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Abstract

Stress urinary incontinence (SUI) development is strongly correlated with vaginal childbirth,
particularly increased duration of the second stage of labor. However, the mechanisms of pelvic floor
injury leading to SUI are largely unknown. The aim of this study was to determine the effects of
increased duration of vaginal distension (VD) on voiding cystometry, leak point pressure testing,
and histology. Sixty-nine virgin female rats underwent VD with an inflated balloon for either 1 or 4
h, while 33 age-matched rats were sham-VD controls. Conscious cystometry, leak point pressure
testing, and histopathology were determined 4 days, 10 days, and 6 wk after VD. The increase in
abdominal pressure to leakage (LPP) during leak point pressure testing was significantly decreased
in both distension groups 4 days after distension, indicative of short-term decreased urethral
resistance. Ten days after VD, LPP was significantly decreased in the 4-h but not the 1-h distension
group, indicating that a longer recovery time is needed after longer distension duration. Six weeks
after VD, LPP was not significantly different from sham-VD values, indicating a return toward
normal urethral resistance. In contrast, 6 wk after VD of either duration, the distended rats had not
undergone the same increase in voided volume as the sham-VD group, suggesting that some effects
of VD do not resolve within 6 wk. Both VD groups demonstrated histopathological evidence of acute
injuries and tissue remodeling. In conclusion, this experiment suggests pressure-induced hypoxia as
a possible mechanism of injury in vaginal delivery.
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vacinaL peLivery oF chiLoren 1S Often associated with traumatic injury to pelvic floor tissues including
muscles, nerves, and connective tissue. This is in turn related to a 40% prevalence of stress
urinary incontinence (SUI), the involuntary leakage of urine during moments of increased
abdominal pressure, such as when laughing, coughing, sneezing, or lifting (1,24,42,44,45).
Vaginal delivery, especially with a prolonged duration of the second stage of labor, can damage
the external urethral sphincter (EUS), the skeletal muscle of the urethra, as well as the smooth
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muscle of the urethra, vaginal smooth muscle, and other pelvic floor structures via direct
compression or indirect hypoxic mechanisms (17,20,39,43). The development of SUI after
vaginal delivery might be multifactorial in origin (9,17), but the precise mechanisms of organ
and tissue injury that can eventually lead to incontinence are not yet fully understood.

Animal models could be useful for studying the mechanisms of injury and pathophysiology of
SUI. The arrangements of smooth and striated muscles of the urethra are similar in female rats
and humans (25,33,37), and the relevant innervation has been well studied (23). We have
developed a method of measuring the increase in pressure to leakage (LPP) during leak point
pressure testing in rats to indicate the development of decreased urethral resistance (5). It has
been determined to be useful, reliable, sensitive, and repeatable for this purpose and is
presumed to indicate evidence of SUI in rats (5,7,11,12,31).

It is likely that the function and viability of muscle and nervous tissues are highly dependent
on the integrity of blood supply. On the basis of our previous work demonstrating hypoxia of
the bladder, urethra, and vagina with vaginal distension (VD) (13), we hypothesized that
increased duration of VD in female rats will result in decreased urethral resistance and increased
time to recovery in a rat model of simulated childbirth injuries. The present study was
undertaken to determine the effects of increased duration of VD on 1) voiding cystometry, 2)
leak point pressure testing, and 3) histopathology of the urethra.

MATERIALS AND METHODS

This study was approved by the Institutional Animal Care and Use Committee of Loyola
University of Chicago Stritch School of Medicine and Hines Department of Veterans Affairs
Medical Center. To decrease possible variations in anatomy and function due to prior vaginal
deliveries (23), 102 virgin female Sprague-Dawley rats (weight range 180-200 g) were used
and randomized into three groups: 1-h VD, 4-h VD, and sham VD. Each group was further
divided into three subgroups, with urodynamic testing at 4 days, 10 days, and 6 wk after VD,
respectively.

