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Abstract

The urinary bladder is innervated by parasympathetic preganglionic neurons (PPNs) that express p-opioid receptors (MOR)
in the sacral parasympathetic nucleus (SPN) at lumbosacral segments L6-S1. The SPN also contains endomorphin 2 (EM2)-
immunoreactive (IR) fibers and terminals. EM2 is the endogenous ligand of MOR. In the present study, retrograde tract-
tracing with cholera toxin subunit b (CTb) or wheat germ agglutinin-conjugated horseradish peroxidase (WGA-HRP) via the
pelvic nerve combined with immunohistochemical staining for EM2 and MOR to identify PPNs within the SPN as well as
synaptic connections between the EM2-IR terminals and MOR-expressing PPNs in the SPN of the rat. After CTb was injected
into the pelvic nerve, CTb retrogradely labeled neurons were almost exclusively located in the lateral part of the
intermediolateral gray matter at L6-S1 of the lumbosacral spinal cord. All of the them also expressed MOR. EM2-IR terminals
formed symmetric synapses with MOR-IR, WGA-HRP-labeled and WGA-HRP/MOR double-labeled neuronal cell bodies and
dendrites within the SPN. These results provided morphological evidence that EM2-containing axon terminals formed
symmetric synapses with MOR-expressing PPNs in the SPN. The present results also show that EM2 and MOR might be
involved in both the homeostatic control and information transmission of micturition.

Citation: Dou XL, Qin RL, Qu J, Liao YH, Lu Yc, et al. (2013) Synaptic Connections between Endomorphin 2-lmmunoreactive Terminals and p-Opioid Receptor-
Expressing Neurons in the Sacral Parasympathetic Nucleus of the Rat. PLoS ONE 8(5): €62028. doi:10.1371/journal.pone.0062028

Editor: Fabien Tell, The Research Center of Neurobiology-Neurophysiology of Marseille, France
Received December 12, 2012; Accepted March 16, 2013; Published May 3, 2013

Copyright: © 2013 Dou et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by grants from the National Natural Science Foundation of China(http://www.nsfc.gov.cn/Portal0/default152.
htm)(Nos. 30771133, 31010103909) and the International Cooperation Program (http://www.nsfc.gov.cn/Portal0/default152.htm)(No. 2011DFA3311). The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: shaochen@fmmu.edu.cn (CS); deptanat@fmmu.edu.cn (YQL)

@ These authors contributed equally to this work.

Introduction [19] in the spinal cord. Moreover, functional analyses have
. . . ) ) ) demonstrated that in the rat spinal cord, MOR agonists, such as

The micturition reflex is an autonomic reflex that is mediated morphine, the exogenous ligand of MOR, are involved in the
by a simple spino-bulbo-spinal pathway that passes through the inhibition of bladder control [20,21,22]. However, the mechanism
pontine micturition center [1,2,3]. In rats, neurons in the sacral

parasympathetic nucleus (SPN) at L6-S1 are involved in this reflex.
Moreover, most of these neurons are located at the corresponding
segments in the lateral part of the sacral intermediolateral gray
matter [4,5] and are known as parasympathetic preganglionic
neurons (PPNs). PPNs send their axons to the pelvic organs via the
pelvic nerve and are essential for the autonomic functions of the
pelvic organs, such as the micturition reflex, defecation and sexual
behavior [6,7,8]. It has been shown that electrical microstimula-

underlying morphine inhibition on bladder contraction is still
unclear. Thus, this inhibitory function is one of most crucial side-
effects of morphine when it is used as an analgesic and limits its
clinical usage. Because morphine is a common analgesic, it is
important to overcome this disadvantage so that it can be used
effectively in a clinical setting. Thus, it is critical to identify the
mechanism underlying morphine inhibition of bladder control. Of
all the known opioid substances, endomorphin 2 (EMZ2), an
endogenous peptide ligand of MOR, exhibits the highest affinity
tion of the SPN regions can induce bladder contraction for MOR [23,24]. Previous studies have been conducted on the
[9,10,11,12,13]. origins of EM2-IR fibers and terminals in the spinal cord. Using

Immunohistochemical studies have indicated that p-opioid capsaicin-treatment or rhizotomy to disrupt the normal transpor-
receptors  (MOR)-immunoreactive  (-IR) neurons are  widely tation and function of EM2 in primary afferents, these studies
distributed in the spinal gray matter, particularly in the SPN suggest that primary afferents are the major source of this opioid

[14315}16]' These res.ults are furlther .supported by.autoradi.o- peptide  [25,26,27,28,29,30]. In addition, previous functional
graphic [17,18] and in situ hybridization histochemical studies
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studies have also shown that opioid peptides might inhibit the
micturition reflex at the spinal level [31].

