
786Original Article

From the Department of Obstetrics and Gynecology, 1Department of Neurology, Chang Gung Memorial Hospital, Taipei.
Received: Jul. 24, 2005; Accepted: Oct. 11, 2005
Correspondence to: Dr. Tsong-Hai Lee, Department of Neurology, Chang Gung Memorial Hospital. 5, Fushing Street, Gueishan
Shiang, Taoyuan, Taiwan 333, R.O.C. Tel.: 886-3-3281200 ext. 8340; Fax: 886-3-3288252; E-mail: ccjoliang@cgmh.org.tw 

Effects of Pelvic Nerve Neurectomy and Estrogen on the 
M2 Muscarinic Receptor of the Urinary Bladder

Ching-Chung Liang, MD; Long-Sun Ro1, MD, PhD; Tsong-Hai Lee1, MD, PhD

Background: Normal physiological voiding, as well as generation of abnormal bladder
contractions in the diseased state, is critically dependent on acetylcholine-
induced stimulation of contractile muscarinic receptors on the detrusor mus-
cle of the urinary bladder. This study investigated the effect of pelvic nerve
neurectomy and estrogen treatment on the M2 muscarinic receptors of urinary
bladder.

Methods: We studied the muscarinic cholinergic receptor density in the urinary bladder
of castrated female rats following four weeks of estrogen treatment and/or
pelvic nerve neurectomy. We used immunohistochemistry to detect the
expression of M2 receptors on the smooth muscle cells of urinary bladder.

Results: When compared to a sham-operated group, the M2 receptors in the urinary
bladders of rats that had undergone bilateral pelvic nerve neurectomy and
estrogen treatment, showed no significant change. However, the M2 receptors
decreased significantly in the urinary bladders of rats that had undergone
simultaneous estrogen treatment and bilateral pelvic nerve neurectomy, when
compared to the other groups (p < 0.05).

Conclusion: Pelvic nerve denervation has a synergetic effect on the estrogen-induced
down regulation of M2 receptor immunoreactive cells in the urinary bladder.
(Chang Gung Med J 2005;28:786-93)
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Urinary bladder contraction is initiated by
parasympathetic nerve stimulation, which leads

to release of acetylcholine and activates the choliner-
gic muscarinic receptors.(1,2) In an animal study,
resection of bilateral pelvic nerves, parasympathetic
nerves, may abolish the main micturition reflex with
consequent distention of the rat bladder.(3) After radi-
cal hysterectomy for cervical cancer, Photopulos et
al found that iatrogenic denervation of the pelvic
nerves during parametrial dissection might result in
lower urinary tract dysfunction.(4)

In rats, the smooth muscle of the urinary bladder

is enriched with muscarinic receptors, the majority
being M2 subtype and the remained belonging to the
M3 subtype.(5) In the smooth muscle of the rat urinary
bladder, the M2 muscarinic receptor density is greater
than the M3 muscarinic receptor density; however, it
is the M3 muscarinic receptors that mediate most of
the detrusor contractility under normal physiological
conditions.(2,6,7) Previous studies of the denervated rat
bladder have shown that M2 receptors participate in
the mediation of contractions.(8,9) Braverman et al
reported that when compared with normal control,
there was a 50% increase in total receptor density
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and a 60% increase in M2 receptor density but not
M3, in the denervated bladder.(8) They also found
bilateral major pelvic ganglion electrocautery and
spinal cord injury in rats might induce bladder hyper-
trophy and a change in muscarinic receptor subtype
from M3 to M2.(9) Hence, monitoring the fluctuation
of M2 receptors may reflect the function of detrusor
contractions in the parasympathetic denervated blad-
der.

