephrine reuptake inhibitor to prevent SUI via α1-
adrenoceptors (Kaiho et al. 2007), as utilized by duloxetine in rats (Miyazato et al. 2008).

2.2 Manual LPP Testing
Manual LPP testing in rats, mimicsking a Crede maneuver, has been developed to test
decreased urethral resistance in animal models (Cannon et al. 2002). Because the procedure
is relatively easy and highly repeatable, and LPP values can also be achieved from uninjured
control animals (Cannon et al. 2002; Damaser et al. 2003), this method of SUI testing
enables statistical comparisons of LPP between experimental groups and has therefore
become popular (Hijaz et al. 2004; Woo et al. 2009; Wood et al. 2008; Kefer et al. 2008; Lin
et al. 2010). Urethane anesthesia is usually used for manual LPP testing since it best
maintains urological reflexes (Cannon et al. 2002). It is usually approved only for end-stage
use, and animals must be euthanized prior to awakening. Therefore, other anesthetics, such
as ketamine and xylazine, have been utilized, when repeat or survival experiments are
necessary (Phull et al. 2007). However, ketamine affects activity of the sympathetic nervous
system both indirectly, via inhibition of neuronal uptake of catecholamine, and directly by
alpha-2 receptor agonism (Aroni et al. 2009), which may affect bladder and urethral
function. As a result, use of ketamine and xylazine as an anesthetic has been shown to
induce bladder overactivity in rats (Zhang et al. 2010; Cannon and Damaser 2001).
However, the effects on urethral resistance have not been determined.

To minimize the effects on urethral resistance by placement of a urethral catheter, a
suprapubic bladder catheter is usually placed several days before manual LPP testing
(Cannon et al. 2002). However, transurethral catheters have been used for LPP testing in
special circumstances, such as during simultaneous measurement of the external urethral
sphincter (EUS) electromyogram (EMG) (Jiang et al. 2009a).

To perform manual LPP testing in rats, a passive vesical pressure increase is made by
gradually and slowly pressing on the abdomen directly above the bladder until leakage is
observed at the urethral meatus. At the moment of urine leakage, the external pressure is
rapidly removed and bladder pressure quickly returns to baseline (Cannon et al. 2002). LPP
testing is usually performed during filling cystometry with the bladder approximately half
full, avoiding times just after voiding or during unstable contractions. If an active bladder
pressure contraction is induced by LPP testing, the bladder should be refilled and LPP
testing repeated. Bladder pressure increase during LPP testing can be easily differentiated
from a bladder contraction or voiding since bladder pressure decreases more slowly after
completion of voiding and more fluid is evacuated during voiding. Manual LPP testing has
been validated in several SUI animal models (Kefer et al. 2008). Recent efforts to
standardize the procedure led to the development of a device consisting of a soft-tipped
force applicator with a force sensor, laser crosshairs, and a hand-held remote control system
(Shoffstall et al. 2008). Although the device decreased the variability of novices at the LPP
test in rats, it had no impact on the variability of testing performed by experienced
investigators (Shoffstall et al. 2008).

2.3 Vertical Tilt Table LPP Testing
In this method, a rat is mounted on a vertical tilt table mimicking the erect situation in
humans. A saline reservoir is connected to a suprapubic catheter to increase bladder pressure
when raised (Lee et al. 2003; Kamo et al. 2004; Kwon et al. 2006). Results using the tilt
table technique have been compared to those using manual LPP testing and indicate that
they are similar and repeatable (Conway et al. 2005). Prior to the procedure, the spinal cord
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is usually transected at T8–T9 to eliminate voiding reflexes. However, the test has also been
utilized successfully without spinal cord transection (Takahashi et al. 2006).

Although the vertical position of the rats during this test better simulates the human erect
body position, the bladder volume is significantly increased as the reservoir height is
increased. This change in bladder volume increase may induce additional bladder reflexes
and active responses, creating the need for the spinal cord transection. Although the spinal
cord transection abolishes unwanted neurogenic activity of the bladder, it also eliminates
supraspinal regulation of Onuf’s nucleus and other spinal reflex centers important for
continence (Sugaya et al. 2005). Thus, while this method of testing has advantages, such as
the erect posture of the animals, it also has disadvantages, both of which must be considered
when selecting a testing method for a specific investigation.

2.4 Electrical Stimulation LPP Testing
LPP testing by electrical stimulation of the abdominal muscles, inducing a sudden increase
in abdominal pressure, was introduced recently in female rats (Kamo and Hashimoto 2007)
to mimic a cough reflex (Widdicombe 1995). As with tilt table testing, to eliminate
surpraspinal reflex voiding, the spinal cord is transected at the T8–T9 level. The abdominal
skin near the right and left tips of the 11th–13th costae are cut to expose the abdominal
oblique muscles, where stimulation needle electrodes are inserted. The only study using this
method to date demonstrated that reflex urethral closure mechanisms via bladder–spinal
cord–urethral sphincter and pelvic floor muscles greatly contribute to a continence reflex
response in increased urethral resistance to prevent leakage (Kamo and Hashimoto 2007).