On the basis of these results, we propose the hypothesis that
within the SPN, EM2 released from primary afferents inhibit the
activities of MOR-expressing PPNs via its binding to MOR in
PPNs. Consequently, this reduces the activities of the PPNs, and
results in inhibitory effects on the micturition reflex. To confirm
this hypothesis and to reveal the mechanism underlying morphine
mhibition of bladder control, the present study was designed to
examine the direct connections between EM2-IR primary afferent
terminals and MOR-IR PPNs in the SPN using cholera toxin
subunit b (C'Th) retrograde tracing combined with immunohisto-
chemical staining of EM2 and MOR to identify PPNs and to
visualize the synapses between EM2-IR terminals and MOR-IR
PPNs in the SPN.

Materials and Methods

A total of 40 adult male Sprague-Dawley rats (180-250 g) were
used for the present experiments. The animals were provided by
the Experimental Animal Center of the Fourth Military Medical
University (Xi’an, China). All of the protocols were approved by
the Animal Care and Use Committee at the Fourth Military
Medical University and were performed in accordance with the
animal care rules set forth by the university (Permit number:
10001). All efforts were made to reduce the number of animals
used and to minimize their suffering.

Retrograde tract-tracing using cholera toxin subunit b
(CThb)

Ten rats were anesthetized with a 2% sodium pentobarbital
solution (40 mg/kg, u.p.). The surgical procedure was performed
under an operating microscope. The left pelvic nerve of each
animal was exposed via a posterior approach through the
sacrococcygeal region. The nerve was then completely transected
at a distance of 1 mm proximal to the major pelvic ganglion. An 8-
mm-long polyvinylchlorid (PVC) pipe with an inner diameter of
1 mm was prepared, and one end was closed by heating. Next, a
microsyringe was used to infuse 2-3 ul of 10% Alexa 594-
conjugated CTb (C34777; Invitrogen, Carlsbad, CA, USA) that
had been dissolved in 0.1 M PB (pH 7.4) into the pipe. After the
central end of the pelvic nerve was placed into the pipe, the
opening of the pipe was plugged using super glue and any excess
CThb from the outside of the pipe was removed. The pipe was then
fixed to the nerve stump i situ, and the wound was sutured. The
rats were allowed to survive for 5 days following pelvic nerve
retrograde tracing. After 5 days, the rats were anesthetized with an
overdose of 2% (w/v) pentobarbital sodium (100 mg/kg), which
was administered via intraperitoneal injection (2.p.), and all of the
transcardially perfused with 100 ml of 0.01 M
phosphate-buffered saline (PBS, pH 7.4) followed by approxi-
mately 500 ml of a 0.1 M phosphate buffer (PB, pH 7.4) that
contained 4% (w/v) paraformaldehyde and 75% (v/v) saturated
picric acid. The lumbosacral cords were then rapidly dissected,
removed, and divided into L6-S1 segments. The segments were
postfixed for 6-8 h at 4°C and subsequently placed in a 0.1 M PB
solution containing 30% (w/v) sucrose for 24 h at 4°C prior to
being embedded in an inert mounting medium (OCT; Tissue-Tek;
Sakura; Torrance, CA, USA). Thirty-um thick transverse sections
of the L6-S1 segments were obtained from 5 of the 10 rats and the
distribution of the C'Tb retrogradely labeled neurons in the SPN
were examined. In addition, longitudinal sections with the same
thickness and of similar segments were obtained from the
remaining 5 rats and the spatial structure of the SPN was

rats were
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analyzed. During the sectioning process, 5 groups of transverse
sections from each rat were collected into 5 dishes and 5 groups of
longitudinal sections from another rat were collected into a
different set of 5 dishes. All of the dishes contained 0.01 M PBS
(pH 7.4), and each dish contained every fifth serial transverse or
longitudinal section. Next, the sections in the first dish were
mounted onto gelatin-coated glass slides, air dried and cover-
slipped with a mixture of 50% (v/v) glycerin and 2.5% (w/v)
triethylene diamine (anti-fading agent) in 0.01 M PBS. Finally, the
sections were observed using a fluorescence microscope (Olympus
BX-60; Tokyo, Japan).

