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Abstract

Project Code : PDF/29/2544

Project Title : Roles of opioid and their opioid receptors on the neuromodulation of intestinal
secretory host defense mechanism

investigator : Assistant Professor Sutthasinee Poonyachoti, Department of Physiology,
Faculty of Veterinary Science, Chulalongkorn University

E-mail Address : sutthasinee.p@chula.ac.th

Project Period : 1 July 2001 — 30 June 2003

Abstract: Opioids have been shown to inhibit the neuronal release of prosecretory

enteric neurotransmitters via the specific opioid receptors (ORs). The main objective of
this project was to study the roles of opioid and their receptors on the neuromodulation ot
intestinal secretory host defense mechanism. The porcine ileal mucosa obtained as the
model for human bowe! were isolated from the growing pigs and characterized for the
type of opioid receptors on the submucosal plexuses of enteric neurons using the
immunohistochemistry techniques.  Delta-opioid receptors (3-OR) appear to be
predominant OR in neurons and nerve fibers throughout the porcine enteric nervous
system (ENS). [n contrast, kappa-opioid receptors (x-OR) mu-opivid receptors (pu-OR)
were not expresses in either the nerve fibers or neurons of submucosal plexuses in
porcine ileum. In the submucosal plexus, most populations of the neurons containing the
vanilloid type I receptor (VR-1) or calcitonin gene related peptides (CGRP) but some
substance P (SP) which are members of intrinsic primary afferent necurons (IPANSs)
coexpressed with 3-OR immunorectivities. Most of secretory motor neurons indicated by
the immunoreactivities of choline acetyl transferase (ChAT) coimmunoreactived with §-
OR antibody. In contrast, only 2% of the motor neurons containing vasoactive intestinal
peptides or nitric oxide synthase coexpressed with 8-OR immunorectivity. In addition.
neurons expressed both ChAT and VR-1 were mostly coexpressed with immunoreactivity
of 3-OR antibody suggesting the important in enteric neural reflex. Roles of 8-opioids on
the active ion secretion evoked by enteric neural reflex were examined in the ileal

mucosal using Ussing chamber apparatus. The stipped-ileal mucosa were mounted in
Ussing chambers and the voltage-clamp amplifier was used to measure short circuit

current (Isc) and transepithelial potential difference. Substance P (1 uM). CGRP (1 pM).

carbachol (10 uM) or mast cell degranulator compond 48/80 (10 ng/m]) but capsaicin (10

uM) produced a rapid increase in Isc which sensitived to saxitoxin (1 pM) or furosemide

(1 pM). DOR agonist, [D—Penz, D-Pens]-enkephalin (DPDPE. 0.1 pM ) inhibited CGRP-

, SP-or compond 48/80-evoked anion secretion by 30%. 75% or 50%. respectively.

DPDPE could not reveal an inhibitory effects on cch-stimulated ion secretion. The

present study indicates that DOR expressed on IPANs plays an inhibitory lunctions on

the active anion secretion-evoked by neurogenic stimulation or degranulated mast cells.

The evidences may suggest the functional roles of neuronal DOR on the intestinal

defense mechanism (i.e. motility, immune function) regulated by IPANS.

Keywords : Opioid receptor, ENS, active ion secretion, defense mechanism
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introduction

The intestinal epithelium comprises a vast surface area which is
continuously exposed to the external environment and separates it from the internal
milieu. The active, transepithelial secretion of ions accompanied by water acts to dilute
luminal pathogens and facilitate the movement of protective substances, such as mucin
(Miller et al.,1987) secretory immunoglobulin A, and antimicrobial defensin peptides to
the luminal surface (Theodorou et al., 1996). Epithelial cells of the small intestinal
mucosa are normally responsible not only to. absorb electrolyte and water but also to
constitute a cellular barrier to subepithelial invasion by luminal pathogens.

Immediate hypersensitivity reactions to foods, resulting in acute diarrhea
and other gastrointestinal signs, are widespread, particularly among young children
(Ahmed et al., 1997). Acute diarrthea and other gastrointestinal signs associated with
antigen ingestion in sensitized individuals are thought to stem from the degranulation of
mucosal mast cells (Perdue and McKay, 1994). Histamine, released from mucosal mast
cells in the course of intestinal anaphylaxis. increases active anion secretion and short-
circuit current (/) across small intestinal and colonic mucosae through interactions with
intrinsic primary afferent neurons (IPANSs) of enteric submucosal neurons (Perdue and
McKay, 1994). Capsaicin, a lipophilic vanilloid substance found in Capsicum peppers
which produces the sensation of heat, has a prominent excitatory action on primary
afferent neurons. Their receptors, vanilloid receptors type 1 (VR1) mediated capsaicin
evokes sensations of abdominal pain (Hammer et al. /1998). In addition. it is associated
with release of substance P or calcitonin gene-related peptides (CGRP) frem IPANs
causing the release of proinflammatory substances from mast cells (Szallasi and
Blumberg 7999).