Electrical stimulation LPP testing is excellent for simulating a sudden increase in abdominal
pressure. The LPP value is greater than that from other testing methods because of the
contribution of pressure transmission from abdominal muscle contraction. A shortcoming of
this method is that in some animals, there is no leakage even at the maximum bearable
stimulation level (Kamo and Hashimoto 2007). Moreover, as above, to inhibit bladder
contraction, a spinal cord transection has to be performed, eliminating supraspinal regulation
of continence reflexes.

2.5 Urethral Closure Pressure Testing
Direct testing of urethral closure pressure has also been performed via utilization of a special
catheter, initially introduced transvesically through an incision in the bladder dome and then
placed into the bladder neck or the urethra (Bae et al. 2001). This technique was further
modified for retrograde urethral perfusion pressure (RUPP) testing in rats via introduction of
a dual catheter system via the urethral meatus and placement of a watertight suture
(Rodriguez et al. 2005). The pressure sensor is usually placed at the mid-urethra since the
highest pressure and greatest continence reflex response in female rats corresponds with the
location of urethral striated muscles (Kamo et al. 2003). In contrast, in cat (Julia-Guilloteau
et al. 2007; Bernabe et al. 2008) and in dog (Thuroff et al. 1982), the greatest urethral
closure pressure active response is located at the distal urethra.

In contrast to vesical pressure measurement, urethral pressure measurement can be
inconsistent and difficult to reproduce. The clinical usefulness of urethral pressure profile
remains unclear (Lose et al. 2002). To address this, microtransducer-tipped pressure-sensing
catheters have been utilized for the measurement of urethral closure pressure (Kamo et al.
2003, 2004; Kamo and Hashimoto 2007) and other urethral pressure measurements (Phull et
al. 2007). However, since the micro-tip is actually a point force sensor, different
measurement sites, even with the same area, could lead to different results. Therefore,
reproducibility of urethral closure pressure and RUPP measurements remains in question.
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3 SUI Animal Models
Animal models for SUI in rodents were first introduced by performing vaginal distension
(VD) to simulate the maternal injuries of childbirth in female rats (Lin et al. 1998; Sievert et
al. 2001). Since then, more and more SUI animal models have been developed using various
methods to injure different aspects of the urinary continence mechanism, such as nerve
injury (Bernabe et al. 2008; Damaser et al. 2003, 2007; Hijaz et al. 2004; Peng et al. 2006;
Ahn et al. 2005), urethral cauterization (Chermansky et al. 2004), urethrolysis (Rodriguez et
al. 2005), and pubourethral ligament injury (Kefer et al. 2008, 2009). These animal models
enable us to further understand how these factors contribute to development of SUI and to
test novel potential therapies (Fig. 1).

3.1 Models Simulating Childbirth Injury
3.1.1 Vaginal Distension—Most studies using VD to simulate the maternal injuries of
childbirth use similar methods: a Foley catheter is inserted into the rat’s vagina under
anesthesia and the balloon is inflated to distend the vagina and injure organs and tissues
nearby for an extended period of time (Hijaz et al. 2008). The VD model has became the
most used model to study mechanisms of injury and tissue recovery in response to
childbirth, since it was introduced over 10 years ago (Lin et al. 1998). Urethral resistance is
significantly decreased after VD as confirmed by sneeze testing, LPP testing, and urethral
closure pressure testing (Lin et al. 1998; Kamo et al. 2006; Pan et al. 2007). The decrease in
urethral resistance recovers in a few weeks, depending primarily on the duration of time the
balloon was left distended in the vagina (Pan et al. 2007).

VD has been widely adopted as a model of SUI in rats, however, with some variability in its
execution. The selection of catheter size and balloon dilation volume should depend on the
age, weight, and breeding status of the rat or on the damage level desired for a specific
study. Lin et al. initially used a 12Fr Foley catheter inflated with 2.0 ml in virgin rats and 2.5
ml in retired breeder rats for 4 h (Lin et al. 1998). A larger 22Fr catheter was utilized
immediately postpartum in rats with a 5 ml balloon distension for 3 h (Sievert et al. 2004).
In addition, the rat was place in a prone position with the symphysis at the edge of the table
and the VD catheter attached to a 130 g weight to simulate stretch of tissues during vaginal
delivery. Resplande et al. (2002) performed VD in rats immediately postpartum using an
18Fr catheter inflated to 5 ml for 4 h.