Immunofluorescence histochemical staining of MOR and
EM2

The rats (n=10) were anesthetized and perfused as previously
described. Next, the L6-S1 spinal segments were removed,
postfixed and cut into 30-um thick transverse sections and divided
into 6 groups. Each group contained every sixth serial section. The
sections were then blocked for 30 min with 10% fetal calf serum
(FCS) in PBS (0.01 M, pH 7.4). Next, the sections in the first and
second groups were processed for EM2 or MOR immunofluores-
cence histochemical staining, respectively. The sections were
subjected to the following series of incubations: (1) incubation with
rabbit antiserum against EM2 (1:200; AB10289; Abcam, Cam-
bridge, MA, USA) or guinea pig antiserum against MOR (1:1000;
AB1774; Millepore, Billerica, MA, USA) in the antibody dilution
medium for 72 h at 4°C. The medium consisted of 0.01 M PBS
(pH 7.4) containing 5% (v/v) normal donkey serum (PBS-NDS),
0.3% (v/v) Triton X-100, 0.05% (w/v) NaN5 and 0.25% (w/v) A-
carrageenan; (2) incubation with biotinylated donkey anti-rabbit
IgG (1:500; AP182F; Millipore) or biotinylated goat anti-guinea
pig IgG (1:500; BA-7000; Vector, Burlingame, CA, USA) in PBS-
NDS for 12h at 4°C; and (3) incubation with fluorescein
isothiocyanate (FITC)-labeled avidin D (1:1000; A-2001; Vector)
in PBS containing 0.3% Triton X-100 (PBS-X, pH 7.4) for 2 h at
room temperature (RT; 24+3°C). The sections were washed with
PBS containing 0.3% Triton X-100 (PBS-X, pH 7.4), and sections
that had been processed for immunofluorescent staining for MOR
and EM2 were mounted, cover-slipped and examined using a
confocal laser scanning microscope (Olympus FV1000; Tokyo,
Japan).

The sections in the third group were processed for immuno-
fluorescence histochemical double labeling for EM2 and MOR.
Briefly, the sections were sequentially incubated with: (1) a mixture
of rabbit antiserum against EM2 (1:200; AB10289; Abcam) and
guinea pig antiserum against MOR (1:1000; AB1774; Millipore) in
PBS-NDS for 72 h at 4°C; (2) biotinylated donkey anti-rabbit IgG
(1:500; AP182F; Millipore) for 12 h at 4°C; and (3) FITC-labeled
avidin D (1:1000; A-2001; Vector) and Alexa 594-labeled goat
anti-guinea pig IgG (1:500; A-11076; Invitrogen) for 2 h at RT.
The sections were then mounted, cover-slipped and examined
using the confocal laser scanning microscope (Olympus FV1000).

The sections of the remaining 3 groups were used as controls. In
the control studies, the sections in the fourth, fifth and sixth groups
were incubated with normal rabbit serum, normal guinea pig
serum and a mixture of normal rabbit and guinea pig sera diluted
with PBS-NDS, respectively. The procedures and reagents used in
the control tests were similar to those previously described. There
were no immunopositive staining results observed on the control
sections.
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CTb retrograde tracing combined with
immunofluorescence histochemical staining for EM2 and
MOR