Natural and synthetic opioids such as morphine, codeine and loperamide
valuable therapeutic mainstays in the alleviation of non-infectious diarrhea. As a side
effect, the continued use of opioid analgesics is associated with severe constipation which
can progress to intestinal pseudo-obstruction (Brownstein. 1993). The antisecretory
effects of opioids are clearly mediated by the specific receptors. mu- (MOR). deltu-
(DOR) or kappa- (KOR) opioid receptors within the intestine and at additional sites in the
CNS and ANS. In isolated mucosal preparations. stable enkephalin analogs rapidly and
transiently decrease transepithelial short circuit current (Isc) suggesting a reduction in the
net secretory flux of CI" and enhancement of NaCl absorption. The opioid-induced
change in Isc is in a naloxone reversible manner (Brown and Miller.. 1991). These
antisecretory effects were inhibited by tetrodotoxin. which blocked nerve conduction.



suggesting that opioids act directly on the submucosal enteric neurons to inhibit intestinal
secretion (Cooke, 1989). Opioid receptor (OR) mediates an increase in the membrane
K* conductance and inhibit inward currents in the submucosal neurons.

Thus, opioids promote water absorption and decrease anion secretion in
the porcine ileum, and these effects turn out to compromise the ability of intestine to
dilute and purge bacterial enterotoxins and infectious luminal microbes. Although
immunoreactivities to opioid peptides, such as the enkephalins or dynorphin, have been
localized in enteric neurons, little is known about the distribution of their cognate
receptors in the enteric nervous system.

Therefore, in this study we examined the chemical coding of enteric
neurons expressing immunoreactivity to opioid receptors in the porcine tleum and the
relationship of OR immunoreactivity to that of [PANs. ORs coexpression with IPANs
were hypothesized to be a subpopulation of cholinergic neurons within all enteric ganglia
of the porcine small intestine and implicate these receptors in the modulation of intestinal
sensorymotor function. Therefore, the effects of opioids and their receptor in modulating
the intestinal secretory function by the intrinsic primary afferent neurons were also
examined in the present study. Mast cells located proximity to the IPANs may play the
predominant role in the neuroimmune modulation of GI secretory function (Surprenant.
1994). Therefore, the principle aim of this study is to address types of opioid receptors
mediated the inhibitorv effects of opioid agonists in porcine ileum, a functional model of
human small intestine using the biological assay. Secondly. we used the
immunohistochemistry technique to study the possible of opioid receptors coexistence
with intrinsic primary afferent neurons.

Material and Methods

Drugs: [D-Pen2, D-Pens]-enkephalin (DPDPE) and naloxone were
obtained from Peninsula Laboratories, Inc. (Belmont, CA) and were dissolved in 0.01 M
acetic acid with 0.1% bovine serum albumin. The solubilized peptides were aliquoted at
stock concentrations of 1 to 10 mM and stored until use at -20°C. All other drugs were
obtained from Sigma Chemical Co. (St. Louis. MO).

Tissue preparation: Pigs were sedated with Telazol" (10 mg/kg. i.m.)
prior to sacrifice by barbiturate overdose. A segment of ileum 10 - 20 cm in length was
removed and opened longitudinally along the antimesenteric border. Ileal segments were



placed in ice-cold oxygenated Ringer-bicarbonate solution modified to approximate the
composition of porcine extracellular fluid (ionic composition in mM: Nat, 148.5: K*¥,
6.3; ClI-, 139.7; Mg2+, 0.7; Ca2*. 3.0; HCO3". 19.6; HPO4". 1.3: H:POy4~. 0.3: pH 7.4).

Immunohistochemistry: After a laparotomy incision. a portion of the
ifleum was removed and cut in blocks of 1 to 2 cm’ and immersed in ice-cold
2%paraformaldehyde in phosphate-buffered saline (PBS) at pH 7.4 for 2 hrs. The tissues
were then cryoprotected in graded (10 -30%) concentrations of sucrose in PBS,
embedded in TissueTek O.C.T. compound (Baxter Healthcare Corp.. McGaw Park. [L),
and frozen. Longitudinal or transverse cryostat sections (14 um thickness) were thaw-
mounted onto Superfrost-plus™ slides (Fisher Scientific, Pittsburgh. PA) and stored at -
20° C until use. Tissues were rehydrated in PBS for 15 min and preincubated in PBS
containing 0.4% Triton X-100 (Sigma Chemical Co., St. Louis. MO) and 3% bovine
serum albumin (Sigma Chemical Co.. St. Louis, MO) in PBS for 30 min at room
temperature to block non-specific binding.