In our experience, VD is most repeatable when the vagina is first accommodated and
predilated by inserting and removing increasing sizes of urethral dilators (24–32Fr.)
(Cannon et al. 2002). We use a modified 10Fr. Foley catheter for VD, inflate it to 3 ml,
secure it with a single suture in the skin, and leave it in place for up to 4 h (Damaser et al.
2003; Woo et al. 2009; Wood et al. 2008; Jiang et al. 2009a; Pan et al. 2007, 2009). We use
virgin rats in our studies; whereas others use rats immediately postpartum (Sievert et al.
2001, 2004; Lin et al. 2008a). Even though no study has yet performed a head to head
comparison of outcomes, the results are similar in the two studies with a predictable
decrease in urethral resistance after VD (Hijaz et al. 2008; Damaser et al. 2003, 2005; Woo
et al. 2009; Wood et al. 2008; Jiang et al. 2009a; Sievert et al. 2001, 2004; Pan et al. 2007,
2009; Lin et al. 2008a). These variations in VD methodology may correspond to differences
in outcomes; however, it is generally accepted that, regardless of the specific methodology,
VD damages urethral function in the short-term and reduces urethral resistance to leakage,
resulting in SUI that recovers with time.

VD damages the muscular and neurological structures responsible for continence since these
tissues are compressed between the dilated balloon and the pelvis, particularly the pubic
symphysis (Sievert et al. 2004). Marked cellular swelling and edema in the levator muscles
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has been shown 1 day after VD (Lin et al. 1998). Smooth muscle between the vagina and the
urethra in incontinent rats was also disrupted and thinned (Lin et al. 1998). Cannon et al.
(2002) similarly documented extensive disruption of the skeletal muscle layer and marked
thinning of the smooth muscle fibers in the urethra following 1 h VD.

VD also results in decreased blood flow to urethra, and hypoxia of the bladder, urethra, and
vagina, supportive of hypoxic injury as a possible mechanism of injury leading to SUI
(Damaser et al. 2005). Similarly, prolonged VD increases hypoxia-inducible factor 1α
expression in the urethra (Wood et al. 2008). VD can also affect expression of other
cytokines, including monocyte chemotactic protein-3 (MCP-3) and its receptors (Woo et al.
2007, 2009; Wood et al. 2008). Since MCP-3 attracts mesenchymal stem cells to the local
region to facilitate repair (Schenk et al. 2007), this suggests participation of an innate stem
cell-mediated repair mechanism after VD. The expression of MCP-3 is also correlated with
duration of VD (Wood et al. 2008), confirming a duration-dependent injury and repair
mechanism.

Kamo et al. (2006) reported that SUI after VD results from decreased active closure
mechanism at the mid-urethra and does not alter abdominal pressure transmission below the
bladder neck. Active middle urethra sneeze-induced reflex responses are present but
decreased by approximately 50% after VD in rats (Kamo et al. 2006). Furthermore, Jiang et
al. (2009a) demonstrated that EUS EMG activity and bladder-to-EUS response activity
during LPP testing were significant reduced 4 days after VD. EUS EMG activity recovered
by 3 weeks after VD, corresponding with recovery of LPP (Jiang et al. 2009a). These studies
confirm that, similar to humans, active urethral closure participates in a sneeze or LPP
continence reflex in rats and that the neuromuscular participants in this reflex are damaged
by VD, particularly those in the urethra. Therefore, VD simulates mostly urethral
mechanisms of SUI rather than hypermobility or pelvic floor mechanisms.

Since birth injury is one of the greatest risk factors in the etiology of SUI in women, VD
simultating the maternal injuries of delivery currently provides the best model to study the
mechanisms of urethral injury and recovery as well as its pathophysiology. This model
further allows us to explore and improve potential treatments to accelerate functional
recovery of SUI since insufficient recovery after vaginal delivery injury along with other
injuries and factors are strongly correlated with a later development of the SUI (Snooks et
al. 1990). Therefore, the best use of the VD model may be in combination with other
pathologies, injuries, or genetic manipulations. Work to date in combinatorial models is
reviewed later in this chapter.

3.1.2 Pudendal Nerve Injury—The pudendal nerve controls EUS activity, including
tonic activity during continence, and activates to strengthen the guarding response to prevent
urinary leakage (Park et al. 1997; Evans 1936). It can be trapped and injured during vaginal
childbirth when coursing through Alcock’s canal in the ischiorectal fossa, especially
between the sacrospinous ligament and the sacrotuberous ligament (Snooks et al. 1986).
Increased pudendal nerve terminal motor latency, indicative of nerve injury, correlates with
vaginal delivery, advanced age, and SUI (Tetzschner et al. 1997; Olsen et al. 2003; Snooks
et al. 1984). Several obstetric factors, such as multiparity, forceps delivery, increased
duration of the second stage of labor, third degree perineal tear, and high birth mass, are
specifically correlated with pudendal nerve damage (Snooks et al. 1986). While cesarean
section can be sparing to the pudendal nerve, cesarean section during labor is not and can
put a woman at risk of pudendal nerve damage (Sultan et al. 1994).