A total of 10 rats were used for the triple-labeling experiment.
These rats were subjected to CTb retrograde tract-tracing,
perfused and then sectioned using the same protocols as previously
described. Thirty-micron-thick transverse sections of the L6-S1
spinal segments were collected into two dishes in cold PB (0.01 M,
pH 7.4), where each dish contained a series of every second serial
section. The sections in the first dish were then processed for
immunofluorescence histochemical triple labeling for EM2, MOR
and C'Tb. These sections were initially blocked with 10% FCS in
PBS (0.01 M, pH 7.4) for 30 min, after which the sections were
sequentially incubated in the following: (1) a mixture containing
rabbit antiserum against EM2 (1:200; AB10289; Abcam), guinea
pig antiserum against MOR (1:1000; AB1774; Millipore) and goat
antiserum against C'Th (1:500; 7032A6; Biological, Massachusetts,
MA, USA) diluted in PBS-NDS for 72 h at 4°C; (2) biotinylated
donkey anti-rabbit IgG (1:500; AP182F; Millipore) in PBS-NDS
for 12 h at 4°C; and (3) a mixture containing FITC-labeled avidin
D (1:1000; A-2001; Vector), Alexa 647-labeled donkey anti-guinea
pig IgG (1:500; AP193SA6; Millipore) and Alexa 594-labeled
donkey anti-goat IgG (1:500; A-11058; Invitrogen) in PBS-X
(pH 7.4) for 2 h at RT.

The sections in the second dish were used as controls. For the
controls, the primary antibodies were replaced with a mixture of
normal rabbit, guinea pig and goat sera. The incubation medium
and reagents used for each group were prepared as previously
described. Next, the sections were mounted, cover-slipped and
examined using a confocal laser scanning microscope (Olympus

FV1000).

Triple-labeled electron microscopy revealed synaptic
connections between EM2-immunopositive terminals
and WGA-HRP retrogradely labeled neurons expressing
MOR in the SPN

Ten male Sprague-Dawley rats were used in the following
experiment. The central cut ends of the pelvic nerves of the rats
were injected with 0.2-0.4 ul of 20% (w/v) wheat germ agglutinin-
conjugated horseradish peroxidase (WGA-HRP; Toyobo, Tokyo,
Japan), which is used as a retrograde tracer. The procedures are
similar to CTb retrograde tract-tracing in the light microscopy
study. The rats survived for 4 d following the WGA-HRP
retrograde tracing and were then deeply anesthetized and
transcardially perfused with 100 ml of 0.01 M PBS (pH 7.4)
followed by 500 ml of 0.1 M PB (pH 7.4) containing 4% (w/v)
paraformaldehyde, 0.1% (w/v) glutaraldehyde, and 15% (v/v)
saturated picric acid. All of the solutions used for the tissue
perfusion were maintained at 4°C. After the perfusions, the L6-S1
segments were immediately removed from each animal and cut
mto 50-um transverse sections using an Oscillating Tissue Slicer
(DTK-1000; Dosaka, Kyoto, Japan). The sections were subse-
quently divided into two groups, where each group contained a
series of alternating serial sections. The sections were collected in
0.0l M PBS (pH 7.4) and treated with tetramethylbenzidine
(TMB) for WGA-HRP histochemical staining. Sodium tungstate
was used as a stabilizer, and the reaction products were intensified
using a 3,3-diaminobenzidine tetrahydrochloride (DAB)/cobalt/
H50O, solution [32]. The sections were then mounted on to glass
slides, and the distribution of WGA-HRP-labeled neurons in the
SPN was examined using a light microscope. Sections containing
WGA-HRP-labeled neurons were selected for further study. These
sections were cryoprotected in 10%, 20% and 30% sucrose in
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0.05 M PB that contained 10% (v/v) glycerol for 30 min, and then
freeze-thawed with liquid nitrogen to enhance the degree of
antibody penetration.