DOR and KOR immunoreactivities were detected with a rabbit
polyclonal antiserum against an extracellular sequence (PFQSAKY[.METWPFGELL) of
the mouse DOR that is conserved in porcine DOR and generously provided by Dr. Robert
P. Elde (Arvidsson et al. /995; Brown et al. /998). and a goat polyclonal antiserum raised
against the N-terminus of the human KOR (MESPIQIFRGEPGPTCAPSA) purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz. CA). VRl immunoreactivity was
detected using a polyclonal antiserum raised in guinea pig against the C-terminus of
murine VR that was provided by Dr. Robert P. Elde (Guo et al. /999). Anticholine
acetyltransferase (ChAT) and antineuronal nitric oxide synthase (NOS) antisera were
used to detect cholincrgic and nitrinergic neural elements. respectively. Antisera to the
vasoaclive intestinal peptide (VIP). CGRP and SP were emploved to investigate the
peptidergic coding of enteric neurons. To confirm neuronal morphology. adjacent
sections to each antisera-stained section were incubated with an antibody to the neuronal
marker. protein gene product 9.5 (PGP 9.5). Details of the antibodies employed are given
in Table 1.



Table 1. Description of antibodies used for immunohistochemistry in the present study
(ChAT choline acetyltransferase, CGRP calcitonin gene-related peptide, DOR d-opioid
receptor, KOR k-opioid receptor, NOS neuronal nitric oxide synthase, PGP 9.5 protein
gene product 9.5, SP substance P, VIP vasoactive intestinal peptide, VR/ type | vanilloid
receptor)

Antigen Host Dilution Source

ChAT. Goat 1:20 Chemicon International Inc., Temecula. CA
Rabbit 1:400 Chemicon International Inc.

CGRP Goat 1:400 Santa Cruz Biotechnology. Santa Cruz. CA
Rabbit 1:400 Chemicon International Inc.

DOR 461 Rabbit 1:400 Dr. Robert P. Elde. University of Minnesota

KOR-1 Goat 1:400 Santa Cruz Biotechnology

NOS Rabbit 1:600 Santa Cruz Biotechnology

PGP 9.5 Rabbit 1:400 Chemicon International Inc.

SP Rat 1:40 Incstar, Stillwater. MN

VIP Rabbit 1:600 Incstar

VRI1 Guinea pig 1:400 Dr. Robert P. Elde. University of Minnesota

To investigate colocalization of the various markers. coincubation of
tissue sections with DOR or KOR antiserum alone and in combination with other primary
antibodies were performed. In addition, some tissue sections were coincubated
simultaneously with DOR, KOR and VR antisera. The neurochemical coding of OR-
and VRI1-immunoreactive neurons and fibers was examined with antibodies to ChAT,
VIP, CGRP, SP and NOS. Because DOR, NOS and VIP antisera were raised in rabbits,
neurons coexpressing immunoreactivities to DOR and ChAT were compared wi-th those
coimmunostained with ChAT antisera and NOS or VIP antisera in adjucent or nearby
sections.

Tissue sections were rehydrated in phosphate-buffered saline (PBS,
pH 7.4) for 15 min and incubated in PBS containing 0.4% Triton X-100 (Triton: Sigma
Chemical Co., St. Louis, MO) and 3% bovine serum albumin (BSA: Sigma Chemical
Co., St. Louis, MO) for 30 min at room temperature to block non-specific binding of the
primary antibodies. Sections were further incubated overnight at 4°C with primary
antisera diluted in Triton/BSA-containing PBS. Following rinses in PBS for 15 min,
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sections were incubated in PBS for 1 h in the dark with one or more of the following
secondary antibodies: donkey anti-rabbit, goat or rat indocarbocyanine 3 (Cy3)-
conjugated IgG at 1:400 dilution; donkey anti-goat, anti-rat or anti-rabbit fluorescein
isothiocyanate (FITC)-conjugated IgG at 1:40 dilution; or donkey anti-rabbit
indocarbocyanine 5 (CyS). Sections were subsequently washed in PBS for 15 min and
coverslipped with Vectashield (Vector Laboratory, Burlingame. CA).