In addition to distal pudendal nerve injury at the EUS during vaginal delivery, clinical
evidence also demonstrates damage to the pudendal nerve in Alcock’s canal, particularly as
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the nerve reenters the pelvis at the sacral spine. A novel animal model, pudendal nerve crush
(PNC), simulating this damage, has been developed (Kerns et al. 2000). In rats, the rising
roots of the pudendal nerve are more proximal than in humans since the pudendal nerve
arises from L6–S1 roots in rats and S2–S4 roots in humans (McKenna and Nadelhaft 1986;
Pacheco et al. 1989). Nonetheless, innervation of the EUS from the pudendal nerve is
similar between rats and humans. In female rats, the motor pudendal nerve bifurcates within
Alcock’s canal into separate fascicles that innervate the external anal sphincter and EUS
(McKenna and Nadelhaft 1986; Kane et al. 2002).

For PNC, the pudendal nerve is accessed via the dorsal approach and is then crushed
bilaterally in the ischiorectal fossa where it reenters the pelvis (Ahn et al. 2005; Kerns et al.
2000). In this model, all three branches of the pudendal nerve are crushed: sensory, EUS
motor, and external anal sphincter motor, to simulate the injuries of childbirth. It is possible
to injure each independently, however, potentially to test theories regarding reflexes or
innervation.

PNC injury appears to result in acute SUI since LPP is significantly reduced until 2 weeks
after the injury (Damaser et al. 2007). LPP then trends upward and returns to control levels
with increasing time after injury, suggesting that nerve function begins to recover or
compensatory changes in the urethra occur (Ahn et al. 2005; Damaser et al. 2007). Despite
functional recovery 2 weeks after PNC, the distal nerve and EUS both show evidence of
nerve degeneration and early signs of recovery at this time point (Damaser et al. 2007). Only
6 weeks after PNC is full neuroregeneration observed in the pudendal nerve and the EUS
(Damaser et al. 2007), suggesting that 2 weeks represents an early time point of initial
neuroregeneration and that there is redundancy in the innervation such that incomplete
regeneration can lead to functional recovery. Estrogen has been shown to increase the
neuroregenerative response of the injured pudendal nerve and promote and facilitate
recovery of urethral function (Kane et al. 2004; Ahmed et al. 2006).

EUS EMG and pudendal nerve motor branch potential recordings after PNC support the
redundancy theory since they demonstrate significant recovery 3 weeks afterward (Jiang et
al. 2009a). However, the increase in amplitude and frequency of EUS EMG activity during
LPP testing remains significantly different 3 weeks after PNC compared to normal rats,
suggesting that nerve regeneration remains an ongoing process (Jiang et al. 2009a). Three
months after PNC, approximately half the crushed pudendal neurons have regenerated to the
EUS (Kerns et al. 2000), supporting the idea that incomplete regeneration is sufficient for
functional recovery.

PNC injury in female rat, an SUI rodent model, results in a peripheral neurogenic and
functional deficit followed by regeneration and recovery in the EUS. It allows evaluation of
the pudendal nerve and neuromuscular recovery of the EUS and is useful for investigating
mechanisms of neuromuscular recovery and for testing neuroregenerative agents or other
potential treatments. It can also be utilized in conjunction with other pathologies, such as
diabetes, aging, obesity, or genetic manipulation, to assess mechanism of injury and
recovery in populations at increased risk for SUI.

3.1.3 Combination Models—During childbirth trauma, both muscles and nerves can be
injured. Thus, the injuries occurring simultaneously during vaginal childbirth may represent
a unique compound neuromuscular injury. These two injuries, along with injuries to the
pelvic floor, are strongly correlated with later development of SUI (Snooks et al. 1990).
Therefore, to further understand the mechanism of SUI after childbirth injury, both VD and
PNC have been implemented in combination with each other to investigate the interaction
between the different risk factors for SUI.
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A dual injury model utilizing both PNC and VD has been developed and may best mimic the
injuries incurred due to vaginal delivery (Jiang et al. 2009a). Functional recovery including
EUS EMG and pudendal nerve motor branch potentials recorded during both LPP testing
and voiding occurs more slowly after both PNC and VD than after either PNC or VD alone
(Jiang et al. 2009a, b). Similarly, histological analysis of the EUS and the pudendal nerve
confirms this result with slowed anatomical recovery from a dual injury (Pan et al. 2009;
Jiang et al. 2009b).

Neurotrophins, particularly brain-derived neurotrophic factor, are upregulated by the target
muscle to regenerate peripheral nerves and reinnervate the target muscle after nerve injury;
in contrast, they are downregulated after muscle injury (Yan et al. 1994; Friedman et al.
1995; Sakuma et al. 2001). One day after VD, brain-derived neurotrophic factor expression
in the EUS was reduced, whereas it was dramatically upregulated in the EUS 1 day after
PNC (Pan et al. 2009). After a dual injury of both PNC and VD, brain-derived neurotrophic
factor expression was upregulated somewhat but not to the same extent as after PNC,
suggesting that insufficient brain-derived neurotrophic factor upregulation may contribute to
slowed recovery after dual injury (Pan et al. 2009). Therefore, this model could be utilized
to test methods that produce a local increase in neurotrophic factors as potential methods of
promoting neuroregeneration and reinnervation after childbirth.