After 30 min of blocking with 10% FCS in PBS (0.01 M,
pH 7.4), immunoperoxidase and immunogold-silver methods were
used to label EM2 and MOR proteins. Briefly, the sections were
incubated with 0.05 M Tris-HCI buffered saline (IBS, pH 7.4)
containing 20% (v/v) normal fetal calf serum for 1 h at RT to
block nonspecific immunoreactivity. The sections were then
incubated with a mixture of rabbit antiserum against EM2
(1:100; AB10289; Abcam) and guinea pig antiserum against MOR
(1:1000; AB1774; Millipore) diluted in TBS containing 2% (v/v)
normal donkey serum (TBS-D) for 72 h, washed in 0.05 M TBS
and subjected to an overnight incubation with a mixture of 1:500-
diluted biotinylated anti-rabbit IgG (AP182F; Millipore) and
1:100-diluted 1.4-nm gold particle-conjugated anti-guinea pig IgG
(2055; Nanoprobes) in TBS-D. After postfixing the sections with
glutaraldehyde and several washes in distilled water, the sections
were subjected to silver enhancement using an HQ Silver Kit
(2012; Nanoprobes) in the dark, followed by a subsequent 2 h
incubation with an ABC Kit (Vector). Finally, the sections were
placed in a 0.05 M Tris-HCI (pH 7.5) solution containing 0.02%
DAB (Dojin, Kumamoto, Japan) and 0.003% HyO, for 25—
30 min. The immunolabeled sections were then postfixed in 1%
Os04, counterstained with 1% uranyl acetate in 70% ethanol,
dehydrated, flat-embedded in Durcupan (Fluka, Buchs, Switzer-
land) and polymerized. Small pieces of the SPN regions that
contained a large number of WGA-HRP retrogradely labeled
neuronal cell bodies and axon terminals were selected and
removed from the flat-embedded sections under a dissection
microscope [33]. The selected tissue pieces were then cut into
serial, ultrathin sections with an ultratome (Reichert-Nissei
Ultracut S; Leica, Wien, Austria) mounted on to single-slot grids
that had been coated with pioloform membrane, stained with 1%
lead citrate, and finally examined with an electron microscope
(CM100; Philips, Eindhoven, Netherlands).

Microscopic observations

The sections for immuonfluorescence histochemical staining
were observed under a confocal laser scanning microscope with
the appropriate filters for FITC (excitation 492 nm; emission
520 nm), Alexa 647 (excitation 647 nm; emission 666 nm) and
Alexa 594 (excitation 590 nm; emission 618 nm), respectively. All
of the Alexa 594 conjugated CTb retrogradely traced sections
were observed under a fluorescence microscope with the
appropriate filters for CTB-labeled neurons (excitation 590 nm;
emission 618 nm). The synaptic connections between the EM2-
immunopositive terminals and WGA-HRP retrogradely labeled
neurons expressing MOR in the SPN were examined under an
electron microscope.

Results

Distribution and morphological features of CTbh-labeled
neurons in the SPN

Previous studies have demonstrated that sacral parasympathetic
preganglionic neurons (PPNs) in the sacral parasympathetic
nucleus (SPN) can be assigned to 3 groups on the basis of their
morphology and location [7,34]. These groups are denoted as the
dorsal band (DB), lateral band (LB) and internal band (IB). The LB
is located just above the DB, and these two groups of neurons are
separated by the IB, which contains several isolated neurons
[7,34].
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In the present study, after CTb injection into the left pelvic
nerve, C'Tb retrogradely labeled PPNs were almost exclusively
found in the lateral edge of the intermediolateral column in the left
gray matter at L6-S1 (Figure 1A). These C'Tb-labeled neurons
were generally located in or near the intermediolateral nucleus. In
transverse sections, CTh-labeled neurons could be clearly divided
into three groups. The LB group was located in the dorsolateral
portion of the SPN and contained neurons of various shapes
(Figure 1A"), including spindle-shaped neurons, rotund neurons
and triangular neurons. Dendrites of the neurons in this band
extended along the lateral marginal zone of the dorsal horn and
into the dorsolateral funiculus (Figure 1A"). In contrast, the DB
group was located deeper within the spinal cord and comprised of
radially oriented neurons with dendrites that extended medially
into the dorsal gray commissure (Figure 1A’). The distributions of
the C'Tb-labeled neurons in the longitudinal (Figure 1B) and
transverse (Figure 1C) sections further elucidated the columnar
structure of the C'Th-labeled PPNs in the SPN, which consisted of
neuronal cell clusters that resembled “strings of beads.” The
clusters had an average length of 2850120 um. In the ipsilateral
SPN at L6-S1, approximately 630*21 medium-sized CTb
retrograde-labeled neurons, of which the sizes ranged from 8-
13 um (shorter axis) to 10-22 pm (longer axis), were observed in
each rat. The number of CTb retrograde-labeled neurons
dramatically increased between the middle section of L6 and the
middle section of S1, reaching its peak in the upper and middle