In addition, sex steroid hormones can modulate
neurotransmitter receptor density in the urinary blad-
der. Several published reports have shown that estro-
gen administration is associated with a change in the
muscarinic receptor density in the urinary bladder.(10-

12) Levin et al demonstrated that administration of
estrogen to immature female rabbits for four days
resulted in not only an increased sensitivity of the
bladder to a muscarinic agonist but also increased
muscarinic receptor density.(10) In contrast, Shapiro’s
study showed that estrogen treatment for three weeks
was found to cause a 45% decrease in the muscarinic
receptor density in the adult female rabbit bladder
and urethra.(11) Batra and Andersson showed that after
estrogen treatment for four weeks, the muscarinic
receptor concentration was reduced to approximately
10% of the control value in the ovariectomized rab-
bit.(12) However, the true mechanism of the response
of muscarinic receptors to estrogen is still unclear,
and the effect of estrogen treatment on the bladder’s
muscarinic receptors deserves further study. In this
study, we tried to identify the influence of parasym-
pathetic bladder innervation in relation to estrogen
treatment on the M2 muscarinic receptors in the cas-
trated female rat.

METHODS

Twenty-five mature female Sprague-Dawley
rats (age range: 10-12 weeks), obtained from the
National Laboratory Animal Center and weighing
between 200 and 250 g, were divided into five exper-
imental groups. Group 1 consisted of sham-operated
animals that received no hormonal manipulation
(Sham). The remaining four groups of rats were cas-
trated two weeks before any treatment. Group 2
underwent bilateral salpingo-oophorectomy (BSO)
with no hormonal manipulation. Group 3 underwent
BSO with no hormonal manipulation and then
received bilateral pelvic nerve neurectomy four

weeks after BSO (BSO + PN). Group 4 underwent
BSO with intramuscular injection of estrogen every
week (BSO + E). Group 5 underwent BSO with
intramuscular injection of estrogen every week and
then received bilateral pelvic nerve neurectomy four
weeks after BSO (BSO + PN + E). Estrogen treat-
ment was performed by intramuscular injection of 1
mg estradiol polyphosphate/kg body weight weekly.
In our previous experiment (unpublished), we found
that a single injection of estradiol polyphosphate
could maintain a steady level of plasma estradiol in
rats. All animals were sacrificed six weeks after
BSO.

BSO was performed through a lower abdominal
midline incision using a sterile technique under
inhalation anesthesia with 2% isoflurane in oxygen.
Bilateral pelvic nerve neurectomy was performed in
Groups BSO + PN and BSO + PN + E by making a
lower abdominal midline incision and stripping the
pelvic peritoneum from the iliac vessels.(3) The fas-
cial plane between the flexor caudae brevis and the
abductor caudae internus muscles was located by fol-
lowing the internal pudendal and the superior gluteal
arteries that transverse it. The fascial plane was split
to expose the pelvic nerve, which branches from the
internal pudendal nerve in one discrete bundle. The
pelvic nerves were cut near the pudendal nerves and
the distal portion was removed. Resection of both
pelvic nerves abolished the micturition reflex with
consequent distention of the bladder. For sham-oper-
ated animals, the nervous plexus was exposed but
left intact. The subcutaneous tissue, muscle and skin
were sutured.

After surgery, urine was drained out by using
manual compression of the rats’ lower abdomen
twice daily to prevent overdistention of the bladder.
The animals were sacrificed by rapid exsanguination
after intraabdominal pentobarbital administration,
and the urinary bladder was removed, frozen in pow-
dered dry ice, and stored at –70°C. The urinary blad-
der was cut at 10-µm thickness on a cryostat at
–18°C and collected on silane-coated glass slides
(Dako, Denmark).

Immunostaining of M2 muscarinic receptors was
performed using the avidin-biotin-peroxidase com-
plex (ABC) method with a commercially available
kit (PK-6101, Vector Laboratories, Burlingame, CA,
USA), according to our previously published
method.(13) First, the fresh-frozen sections were fixed
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in ice-cold acetone for 10 minutes and air-dried.
After blocking with 2% normal goat serum for one
hour, the sections were incubated for 12 to 15 hours
at 4°C with a rabbit polyclonal antibody against the
M2 subtype receptor (diluted 1/2,000, Chemicon
International, Temecula, CA, USA). Endogenous
peroxidase was blocked for 30 minutes with 0.1%
H2O2 and 100% methanol. The sections were then
washed and incubated for one hour with biotinylated
goat anti-rabbit IgG, followed by incubation for 30
minutes with avidin-biotin-horseradish peroxidase
complex. Staining was developed using DAB sub-
strate kit (Vector Laboratoriess, Burlingame, CA,
USA). The negative control studies consisted of: (1)
omitting the primary M2 receptor antibody, (2) using
the polyclonal anti-M2 receptor antibody preadsorbed
to M2 antigen (Chemicon International, Temecula,
CA, USA) as the primary antibody, (3) replacing the