VD has also been combined with other pathophysiologies, such as diabets mellitus or
oophorectomy (OVX), to study their interactions. Streptozotocin-induced diabetes causes
increased severity and delayed functional recovery after VD (Kim et al. 2007), suggesting
that diabetic women likely recover more slowly from maternal birth injuries. When VD
follows delivery of rat pups, a later OVX increases the incidence of SUI, although OVX
does not increase SUI incidence without VD (Sievert et al. 2001). On the other hand, Kuo
(2002)found that OVX affects the intrinsic urethral closure mechanism, but without rat pup
delivery, OVX does not affect LPP after VD. Multiple VD procedures have been utilized to
simulate multiple deliveries (Kuo 2002; Pauwels et al. 2009). Pauwels et al. (2009) applied
repeat VD to postpone recovery of urethral resistance to leakage. LPP is significantly
decreased when both OVX and multiple VD were applied (Kuo 2002).

VD has also been performed in mice to induce SUI with the expectation of combining VD
with genetic manipulation to study the impact of genetics on SUI (Lin et al. 2008b, 2010). A
distension volume of 0.1–0.3 ml results in significantly reduced LPP in C57BL/6 female
mice in the short term (Lin et al. 2008b). The density of immunoreactive neurofilaments in
the urethra are reduced after VD with a 0.3- or 0.2-ml balloon (Lin et al. 2010). VD in mice
could be more useful in future when trangenic models are combined with VD to investigate
the genetic dependence of SUI in women after delivery. For example, elastin metabolism
can be altered in women with SUI (Chen et al. 2006), and mice with genetically altered
elastin metabolism can develop pelvic organ prolapse and decreased LPP after pup delivery
(Lee et al. 2008). Combining this genetic model with VD could potentially elucidate the
mechanism of elastin recovery after childbirth and identification of women at high risk for
SUI.

3.2 Models Simulating Anatomic Support Damage
3.2.1 Urethrolysis—Urethrolysis, both retropubic and vaginal, has been performed for
some patients with urethral obstruction or complications of urethral suspension procedures
(Foster and McGuire 1993). It has also been utilized to create an animal model of durable
urethral dysfunction or decreased urethral resistance, mimicking SUI. Transabdominal
urethrolysis in female rats consists of circumferentially detaching the proximal urethra by
incising the fascia (Rodriguez et al. 2005). The remaining urethra is then detached from the
anterior vagina and pubis, which produces a significant decrease in both LPP and RUPP
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until 24 weeks after the procedure (Rodriguez et al. 2005). Denervation and an increase in
the number of apoptotic cells have also been demonstrated 4–24 weeks after urethrolysis
(Rodriguez et al. 2005). Pauwels et al. (2009) further refined this procedure as urethral
transposition by surgically freeing the urethra and vagina from their fixation to the
abdominal skin, resulting in a durable incontinence and a significant decrease in LPP 8
weeks after injury. Therefore, urethrolysis causes connective tissue damage and a significant
diminishment of anatomic support and results in a long lasting or durable decrease in
urethral resistance to leakage. It could be best suited for investigation of pathogenesis and
treatment of the subset of SUI with obvious bladder neck or urethral hypermobility and
could be utilized for preclinical evaluation of slings, injectables, and other potential
treatments.

3.2.2 Pubourethral Ligament Injury—The pubourethral ligament (PUL) is believed to
strongly attach the ventral surface of the urethra to the pubic bone, and its role in continence
is described in the integral theory of continence and SUI (Petros 1998; Petros and Ulmsten
1990). Kefer et al. (2008, 2009) adopted the theory and created a PUL deficiency in female
rats as a model of SUI. LPP is significantly decreased both in the short term (10 days) and in
the long term (28 days) after suprapubic PUL transection (Kefer et al. 2008, 2009),
validating PUL deficiency as an additional model of durable SUI. When transecting this
ligament, it is almost impossible to eliminate potential injuries to the other structures,
including other pelvic fascia and ligaments, as well as muscles, vessels, and nerves under the
pubic symphysis. Both PUL transection and urethrolysis result in urethral mobility, but PUL
transection appears to be a milder injury. Therefore, PUL transection has similar uses to
urethrolysis as a model of SUI.