Rostral

Caudal

Figure 1. The distribution patterns of CTb labeled PPNs in the
SPN at L6-S1 after CTb was injected into the left pelvic nerve.
(A) The location of the CTb-labeled neurons in the SPN at S1. (A’) An
enlarged image of (A), showing the extending directions of the
dendrites of the CTb-labeled neurons in the lateral band (LB) or dorsal
band (DB) (arrows); A” is also an enlarged image of A, in which CTb-
labeled neurons in the SPN belong to 3 groups: DB, LB and internal
band (IB) (outside of the two circles). In the longitudinal sections (B),
CTb-labeled neuronal clusters in the SPN resemble a “string of beads.”
C: CTb-labeled neurons in the SPN in one rat are arranged in a sequence
from the rostral to caudal levels of the nucleus. Scale bars indicate
200 um in A and C, 100 um in A" and B and 50 um in A”.
doi:10.1371/journal.pone.0062028.g001
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parts of S1, and then gradually decreased until it disappeared
completely in the lower part of S1.

Immunofluorescence histochemical localization of MOR
immunoreactivity in the SPN

Many MOR-immuonreactive (-IR) neurons and their processes
were observed in the intermediolateral cell column, ie, SPN
(Figures 2A, 3B1). This expression pattern was similar to that
described in a previous report [14]. In the SPN, MOR-IR
products were widely distributed throughout all of the PPNs.
These MOR-immunopositive neuronal cell bodies exhibited
similar morphological features and their range in diameter was
similar to that of CTh-labeled PPNs in the SPN at L6-S1. Most of
these neurons were fusiform, triangular, or multipolar in shape;
and were small to medium in size (ranging from 8-13 pm along
the shorter axis and 10-22 um along the longer axis) (Figures 2A",
3B2). Intense MOR immunoreactivity was primarily observed in
the neuronal cell bodies and their processes (Figures 2A’, 3B2).

Distribution of EM2 immunoreactivity in the SPN

The EM2-IR structures in the SPN were fibers and terminals
(Figures 2B’, 3A2). Most of the EM2-IR products in the SPN were
diffusely fine, punctuate and granular in appearance (Figure 2B).
A higher density of EM2-IR fibers and terminals were observed in
close proximity to the neuronal cell bodies located in the lateral
band (LB) compared to the dorsal band (DB) (Figures 2B’, 3A2).
No EM2-IR neuronal cell bodies were observed in the SPN as
assessed using EM2 immunofluorescence histochemical staining.

Figure 2. MOR and EM2 immunoreactivity in the SPN. The
localization of MOR-immunoreactivity at S1 (A, A’) and EM2-immuno-
reactivity at L6 (B, B’) in the SPN on transverse sections. A, B: low
magnification image. A’, B': magnified image of the SPN as demarcated
with a rectangle in A and B. Many neuronal cell bodies and their
dendritic processes in the SPN show MOR-immunopositive staining (A’)
and many EM2-IR fibers and terminals are present in the SPN (B’). The
scale bars indicate 200 um in A and B, 30 um in A’ and B'.
doi:10.1371/journal.pone.0062028.g002
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B1 MOR | C1
=
2

C2

Figure 3. Imnmunofluorescence double labeling of EM2 and MOR immunoreactivity in the SPN on transverse sections at S1. Low-
magnification images of the immunofluorescence histochemical staining for EM2 (A1) and MOR (B1) in the SPN (indicated with squares). Scattered
EM2-IR fibers and terminals (A2) and many MOR-IR neurons (B2) are observed in the SPN. EM2-IR axon terminals also appear to be closely apposed
with the MOR-IR neurons (indicated with arrows) in the SPN (as indicated with a square in C1) (C2). The scale bars indicate 200 um in A1, B1 and C1
and 40 um in A2, B2 and C2.

doi:10.1371/journal.pone.0062028.g003

Synaptic connections between EM2-IR fibers and MOR-IR distributed throughout the SPN (Figures 4B1, B2). Moreover, we
neurons in the SPN observed beaded-like EM2-IR fibers with varicosities (Figures 3A2,