Control experiments to verify the specificity of primary antibodies were
performed by preincubating primary antibodies with their corresponding blocking
peptides in 10- to 30-fold excess by weight. Blocking peptides were preincubated
overnight at 4°C with primary antiserum at the same dilutions used to detect
immunoreactive structures in situ; after centrifugation. the supernatant obtained was
substituted for the primary antibody in the staining protocol. Preincubation of DOR. KOR
or VRI1 antisera with their respective blocking peptides in 30-fold excess eliminated
specific neuronal immunoreactivity, but not immunofluorescence in the crypts and
muscularis mucosae. For all other primary antibodies, incubation of sections with
blocking peptides in tenfold excess abolished specific immunoreactivity. Omission of
primary antibodies resulted in an absence of specific immunoreactivity.

A minimum of three transverse or longitudinal ileal sections from each
experiment were scanned using a BioRAD confocal laser scanning microscope (Model
1024) which was attached to a Nikon fluorescence microscope. Each field was scanned
sequentially in three dimensions by optical sectioning with a step size of 0.5 um. Images
were obtained using Comos software (version 6.05.8; Comos BioRad. Hercules. CA) and
further processed employing NIH Image (version 1.59) and Adobe Photoshop (version
4.0, Adobe Systems, San Jose, CA). The numbers of neurons that exhibited
colocalization of opioid or vanilloid receptor immunoreactivities with that of other
neurochemical markers were counted in inner and outer submucosal ganglia and
myenteric ganglia in two different fields from each of three pigs. Data are expressed as
the mean + SD of the percentage of the total number of immunoreactive neurons counted
for each pair of antigens examined.

Measurement of mucosal ion transport: The ileum was stripped of its
serosa and underlying smooth muscle layers by blunt dissection and the remaining
mucosa-submucosa preparation was mounted between two lucite Ussing-type half
chambers (Jim’s Instrument Manufacturing Co., lowa City, IA) having a flux area of 2.0
cm’. Both sides of each mucosal sheet were bathed in the modified Ringer-HCO3-
solution which was maintained at pH 7.4 and 39.1° C (porcine core temperature) and

oxygenated continuously with 5% CO; in O,. In addition, 10 mM mannitol and D-
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glucose were present in luminal and contraluminal bathing solutions, respectively. The
short-circuit current (/. ) across the tissues, a measure of net ion transport, was monitored
continuously by an automatic voltage clamp (Model TR100, JWT Engineering, Overland
Park, KS). After the baseline /. stabilized, the circuit was opened before and after drug
administration to measure potential difference (mV): tissue conductance (G, in mS/cm")
was calculated according to Ohm’s law. Peak elevations in /, relative to the baseline /.
were determined after the contraluminal addition of capsaicin (Cap:l. 3 or 10 pM),
carbachol (CCh;10 uM), substance P (SP;10 pM) or calcitonin gene-related peptides
(CGRP;100 nM). In some experiments, tissues were pretreated with saxitoxin (STX; 0.1
pM); atropine (0.1 puM); furosemide (FS; 10 pM) or DPDPE (0.1 pM). Each substance
was added to the contraluminal bathing medium five min before the contraluminal
addition of Cap, Cch, SP or CGRP. In some experiments, an opioid antagonist naloxone
(NX) was added at a concentration of 0.1 uM to the contraluminal aspect of mucosal
sheets five min prior to DPDPE addition.

Statistics: Peak changes in /;. and G, were determined as the mean + SE
relative to their baseline values in n tissues from at least 3 pigs. Comparisons between a
control and treatment mean were made by two-tailed paired or unpaired t tests.
Comparisons between a control mean and multiple treatment means were made by one-
way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test. A
P value of 0.05 or less was chosen as the limit for statistical significance
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Results

| Immmunohistochemistry study of opioid receptor on the submucosal plexuses
of porcine ileal mucosa