Vaginal distension

Rats underwent VD under intraperitoneal ketamine (100 mg/kg) and xylazine (10 mg/kg)
anesthesia as previously described (7,14), with supplementation as needed. To avoid rupturing
the vagina, it was first accommodated to larger capacities by subsequently inserting and
removing increasing sizes (24-32 Fr) of Otis bougie & boule urethral dilators (Allegiance Health
Care, McGaw Park, IL) lubricated with Surgilube (E. Fougera, Melville, NY). A modified 10-
Fr Foley catheter (Lifetech, Stafford, TX) was then inserted into the vagina, and the balloon
was slowly distended with water to 3 ml. After either 1 or 4 h, the catheter was deflated. Those
animals undergoing VD for 1 h remained anesthetized for an additional 3 h with the catheter
in place but deflated to match the anesthesia conditions of those undergoing VD for 4 h. The
vagina of sham-distended rats was accommodated with urethral dilators, and a Foley catheter
was inserted into the vagina for 4 h but the balloon was not inflated.

Catheter implantation

Two days before urodynamic testing, all rats underwent suprapubic bladder catheter
implantation as previously described (11,12). The rats were anesthetized as described above,
and a circular purse-string suture was placed on the bladder wall. A small incision was made
in the bladder wall, and the catheter (PE-50 tubing with a flared tip) was implanted in the
bladder dome. The catheter was then tunneled subcutaneously to the back of the neck, where
it exited the skin. The catheter was capped, and the incision was closed in two layers.
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Conscious cystometry

Conscious cystometry was performed via the suprapubic bladder catheter 4 days, 10 days, or
6 wk after VD as described previously (11,12). The bladder catheter was connected to both a
syringe pump (model 200; KD Scientific, New Hope, PA) and a pressure transducer (model
P300; Grass Instruments, West Warwick, RI). All bladder pressures were referenced to air
pressure at the level of the bladder. Each bladder was filled with saline via the catheter at 5 ml/
hwhile bladder pressure and voided volume were continuously recorded. A voiding contraction
was defined as a bladder pressure increase that resulted in urine loss as detected by a force
transducer (model FT10; Grass Instruments) under the cage that was calibrated to measure
volume. Three fills and voids were recorded on each rat. Pressure and force signals were
amplified (model P122; Grass Instruments), recorded on a chart recorder, and digitized (10
samples/s) for computer data collection. Mean bladder baseline pressure, mean voided volume,
mean peak voiding pressure, and mean increase in bladder pressure for voiding (peak voiding
pressure minus bladder baseline pressure) were calculated for each animal.

Leak point pressure testing

Histology

After cystometry, the animals were anesthetized with urethane (1.2 g/kg body wt ip) and placed
supine at the level of zero pressure for leak point pressure testing as previously described
(11,12). Urethane was used because it best maintains voiding reflexes under anesthesia (5).
The bladder catheter was connected via a stopcock to the pressure transducer and flow pump.
Pressure signals were amplified, recorded on a chart recorder, and digitized for computer data
collection (10 samples/s) as above. The bladder was palpated to empty and filled with saline
at 5 ml/h via the flow pump. When 0.3 ml was attained (approximately half the capacity of a
200-g rat), gentle pressure was applied with one finger to the rat’s abdomen to increase bladder
pressure while bladder pressure was recorded and digitized. Pressure was slowly increased
until the rat leaked saline through the urethra. At the first indication of leakage at the urethral
meatus, the externally applied abdominal pressure was rapidly removed. Peak pressure at
leakage in the absence of a detrusor contraction was recorded. LPP was calculated by
subtracting bladder baseline pressure from peak bladder pressure. LPP provides a measure of
urethral resistance with consistent results and is not sensitive to volume in the bladder (5,10,
31). In general, this external application of gentle pressure does not generate a voiding reflex
(5,12). If a voiding reflex occurred, the bladder was emptied and refilled and that test was not
included in the results. The bladder was drained and refilled, and the study was repeated three
times in each rat. Mean bladder baseline pressure and mean LPP were calculated for each rat.

Immediately after leak point pressure testing, the anesthetized animals were euthanized and
the urethra and vagina were dissected en bloc at the level of the EUS for histological analysis.
Tissues from animals euthanized 4 or 10 days after VD were immersion fixed in 10% formalin,
processed, embedded in paraffin, sectioned transversely (5 um), and stained with Masson’s
trichrome for qualitative histological analysis to study the effects of VD on the urethra and
vagina. Animals euthanized 6 wk after VD underwent intracardiac perfusion fixation as
follows. An injection of heparin (0.2 ml) was made in the left ventricle, and perfusion was
initiated with a washout of warm phosphate-buffered saline (100 ml), followed by cold fixative
(400 ml of 2.5% glutaraldehyde and 0.5% paraformaldehyde in 0.1 M cacodylate buffer). The
urethra and vagina were dissected en bloc at the level of the EUS and were postfixed, osmicated
(2% osmium tetroxide), embedded in epon-araldite, sectioned transversely (1 um), and stained
with methylene blue azure Il for qualitative histological analysis to study the effects of VD on
distal nerve fascicle regeneration.
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Data analysis