On preparations exhibiting double immunofluorescence label- 432)’ and the EM2-IR terminals :alppeared to be .closely app(?s:ed
ing, EM2-IR axon terminals appeared to be closely apposed with Wlth the CTb-.labelcd neurons, which were MOR-immunopositive
MOR-IR neuronal cell bodies and their dendritic processes in the in the SPN (Fl_gures 4D1, D2). . . R
SPN (Figures 3C1, C2). To provide morphological confirmation Electron microscopy was used to confirm the existence of

that the MOR-IR necurons were PPNs. immunofluorescence synaptic connections between the EM2-IR axon terminals and
) ’ y MOR-IR neurons, WGA-HRP-labeled neurons or WGA-HRP/

MOR double-labeled neurons in the SPN (Figure 5). Using
electron microscopy, the presence of heavily stained and
predominantly homogeneous black substances (DAB reaction
products) were distributed in the axoplasm and around synaptic
vesicles (Figures 5A, B, C). After enhancement with the HQ Silver

histochemical triple-labeling was performed. Initially, neurons in
the SPN were successfully identified using CTb retrograde
transport tracing (Figures 4A1, A2). We observed that all of the
CTb-labeled  neurons  demonstrated MOR-IR  staining
(Figures 4C1, C2), and the EM2-IR fibers and terminals were

Figure 4. The connections between EM2-IR axon terminals and CTb/MOR double-labeled neurons in the SPN on a transverse
section at S1. A2, B2, C2 and D2 are enlargements of the rectangles delineated on A1, B1, C1, D1, respectively. After injecting CTb into the pelvic
nerve, CTb-labeled neurons were found in the SPN (A1, A2). Several CTb-labeled neurons contacted EM2-IR fibers and terminals (B1, B2; D1, D2) and
also exhibited MOR-immunoreactivity (C1, C2; D1, D2). The white arrow points to suggestive close appositions between EM2-IR axon terminals and a
CTb/MOR double-labeled neuron. The scale bars indicate 50 um in A1, B1, C1 and D1 and 20 um in A2, B2, C2 and D2.
doi:10.1371/journal.pone.0062028.g004
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Figure 5. Synaptic connections between EM2-IR axon terminals
(containing DAB reaction products) and HRP-labeled neuronal
cell body (containing TMB reaction products), MOR-IR (con-
taining gold-silver grains) or HRP/MOR double-labeled den-
drites (containing both TMB reaction products and gold-
particles) of the PPNs in the SPN. Three EM2-IR axons made
symmetric synaptic connections with an MOR-IR dendrite (A), an HRP
retrograde-labeled neuronal cell body (B) and an HRP/MOR double-
labeled dendrite (C) of the PPNs in the SPN. The scale bar indicates
0.3 um in A-C.

doi:10.1371/journal.pone.0062028.9g005

Kit, immunogold-labeling of black oval or round particles with
high electron densities were found underneath the plasma
membrane of the neuronal cell bodies and large dendritic
processes (Figures 5A, C). In the present study, DAB reaction
products, immunogold particles and TMB reaction products were
used to label the EM2-IR axon terminals (Figures 5A, B, C),
MOR-IR neurons (Figures 5A, C) and WGA-HRP retrograde-
labeled neuronal cell bodies and their processes (Figures 5B, C),
respectively.

In the present study, EM2-IR axon terminals formed symmetric
synaptic connections with MOR-IR dendritic processes (Figure 5A,
C) and cell bodies, WGA-HRP-labeled neuronal cell bodies
(Figure 5B) and WGA-HRP-labeled dendritic processes or WGA-
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HRP/MOR  double-labeled neuronal cell bodies anddendritic
processes (Figure 5C). Of all synapses made between EM2-IR
axon terminals and WGA-HRP/MOR double-labeled neuronal
cell bodies and their dendritic processes, 93% (28/30) were axo-
dendritic synapses (Figures 5C) and only 7% (2/30) were axo-
somatic synapses. No asymmetric synapses were observed between
the EM2-IR axon terminals and MOR-IR neurons or WGA-
HRP/MOR double-labeled neurons.