primary antibody with the preimmune rabbit IgG
(Vector Laboratoriess, Burlingame, CA, USA) (Fig.
1). Preadsorption was accomplished by incubating
the polyclonal anti-M2 receptor antibody with exces-
sive amounts of purified M2 antigen at 4°C for 24
hours; the supernatant taken from the mixture was
used as the preadsorbed control.

For calculating the M2 receptor density, every
fifth urinary bladder section was collected, and a
total of four sections from each animal were
immunostained. The number of M2 receptor
immunoreactive cells in a smooth muscle area (num-
ber/mm2 = M2 receptor density) in each section was
counted. The area of smooth muscle was mapped on
a scale diagram and measured by a computerized
graphic system (Image-Pro Plus, version 1.3, Media
Cybernetics, Silver Springs, MD, USA). The mea-
surements were conducted by an observer (LSR)

Fig. 1 A: M2 receptor immunoreactive cell on the smooth muscle cell of the urinary bladder. Negative control studies consist of (1)
B: omitting the primary antibody, (2) C: using polyclonal anti-M2 receptor antibody preadsorbed to M2 antigen as the primary anti-
body, (3) D: replacing the primary antibody with the preimmune rabbit IgG. Bar in the top left indicates 100 µm.
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who was blind to the experiment. The M2 receptor
immunoreactive cell density of the four sections
from each rat was summated and expressed as the
mean standard deviation (SD), and the median
value with maximum and minimum was also pre-
sented. Multiple comparisons between groups were
made by 1-way ANOVA with the post-hoc
Bonferroni test. A value of p < 0.05 was considered
significant.

RESULTS

The study of M2 receptor immunoreactive cell
density (Figs. 2 and 3) demonstrated that group BSO,
BSO + PN and BSO + E did not differ significantly
when compared to the Sham Group: BSO cell densi-
ty mean SD 32.72 6.90, median 34.33 (min
40.84, max24.72), BSO + PN 35.42 3.72, 36.32
(38.75, 28.98), BSO + E 27.76 4.76, 28.95 (32.73,
21.15) and Sham Group 31.65 2.08, 31.60 (34.83,
28.98). However, Group BSO + PN + E, 12.10 
2.69, 11.27 (16.84, 10.42), showed a significant
reduction in M2 receptor immunoreactive cell density
when compared to the Sham Group (p < 0.001).
Group BSO + PN + E had the most significant reduc-
tion of M2 cell density when compared to the other
groups (p < 0.05).

DISCUSSION

Normal physiological voiding, as well as gener-
ation of abnormal bladder contraction in the diseased
state, is critically dependent on acetylcholine-
induced stimulation of contractile muscarinic recep-
tors in the smooth muscle of the urinary bladder.(14)

Alm and Ekstrom reported that unilateral excision of
the pelvic ganglion caused a loss of acetyl-
cholinesterase positive nerve in the rat urinary blad-
der, both on the operated side and on the contralater-
al side, indicating a bilateral intramural distribution
of cholinergic nerve derived from the pelvic nerve.(15)

The pelvic nerve is composed primarily of postgan-
glionic parasympathetic fiber, which terminates in
the smooth muscle cells of the urinary bladder.
Stimulation of the rat pelvic nerve results in mus-
carinic receptor-mediated contraction of the detrusor
muscle.(16,17) Denervation of the parasympathetic
nerve may act like a chronic receptor blockade due to
a muscarinic antagonist, and may be expected to