RESULTS

The data are a series of independent measurements made on all animals in this study. All
analysis was done with SAS (version 9.1). Quantitative results are displayed as box plots (in
which the midline represents the median, the top and bottom of the box are 75th and 25th
percentiles, respectively, and the top and bottom bars are 90th and 10th percentiles,
respectively). The response measures were log normally distributed; consequently, the log of
all responses was taken before analysis. The data were examined with generalized linear
models. The independent measures were VD duration and elapsed time after injury. Both of
these measurements are continuous; however, to facilitate the computation and comparison of
response means it was necessary to treat both VD duration and elapsed time from injury as
class variables. Two-way ANOVA was used to compare response means across VD times,
elapsed time from injury, and the interaction between the two. The pairwise means comparisons
were made with the Tukey-Kramer correction for multiple comparisons. There were fewer
significant differences when the test was reduced to pairwise comparisons within the elapsed
times and VD durations. In all cases a difference between mean measurements with P > 0.05
was considered significant. Histological data were analyzed qualitatively.

Conscious cystometry

Mean voided volume significantly increased in sham-VD animals 6 wk after distension
compared with 4 days and 10 days after sham distension (Fig. 1A). Although bladder baseline
pressure increased 4 days after either 1- or 4-h VD, this difference was only significant when
the comparison was made between 4 and 10 days after a 1-h distension (Fig. 1B). There were
no significant changes in the increase in bladder pressure for voiding between the shamoperated
and VD groups at all time points (Fig. 1C).

Leak point pressure testing

Histology

There were no significant differences in baseline pressure between the sham-operated group
and VD groups of either 1-h or 4-h duration at different time points (Fig. 2A). LPP, however,
was significantly reduced 4 days after either 1-h or 4-h VD, compared with the sham distension
group, indicative of decreased urethral resistance (Fig. 2B). Both 10 days and 6 wk after 1-h
VD, LPP was not significantly different compared with the sham-distended group and was
significantly increased compared with 4 days after 1 h VD (Fig. 2B). Ten days after a 4-h VD,
but not after a 1-h VD, LPP was significantly decreased compared with sham VD, indicating
slower recovery time compared with 1-h VD (Fig. 2B). Six weeks after VD, LPP was
significantly increased compared with 4 days after either 1-h or 4-h VD and 10 days after 4-h
VD and was not significantly different from the sham-VD group (Fig. 2B).

Four days after either 1-h or 4-h VD, the urethra displayed extensive disruption of the skeletal
muscle layer with marked thinning and paucity of EUS muscle fibers compared with the
normal-appearing sham-VD group (Fig. 3). Focal inflammatory infiltrates were observed in
the submucosa of the vagina, and extravasated red blood cells and vascular proliferations were
found in the border between the vagina and urethra of some animals (Fig. 4). Both distension
groups also demonstrated a decline in the connective tissue component of the submucosa of
the bladder 10 days after VD (Fig. 4). In the stained semithin plastic sections, the previous
histological changes as seen in paraffin sections were confirmed as shown at 6 wk (Fig. 5).
There was some evidence for increased smooth muscle densities and increased thickness of
arterial walls in the urethra 6 wk after distension compared with the sham-distension group

(Fig. 5).
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DISCUSSION

SUI is a distressing disorder that results in a restricted lifestyle, impacts confidence and self-
perception, and interferes with social relationships. Although symptoms may wax and wane
over time, it is very common in women during puerperium (21,26) and is believed to be
considerably underreported (18). Multiple vaginal deliveries can result in multiple injuries
because damaged tissue caused by each delivery may not fully recover each time; however,
the first vaginal delivery produces the greatest risk of SUI (2). Cesarean sections are believed
to have a protective effect on the pelvic floor but probably only for the first delivery and less
for multiple births (19,21,36). Vaginal delivery, therefore, represents a potent determinant of
SUI, carrying from 1.5- to 3-fold the risk of cesarean section (15,17,32,37).