Discussion

Micturition is a complex behavior involving cortical [35],
subcortical [36], brainstem [2,3,37], spinal cord [38] and bladder
mechanisms [39,40]. In the spinal cord, neurons involved in the
regulation of micturition are located in the superficial dorsal horn
[41], dorsal gray commissure [1], Onuf’s nucleus [42] and sacral
parasympathetic nucleus (SPN) [7,34]. In rats, parasympathetic
preganglionic neurons (PPNs) in the SPN play an important role in
micturition [6]. This study indicated that all of the PPNs in the rat
SPN are MOR-immunopositive, which is consistent with the
results of previous studies in the spinal cord using autoradio-
graphic [17,18], cystometrographic [43] and immunohistochem-
ical [44] methods. In addition, we also demonstrated that EM2-
containing fibers and terminals were both distributed within and
adjacent to the SPN. Our previous results indicated that there
were 3 potential origins for the EM2-containing fibers and
terminals in the spinal cord: projection fibers from superior
structures, such as the solitary tract nucleus and hypothalamus,
dorsal horn neurons and primary afferent terminals. However, the
major source of EM2-containing fibers and terminals in the spinal
cord is the ipsilateral primary afferent fibers [25,30]. Together
with previous studies, which have demonstrated that numerous
primary afferents from the bladder project to the sacral
parasympathetic nucleus [7,45], we conclude that the primary
sensory afferents from the bladder are important contributors of
EM2-containing terminations onto PPNs in the SPN region.

The present study shows that EM2 axon terminals form close
connections with MOR-expressing PPNs. Within the SPN, PPNs
may be divided into 3 groups, the LB, DB and IB, on the basis of
different characteristics, including the location within the nucleus,
the direction of dendritic conduction and morphological features
[7]. It has also been demonstrated that the function of these
neurons in each part of the SPN is different. Neurons in the LB in
lamina VII provide inputs to the bladder detrusor; neurons in the
BD in laminae V and VI provide inputs to the intestine; most of
the neurons in the IB, which are located between the DB and LB,
are interneurons and indirectly correlate with the activity of the
intestine and urinary bladder [7,34]. In the present experiments,
we observed closer connections between the EM2-containing axon
terminals and MOR-expressing neurons in the LB, which provide
the major innervations to the bladder detrusor compared to the
DB and IB. Electron microscopy studies have further shown that
EM2-containing axon terminals form symmetric synapses with the
cell bodies and dendritic processes of PPNs which exhibit both
MOR-immunopositive staining and WGA-HRP retrograde label-
ing. These results suggest that EM2 might have more profound
effects on LB neurons than neurons in the DB and IB. It is already
well accepted that symmetric synapses are inhibitory synapses
[46], so the function of the synaptic structures can be predicated
by their morphological features. Taken together, our present data
providemorphological evidence to support our hypothesis that
EM2 released from primary afferent fibers inhibit the activity of
MOR-expressing PPNs. In the rat, MOR are known to be
involved in central opioid modulation of bladder motility at both
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Figure 6. A schematic drawing showing the underlying
mechanism of micturition inhibition by EM2-containing blad-
der afferent terminals onto the MOR-expressing PPNs in the
SPN. Sensory information from the bladder receptor is directly
transmitted to the MOR-expressing PPNs via EM2-containing primary
afferent fibers. These EM2-containing fibers exert inhibitory effects onto
the MOR-expressing PPNs in the SPN via synaptic connections, resulting
in an attenuation of the excitatory effects of the efferent fibers
originating from the PPNs onto the parasympathetic postganglionic
neurons in the pelvic ganglia. This attenuation affects the micturition
reflex and results in urinary retention.

doi:10.1371/journal.pone.0062028.9006

the supraspinal and spinal sites [20,46,47,48]. In the rat spinal
cord, both pharmacological and behavioral studies have provided
compelling evidence that inhibition of micturition is mediated by
MOR [31,49,50]. Bladder contractions may be inhibited by the
MOR exogenous agonist morphine in an isovolumetric rat model,
and this effect is abolished by the intravenous administration of the
MOR antagonist naloxone [21], further suggesting that MOR in
the spinal cord is involved in the regulation of bladder function.
The EM2 effects on micturition are similar to those of morphine
[20,51] and other opioid peptides [31,52,53,54], resulting in the
inhibition of the micturition reflex and subsequent urinary
retention. Upon EM2 binding to MOR, the interactions between
the ligand-receptor may occur via the release of the peptide and
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