3.3 Models Simulating Intrinsic Urethra Deficit
3.3.1 Periurethral Cauterization—Periurethral cauterization was created as a model of
SUI in rats by Chermansky et al. (2004). The procedure is performed via trans-abdominal
access with a transurethral catheter for support. Electrocauterization of tissues lateral to the
midurethra decreased LPP without affecting bladder function, reducing LPP 2 weeks after
the procedure and maintaining it as decreased for up to 16 weeks (Chermansky et al. 2004).
Histology suggests that damage to striated muscle and nerves contributes to the change in
LPP in this model, potentially creating an intrinsic urethral deficit (Chermansky et al. 2004).
It is also a durable model of SUI with more significant tissue damage and a long lasting
decrease in urethral resistance. It is potentially most useful for investigation of potential
interventions, especially those aimed at treating severe and/or complicated SUI.

3.3.2 Urethral Sphincterectomy—A canine SUI model of urethral sphincterectomy has
recently been developed by Eberli et al. (2009) in which creation of irreversible damage to
the sphincter was the goal. Approximately ¼ of the circumferential sphincter muscle,
containing both smooth and striated muscle, was excised through a low midline abdominal
incision (Eberli et al. 2009). Both histology and pudendal nerve stimulation indicated an
absence of sphincter muscle and its response. Seven months after sphincterectomy, urethral
resistance to leakage remained significantly decreased, as evidenced by decreased urethral
pressure profile and stress urethral profile as well as decreased LPP. This SUI model
represents an extreme and irreversible sphincter deficiency, which could be useful for
preclinical evaluation of methods of entirely reproducing sphincter function, such as with an
artificial or cell-based sphincter replacement procedure.

3.3.3 Pudendal Nerve Transection—Since PNC recovers relatively rapidly, bilateral
pudendal nerve transection has been used to study permanent damage to the pudendal nerve
(Conway et al. 2005; Kamo et al. 2003; Hijaz et al. 2004; Jiang et al. 2009a; Peng et al.
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2006). The procedure is the same as PNC, except that the pudendal nerve is transected
bilaterally instead of being crushed. A segment of nerve (~2 mm long) is removed from the
transection site to prevent neuroregeneration. A significant decrease in LPP results, both in
the short term and as long as 6 weeks after pudendal nerve transection (PNT) (Conway et al.
2005; Kamo et al. 2003; Jiang et al. 2009a; Peng et al. 2006). The decrease in LPP is only
partial if a unilateral PNT is performed (Peng et al. 2006). Peng et al. (2006) demonstrated
that voiding efficiency also decreases after PNT, suggesting that EUS bursting activity
during voiding facilitates emptying in female rats. These studies all support the idea that the
pudendal nerve plays a critical role in the mechanism of urinary continence since as soon as
it is injured, the urethral resistance to leakage decreases significantly.

Jiang et al. (2009b) confirmed that 6 weeks after PNT, the EUS showed neurogenic atrophy
and contained thin small muscle bundles with no striations. No significant EUS EMG tonic
activity and bursting during voiding was recorded 6 weeks after PNT (Jiang et al. 2009a, b).
This is in contrast to a previous report by Peng et al., who demonstrated EUS EMG tonic
activity and bursting during voiding 6 weeks after PNT despite a decrease in the diameter of
striated muscle bundles in the EUS (Peng et al. 2006). This difference could be due to the
use of different EMG electrodes in the two studies, suggesting a need to standardize
electrodes used for measuring EUS EMG in models of SUI.

PNT has also been investigated in other female animals, such mice, cats, and dogs (Bernabe
et al. 2008; Lin et al. 2010; li-El-Dein and Ghoneim 2001). Lin et al. (2010) confirmed
permanent effects of PNT in female mice and that both LPP and the density of
neurofilaments in the urethra were significantly reduced 4, 10, and 20 days after PNT. In
female cats, after unilateral pudendal and pelvic nerve lesions, only distal urethral pressure
decreased significantly. In contrast, bilateral pudendal and pelvic nerve lesions may cause
urine leakage and significantly decrease the urethral pressure response (Bernabe et al. 2008).
Bladder and urethral function after PNT has also been investigated in female dogs (li-El-
Dein and Ghoneim 2001). While not specifically designed as an animal model of SUI, the
results indicate a decrease in urethral resistance after PNT (li-El-Dein and Ghoneim 2001).

3.3.4 Reagent Periurethral Injection—Botulinum Toxin has been used as a reagent to
induce chemical denervation of the urethral sphincter via periurethral injection in rats
(Takahashi et al. 2006). A significant decrease in LPP occurred 2 weeks after injection and
was supported by evidence of shrinkage of smooth and striated urethral muscle. Six weeks
after injection, rats demonstrated functional recovery, making this a model of reversible SUI
aimed specifically at injuring the function of smooth and striated muscle. It may be most
useful for preclinical testing of treatments to accelerate recovery after chemical or radiation-
induced SUI.