Fig. 2 The immunostaining of M2 receptors shows that there
is a remarkable reduction of M2 receptor immunoreactive
cells in Group 4 (G and H) and Group 5 (I and J) when com-
pared to the Sham Group (A and B). However, there is no
remarkable change of M2 receptor immunoreactive cells in
Group 2 (C and D) and Group 3 (E and F) when compared to
the Sham Group. Group 5 (I and J) has the most remarkable
reduction of M2 receptor immunoreactive cells when com-
pared to the other Groups. A and B: sham-operated rat
(Sham); C and D: rat with bilateral salpingo-oophorectomy
(BSO); E and F: rat with BSO + pelvic neurectomy (PN); G
and H: rat with BSO + intramuscular injection of estrogen
(E); I and J: rat with BSO + PN + E. Bars in A and B indicate
50 µm.
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induce increased receptor density.(18) Additionally,
denervation of the pelvic nerve in the rat bladder
results in supersensitivity to a muscarinic agonist,
and bladder hypertrophy.(6,17-19) Gunasena et al report-
ed that postganglionic denervation caused a 37%
increase in maximal binding and a twofold increase
in the density of the muscarinic binding site in the
smooth muscle of the bladder. This increased density
could be the mechanism responsible for the
increased contractile response to acetylcholine after
bladder denervation,(15,17) and in patients with bladder
outlet obstruction.(20)

Pharmacological, biochemical and molecular
studies reveal that most tissues of the lower geni-
tourinary tract, including the urinary bladder, are
enriched with muscarinic receptors and express a
mixture of subtypes.(9,19,21) The binding and subtype
selective immunoprecipitation studies demonstrate
that the majority of muscarinic receptors in the uri-
nary bladder are M2 subtype and the rest are M3 sub-

type.(6,19) Maeda et al used the Northern blot method
to identify mRNAs encoding the M2 and M3 mus-
carinic receptors in the rat urinary bladder.(21) Wang et
al investigated the distribution of muscarinic receptor
subtypes in rats using a panel of M1 to M5 antisera,
and found that more M2 receptors were immunopre-
cipitated than M3 receptors in bladder tissue.(6)

Braverman et al measured the density of total M2 and
M3 receptors by subtype selective immunoprecipita-
tion and found a 60% increase in M2 receptor density
but no change in M3 receptor density three weeks
after bladder denervation, when compared with nor-
mal or sham-operated controls.(8) Muscarinic recep-
tors can be detected in homogenates of bladder
smooth muscle from the rabbit and the rat bladder
using radioligand binding or autoradiographic
study.(17) However, radioligand binding study is non-
selective and represents the total population of mus-
carinic receptors. In the present study, we used
immunohistochemistry with polyclonal rabbit anti-
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Fig. 3 Histogram shows differences in M2 receptor immunoreactive cell density in the five groups. Results are expressed as the
mean SD per mm2. Group BSO PN E has a significant reduction of M2 receptor cell density when compared to the Sham
Group (p < 0.001). However, there is no significant difference in Group BSO, Group BSO PN and Group BSO E when com-
pared to the Sham Group.

Cell density Sham BSO BSO PN BSO E BSO PN E

Mean SD 31.65 2.08 32.72 6.9 35.42 3.72 27.76 4.76 12.10 2.69
Median (maximum, minimum) 31.60 (34.83, 28.98) 34.33 (40.84, 24.72) 36.32 (38.75, 28.98) 28.95 (32.73, 21.15) 11.27 (16.84, 10.42)
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body specific to the M2 receptor to determine the
density of M2 receptors in the smooth muscle of rat
bladders. Immunohistochemistry also allows a much
higher degree of cellular resolution than autoradi-
ographic methods.

Nilvebrant et al. pointed out that the muscarinic
receptor density in the rat urinary bladder is, indeed,
increased after bilateral parasympathetic denerva-
tion.(22) Due to impaired bladder emptying, the dener-
vated bladder becomes markedly hypertrophic and
the major increase of receptors can be attributed to
the increase in muscle mass.(21) However, the receptor
density decreases after urinary diversion, not only in
innervated but also in denervated rat bladders. These
results suggest that the rat bladder muscarinic recep-
tor is influenced by functional state rather than by
actual nerve supply and degree of receptor stimula-
tion, i.e. muscarinic receptors would increase with
the stretch in the denervated bladder wall after over-
filling.(22) In our present study, we found a tendency
for an increase of muscarinic M2 receptors in the cas-
trated female rat urinary bladder after bilateral pelvic
neurectomy, although no significant difference was
noted when compared with the control group.
Bilateral ovariectomy may result in a not so signifi-
cant increase in the density of muscarinic binding
sites in the denervated rat, as previously reported.(17,19)

Hence, we deduce the sex hormone (estrogen) from
the rat ovary may play an essential role in the func-
tional state of the bladder.