Cystometry involves assessing the bladder and urethra during filling and voiding and is used
to determine abnormalities in bladder sensation, capacity, and compliance and inappropriate
detrusor activity. These studies can give further insight into the cause of the condition, although
multiple technical factors may influence its results, including the choice of distending medium,
type of catheter, and bladder fill rate (29,38). Clinically, leak point pressure is a urodynamic
measurement of the minimum intra-abdominal pressure required to cause leakage during
sustained strain and is believed to reflect urethral function and predict treatment outcome.
Although no cutoff values of LPP measurement have been shown to reliably predict urethral
dysfunction, LPP seems to be highly reproducible when performed in a standardized fashion
(4,30).

The rat model of simulated birth trauma allows an assessment of the effects of prolonged
dilation and compression of pelvic floor tissues on a variety of outcomes. Behavioral and
functional outcomes have been used to demonstrate urethral dysfunction and induced
symptoms of SUI after VD, including voiding behavioral studies (22,23), a sneeze test (6,28,
41), LPP testing (5,7), modified LPP testing (3,41), maximum urethral closure pressure (34),
and a vertical tilt table test (10,16). We have developed and tested a method of mimicking
clinical LPP by manually increasing abdominal pressure, which measures urethra resistance
to leakage, and have shown that it is a reliable and repeatable measure (7,12,31). While LPP
may not fully represent the mechanism of SUI in humans, it provides an indicator of urethral
resistance and bladder outlet function.

In our study, mean voided volume in sham-distended animals was significantly increased 6 wk
after distension. However, both 1-h and 4-h VD groups failed to demonstrate this time-
dependent change. This suggests that 1-h and 4-h VD produced damage to the bladder and/or
continence mechanism that resulted in reduced bladder capacity and long-term dysfunction.
Bakircioglu et al. (3) reported that the bladder capacity 6 wk postpartum in rats was similar to
that of virgin rats, although bladder capacity was greater in pregnant and 2-day postpartum rats
than in virgin and 6-wk postpartum rats. Higher bladder capacity was also found in day 0
postpartum rats than in virgin rats (40). The increased bladder capacity during pregnancy and
0-2 days postpartum was not observed 4 days after VD in our study. It is therefore likely caused
by bladder dysfunction due to hormones or urine retention during pregnancy, or after vaginal
delivery. Our data also showed that bladder peak voiding pressure only increased significantly
4 days after both 1-h and 4-h VD compared with sham distension and suggested that the increase
in cystometric bladder baseline pressure is a short-term response to VD, possibly due to
ischemic injury to the bladder (13), and resolves within 10 days.

LPP was significantly decreased in both 1-h and 4-h VD groups 4 days after distension
compared with that in sham-distended rats, indicative of a short-term decrease in urethral
resistance. This outcome was comparable to the decrease in modified LPP observed
immediately and 2 days postpartum in rats (3,40), suggesting that this model could be used to
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study the effects of childbirth. Ten days after distension, LPP was significantly decreased only
in the 4-h distension group, indicating that a longer recovery time is needed after a longer
distension duration. However, 6 wk after VD, LPP was significantly increased compared with
4 days after either 1- or 4-h VD and 10 days after 4-h VD and was not significantly different
from sham-VD values, indicating a return toward normal urethral resistance. The only
functional outcome that remained significantly different between the groups 6 wk after VD
was cystometric capacity, suggesting that not all the effects of VD fully resolve within 6 wk.
In contrast, one study reported that maximum urethral closure pressure was still significantly
lower in rats even 9 mo after VD (34).

Clinically, high birth weight, large head circumference, and long duration of the second stage
of labor have been correlated with both pelvic floor injuries and incontinence development
(14,21,35). Our previous work (7) with the same animal model demonstrated that increased
duration of VD from 0.5 h to 1 h leads to both increased SUI symptoms and greater tissue
damage, suggesting an ischemic mechanism. Similar rat models of simulated vaginal delivery
produce symptoms of SUI as well as injury to the EUS (11,27). In addition, we previously
demonstrated (13) that blood flow to the urethra and vagina was significantly decreased just
before release of a 1-h VD, then tripled immediately after release of VD; and both 15 min and
1 h after release of VD blood flow to the urethra and vagina was not significantly different
from sham distension at the same time points, suggesting a rapid reperfusion as blood flow
returned to the urethra and vagina after 1-h distension. The results of the present study are
consistent with this previous work in that they demonstrate increased recovery time after longer
distension duration, which could be a result of increased ischemic or reperfusion injury. This
similarity in correlative clinical and experimental events suggests a specific mechanism of
pelvic organ and tissue injury: ischemic and/or reperfusion injury of pelvic floor organs and
tissues incurred during vaginal delivery contributes to later development of SUI.