4 Treatment Testing on SUI Animal Models
Clinical treatments for SUI include conservative techniques, pharmacologic therapy, and
surgical procedures. These therapies aim to strengthen urinary continence via specific or
integrated deficiency correction. Although standard interventions such as anti-incontinence
surgery have been verifiably successful in restoration of anatomic support and improvement
of intrinsic urethral deficiencies (Williams and Klutke 2008), it is still necessary to use
animal models of SUI to test new surgical techniques and materials, pharmacologic targets,
and therapeutic strategies, such as stem cell therapy. We review here the work to date using
these animal models to test potential new treatments.
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4.1 Pharmacological Therapy Testing
4.1.1 Serotonin and Norepinephrine Reuptake Inhibitors—Experiments in cats
suggested that duloxetine, a serotonin and norepinephrine reuptake inhibitor, could enhance
EUS activity through 5HT2 and α1 adrenergic mechanisms (Thor and Katofiasc 1995),
indicating promise for the treatment of SUI. After VD in rats, urethral resistance was
significantly increased by duloxetine administered intravenously (Miyazato et al. 2008).
Intrathecal administration of idazoxan, a selective α2 adrenergic receptor antagonist,
indicated that duloxetine can prevent SUI by facilitating noradrenergic and serotonergic
systems in the spinal cord, enhancing the sneeze reflex (Miyazato et al. 2008). Other similar
SNRIs, including venlafaxine (Bae et al. 2001) and nisoxetine (Kaiho et al. 2007), can also
increase urethral pressure in rats and have also been suggested to be useful for treatment of
SUI. This class of drug, however, has the potential for central nervous system complications,
keeping it from being made available to the general public in the USA (2005).

4.1.2 Fibroblast Growth Factor Testing—Takahashi et al. (2006) evaluated the effects
of sustained release of basic fibroblast growth factor (bFGF) in rat urethra denervated by
botulinum-A toxin. They incorporated bFGF into 200 µl gelatin hydrogels and injected them
into the urethral sphincter, enabling sustained release of bFGF. They determined that bFGF
delivered in this fashion produced a significant improvement in urethral sphincter
contractility and suggested bFGF as a promising therapy for SUI. Further testing in other
animal models and experiments designed to elucidate the mechanism of effect of bFGF
ought to be performed to assess the clinical utility of this potential treatment.

4.1.3 Angiotensin II Testing—Using the rat SUI models of PNT and urethrolysis, Phull
et al. (2007) demonstrated that angiotensin I and II receptor inhibition significantly
decreases urethral resistance to leakage as evidenced by decreased LPP and RUPP.
Angiotensin II treatment restored urethral tone in rats with intrinsic sphincter dysfunction,
suggesting that angiotensin II may have a functional role in the maintenance of urethral tone
and in continence function (Phull et al. 2007). This work could be continued using other
models of SUI to determine the mechanism of the role of angiotensin II in continence and
SUI in order to assess its clinical utility.

4.2 Sling Surgical Procedures
Since the last century, different urethral suspension techniques and multiple types of slings
have been developed (Williams and Klutke 2008). However, there is no consensus on the
ideal sling procedure since there is no consensus on the various theories and explanations for
the urinary continence mechanism (DeLancey et al. 2008). Today, the tension-free vaginal
tape procedure has become one of the most popular sling procedures (Rapp and Kobashi
2008). Nonetheless, animal models of a rat urethral sling procedure have been developed to
further evaluate the mechanism of the sling procedure and its complications (Hijaz et al.
2004).

Using LPP testing on a rat PNT model, Hijaz et al. (2004, 2005a) determined that a vaginal
sling procedure results in restoration of urethral resistance to leakage in both short- and
long-term (5 weeks) testing. They further confirmed that the sling procedure may cause
bladder outlet obstruction regardless of whether the mid-urethral segment of the sling was
cut after the procedure (Hijaz et al. 2005b). They demonstrated histological changes as a
result of both intact and cut slings, including inflammation, localized edema, and differential
collagen remodeling, which could account for the preserved anti-incontinence mechanisms
of cut or intact polypropylene slings observed clinically (Chen et al. 2009).
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To test long-term continence recovery, Cannon et al. (2005) combined tissue engineering
and a sling procedure in an SUI rat model in which the proximal sciatic nerve was transected
bilaterally. They prepared tissue-engineered slings with muscle-derived cells obtained via
the preplate technique and subsequently seeded for 2 weeks on a small intestinal submucosa
scaffold. The sling procedure was performed via a transabdominal approach and resulted in
significantly increased LPP with no urinary retention, suggesting that the cells may help
prevent the outlet obstruction complications of slings (Cannon et al. 2005). Further work on
the mechanism of this effect is needed to assess its clinical utility.