Previous studies revealed that sex steroid hor-
mones might modulate neurotransmitter receptor
density in various target tissues, including the uri-
nary bladder.(11,23,24) In the female rabbit, estrogen
treatment increases tissue mass and the sensitivity of
the smooth muscle to autonomic drugs in both the
bladder and urethra.(10,23,25) Ekstrom et al. treated the
ovariectomized adult rabbit for four to six months
with either estrogen or progesterone, and found that
estrogen resulted in bladder contraction in response
to noradrenaline and phenylephrine, whereas these
sympathomimetic agonists had no effect or evoked
weak relaxation in castrated animals. Furthermore,
both estrogen and progesterone treatments seemed to
increase the sensitivity of bladder contraction to
parasympathomimetics.(25) Levin et al. demonstrated
that the administration of estrogen for four days to
immature female rabbits resulted in both increased
sensitivity of the bladder to a muscarinic cholinergic

agonist and increased muscarinic receptor density.(10)

In contrast, Shapiro’s study showed that the mus-
carinic receptor density in the adult female rabbit
bladder and urethra was decreased following three
weeks of estrogen treatment.(11) The conflicting
results may be explained by the different intervals of
estrogen administration. Batra and Andersson(12)

examined the effect of estrogen treatment on the
mature ovariectomized rabbit and found that estro-
gen treatment caused a marked reduction in the den-
sity of muscarinic receptors. There was already a sig-
nificant reduction after just one week of estrogeniza-
tion. After four weeks of estrogen treatment, the
muscarinic receptor concentration was reduced to
approximately 10% of the control value.(12) However,
the increase or decrease in muscarinic cholinergic
response and receptor density is also intriguing from
a clinical standpoint. Bladder function can be phar-
macologically manipulated by neurotransmitter ago-
nists and antagonists, or by agents that regulate the
density of neurotransmitter receptors. Our data
showed the castrated rat urinary bladder following
estrogen treatment tended to decrease in the quantity
of M2 receptors, although no significant difference
was noted when compared with the Sham Group.
Shapiro’s observations suggest that estrogen-induced
down regulation of muscarinic receptors in the blad-
der may be another mechanism for the improved
lower urinary tract dysfunction of frequency, urgency
and urinary incontinence. Shapiro pointed out that
the decreased muscarinic receptor density might
result in the reduction of detrusor tone and an
increase in bladder capacity. These changes may, in
part, explain the improvement in lower urinary tract
dysfunction of post-menopausal women with fre-
quency, urgency and urinary incontinence following
three to four weeks of estrogen therapy.(26) However,
in Batra and Andersson’s study, they found the effect
on contraction caused by stimulation of the mus-
carinic receptors (carbachol-evoked contractions)
seemed to be small.(12) Up to now, the true mecha-
nism of the response of muscarinic receptors to
estrogen is still unclear but we have found that the
pelvic nerve might play a role in muscarinic M2

receptor density. In the present study, after four
weeks of estrogen administration, the muscarinic M2

receptor density in rat bladders decreased significant-
ly in Group BSO + PN + E that underwent bilateral
pelvic nerve neurectomy and castration, when com-
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pared to the remaining groups. Further study is need-
ed to determine if the down regulation of the mus-
carinic M2 receptor may result in a loss of contractile
force.

In conclusion, our study demonstrated that the
rat bladder muscarinic receptor is influenced by
estrogen treatment and pelvic nerve stimulation. The
estrogen treatment and pelvic nerve denervation may
have a synergetic effect on the down regulation of
M2 receptor immunoreactive cells in the bladder.
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