We chose to use a sham-distended group as a control rather than a nondistended control group
to control for factors in this study such as distension and accommodation of the vagina. We
previously demonstrated (7) no difference in LPP between a 1-h sham-distended group and a
nondistended control group; however, we have also shown (13) that sham distension produces
hypoxia of the bladder and vagina. In the present study, the only variable to change with time
after sham distension was voided volume, which increased 6 wk after distension. This change
could be due to a long-term effect of the sham distension. However, if that were true, one would
expect to see a greater effect in the VD groups, rather than the lesser effect we observed. Since
all animals were age matched at the time of distension, we suspect the increase in voided volume
with time is a function of the increased capacity of larger, aged animals 6 wk after distension,
compared with 4 or 10 days after distension. The decreased effect in the distension groups 6
wk after distension may be due to urinary leakage, which may have the effect of reducing mean
voided volume compared with the sham-distended group.

Hemorrhage and inflammation in the distension groups are both indicative of marked acute
injuries that may not completely recover within 6 wk. Focal areas of increased smooth muscle
density and increased thickness of arterial walls in the urethra are likely from tissue remodeling
produced by exposure to hypoxia, as has been previously demonstrated to occur in VD (13).
Resplande et al. (34) reported that increased apoptosis occurred in the urethra and connective
tissue increased in the vagina 9 mo after a simulated childbirth injury in rats with VVD. Sievert
and colleagues (40) demonstrated significantly decreased caveolin-3 at the EUS with delivery
of rat pups plus VD, although not with delivery of rat pups alone. Since caveolin-3 is known
to concentrate at the neuromuscular junctions of striated muscle (8), this could indicate damage
to the neuromuscular junctions from VD, which likely occurred in our experiment as well.
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In conclusion, we have demonstrated in a rat model of simulated childbirth that as the duration
of vaginal distension is increased the recovery of the resulting dysfunction is also prolonged.
Furthermore, the functional and structural recovery from vaginal distension injury is not fully
complete by 6 wk.
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Fig. 1.

Cystometry results 4 days, 10 days, and 6 wk after a sham, 1 h, or 4 h vaginal distension. A:
voided volume. B: bladder baseline pressure. C: increase in bladder pressure for voiding. Each
box plot represents the median and 10th, 25th, 75th, and 90th percentiles of data from 11 or
12 individual animals. Paired numbers indicate a significant difference between 2 groups (P

< 0.05).
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Fig. 2.

Leak point pressure testing results 4 days, 10 days, and 6 wk after a sham, 1-h, or 4-h vaginal
distension. A: bladder baseline pressure. B: increase in abdominal pressure to leak (LPP). Each
box plot represents the median and 10th, 25th, 75th, and 90th percentile of data from 11 or 12
individual animals. Paired numbers indicate a significant difference between 2 groups (P <
0.05).
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Fig. 3.

Light micrographs of urethra 4 days after 1-h vaginal distension (A) and sham vaginal
distension (B). Stain = Masson’s trichrome. Magnification = x4. EUS, external urethral
sphincter; L, urethral lumen; SM, smooth muscle.
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Fig. 4.

Light micrographs of urethra, bladder, and vagina 10 days after a sham (A, D, G), short-duration
(1 h; B, E, H), or long-duration (4 h; C, F, I) vaginal distension. Stain = Masson’s trichrome.
Magnification = x4(A, B, C, G, H, I) or x10 (D, E, F). BC, bladder cavity; EC, extravasated
cells; Sh, submucosa; SV, small vessel; V, vaginal epithelium.

Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2008 September 15.



Pan et al. Page 14

4 Hour Distension

Sham Distension 1 Hour Distension

Fig. 5.

Light micrographs of urethra 6 wk after a sham (A, D), short-duration (1 h; B, E), or long-
duration (4 h; C, F) vaginal distension. Stain = methylene blue azure Il. Magnification = x4
(A-C), x20 (D-F). St, striated muscle; U, urethral submucosa; arrow, blood vessel.
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