4.3 Cell-Based Therapy Testing
Cell-based therapies and tissue engineering hold potential as treatments and preventions for
SUI, particularly treatment with autologous multipotent adult stem cells, including
mesenchymal stem cells, muscle-derived stem cells (MDSC), and adipose-derived stem cells
(ADSC) (Furuta et al. 2007; Nikolavsky and Chancellor 2010). These adult stem cells can
be derived from a given subject, expanded in culture, and given back to the subject. Stem
cell strategies for SUI have been studied in animal models and are presently undergoing
clinical trials (Carr et al. 2008). Although controversy and conflicting results have occurred
in the field, preliminary results froma recent clinical trial appear to be promising
(Nikolavsky and Chancellor 2010).

4.3.1 Muscle Precursor Cell Therapy—Implantation of muscle precursor cells (MPC)
can be traced to three decades ago, when fusion between donor MPCs and host myofibers
was first noted in skeletal muscle transfer (Partridge et al. 1978). Cannon et al. applied this
theory and tested direct injection of allogenic MPC into rat urethral sphincters denervated by
PNT (Cannon et al. 2003). Their results indicated that the cells significantly improved the
fast-twitch muscle contraction amplitude of the denervated sphincter to 87% of normal
animals. New skeletal muscle fiber formation at the injection site of the urethra was also
indicated by immunohistochemistry (Cannon et al. 2003). MPC autografting in a murine
model of urethral sphincter injury has also been reported (Yiou et al. 2002). The results
demonstrated that this procedure may accelerate sphincter muscle repair by producing a
significant increase in the diameter and number of myofibers (Yiou et al. 2002), suggesting
that MPC autografting represents a potential new therapeutic approach to urethral sphincter
insufficiency.

4.3.2 Stem Cell Homing Signals—Beside direct injection of cells, utilization of
cytokines and stem cell homing signals as a treatment for SUI may represent an alternative
treatment paradigm. Recently, using a VD rat model of SUI, Woo et al. (2007) demonstrated
MCP-3 overexpression in the urethra immediately following VD, as well as a strong
correlation between VD duration and the subsequent expression of MCP-3 and one of its
associated receptors, CCR1, in the urethra (Wood et al. 2008). This result was consistent
regardless of whether an inbred or outbred strain of rat was used (Woo et al. 2009). These
studies could form the basis for further evaluation of MCP-3 and stem cell homing for
treatment or prevention of SUI (Takacs 2007).

4.3.3 Adipose-Derived Stem Cell Therapy—ADSC can differentiate into adipogenic,
myogenic, and osteogenic cells when specific induction factors are present (Zuk et al. 2002).
ADSC treatment may also be a promising method for treatment of intrinsic urethral
deficiency. Jack et al. (2005) found that human-processed lipoaspirate cells, an accessible
source of pluripotent cells, remain viable up to 12 weeks after injection into the urethra with
incorporation and differentiation, suggesting that processed lipoaspirate cells may represent
a feasible cell source for SUI treatment. They further reported LPP and urethral functional
improvement in a rat urethrolysis model of SUI after ADSC injection with a biodegradable
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microbead carrier (Zeng et al. 2006). Further work is needed to determine the fate of these
cells and the mechanism of this effect.

4.3.4 Muscle-Derived Stem Cell Therapy—MDSC display significant regenerative
capacity and an improved transplantation capacity compared to MPC implantation (Furuta et
al. 2007). In a rat PNT model of SUI, urethral resistance was restored in both the short- and
long-term (12 weeks) with periurethral injection of MDSC (Lee et al. 2003, 2004). Although
both MDSC and fibroblast injection increased LPP, only the MDSC treatment group had
significantly improved urethral muscle contractility (Kwon et al. 2006). MDSC injection
also significantly increased LPP 4 and 6 weeks after urethral injury by periurethral
cauterization (Chermansky et al. 2004). Therefore, in addition to providing a bulking effect,
direct injection of MDSC may physiologically improve urethral sphincter contraction and
contribute to continence in animal models of SUI. Clinical trials have commenced, and some
results remain controversial (Carr et al. 2008; Aboushwareb and Atala 2008). Therefore,
further laboratory investigation is needed to elucidate the mechanism of this effect, and
caution is advised in commencing with clinical trials.

5 Summary and Perspective on SUI Animal Models
Investigation into the mechanisms of SUI and development of animal models to test
innovative treatments and preventions is relatively new and has blossomed over the course
of the last decade. The models and methods of testing provide promise in utilization for
preclinical testing of potential treatments and elucidation of the mechanism of SUI
development and the mechanism of effect of potential treatments. Much of the testing to
date has been observational, documenting the time course of events after an injury, a
treatment, or both. Even as the field moves to clinical testing of innovative treatments, more
laboratory research needs to be done using interventional studies aimed specifically at
determining the mechanism of injury and the mechanism of potential treatments since many
questions remain unanswered regarding the mechanism of observed effects
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Fig. 1.
Animal models for stress urinary incontinence (SUI) can be divided into two broad
categories of those that create damage to anatomical support and those that create an
intrinsic urethral deficit. Vaginal distension falls into both categories and, along with
pudendal nerve crush, provides a simulation of the maternal injuries of childbirth
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