DOR- and VR1-immunoreactive neurons and fibers were observed in all
enteric plexuses in porcine ileum. In comparison. immunoreactivity to KOR was
expressed only in the myenteric plexus and nerve fibers innervating circular smooth
muscle. All structures exhibiting specific immunoreactivity to receptors and
neurochemicals expressed PGP 9.5 immunoreactivity in adjacent tissue sections.
Immunoreactivity to CGRP, a neurochemical marker of putative Dogiel type 2 sensory
neurons in the porcine small intestine (Scheuermann et al. /987), was highly expressed in
several DOR- and VRI-immunoreactive neurons in the inner and outer submucosal
plexuses (Fig. 1A-D, Table2). It was colocalized with DOR. KOR and VRI!
immunoreactivities in myenteric neurons as well (Fig. 1 E-G. Table 2).
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Figure 1A-G. Photomicrographs of representative longitudinal sections of porcine ileum
showing colocalization of §-opioid receptor (DOR). x-opioid receptor (K()R) or tyvpe 1
vanilloid receptor (VR1) immunoreactivity in calcitonin gene-related peptide (CGRP)-
immunoreactive neurons in the porcine enteric nervous system. A, B Colocalization
(vellow) of DOR (green, A) or VRI (green, B) immunoreactivity with CGRP (red)
immunoreactivity was observed in neurons (slanted arrows) in the inner submucosal
plexus (ISP). Some DOR- or VRI-immunoreactive neurons (vertical arrows) did not
express CGRP immunoreactivity. C, D Colocalization (yellow) of DOR (green. C) or
VRI1 (green, D) immunoreactivity with CGRP (red) immunoreactivity was observed in
neurons (slanted arrows) in the outer submucosal plexus (OSP). Some DOR- or VR]-
immunoreactive neurons (vertical arrows) did not express CGRP immunoreactivity. E-G
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Colocalization (yellow) of DOR (green. E). VRI1 (green. F) or KOR (green, G)
immunoreactivity with CGRP (red) immunoreactivity was observed in neurons (slanted
arrows) in the myenteric plexus (MP). Asterisks denote non-specific staining seen on or
under the epithelium in the section that persisted in omission and preabsorption control
experiments (C crypt, CM circular muscle, LM longitudinal muscle). Scale bar 60 um
(A-D), 100 um (E-G)

Table 2. Occurrence of immunoreactive neurons in enteric ganglia. Data represent the
mean = SD of the percentage of total immunoreactive neurons counted for each pair of
antigens examined; neurons in submucosal or myenteric ganglia were counted in a total
of six different microscopic fields in tissue sections obtained from three pigs.
Abbreviations are the same as in Table 1

% Neurons % Neurons

Total number of % Co- . . . )
immunoreactive immunoreactive

Antigens immunoreactive immunoreactive for first antigen for second antigen
neurons neurons only only
Inner submucosal ganglia
DOR/ChAT 119 81+5 5+4 1445
DOR/CGRP 117 80+7 10+5 10+£3
DOR/SP 113 2248 77+8 1+2
DOR/VR1 125 8345 5+5 133
VRI/ChAT 119 70+8 12+4 1848
VRI/CGRP 125 82+5 1243 6+4
VRI/SP 117 12+6 6711 218
Outer submucosal ganglia
DOR/ChAT 70 64x15 3+4 33+13
DOR/CGRP 77 7713 9+8 156
DOR/SP 71 0+0 70+8 30+8
DOR/VR1 68 59+12 3+5 37411
VRI/ChAT 67 9416 2+4 416
VR1/CGRP 69 89+11 34 8+7
VRI/SP 64 3948 4318 1743

inner submucosal plexus

DOR immunoreactivity was highly colocalized with ChAT
immunoreactivity in inner submucosal plexus (ISP) neurons at the base of crypts
(Fig. 2A). Table 2 indicates the relative percentages of immunoreactive neurons counted
that exhibited colocalization of receptor immunoreactivities with those of other
neurochemical markers. Immunoreactivity to NOS (Fig. 2B) or VIP (Fig. 2C) was absent
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in ChAT-positive neurons which were immunoreactive to DOR in adjacent sections.
ChAT and DOR immunoreactivities were also colocalized with VR1 immunoreactivity in
ISP neurons (Fig. 2D, E, Table 2). Subpopulations of DOR- and VRI-positive neurons
also expressed immunoreactivity to SP (Fig. 2F, H, Table 2). VRI1-immunoreactive ISP
neurons did not express NOS immunoreactivity (Fig. 2G).

Outer submucosal plexus

DOR- and VR]-immunoreactive neurons were observed in the outer
submucosal plexus (OSP); these neurons coexpressed ChAT immunoreactivity (Fig. 3A,
D, Table 2). Some ChAT-positive neurons which were also DOR-positive, coexpressed
NOS (Fig. 3B) or VIP immunoreactivity (Fig. 3C) in adjacent sections. There was
substantial colocalization of DOR and VR1 immunoreactivities, although some neurons
expressing VR1 immunoreactivity alone were observed (Fig. 3E, Table 2). There was
sparse colocalization of DOR and SP immunoreactivities in neurons (Fig. 3F). but there
was moderate colocalization of VR1 and SP immunoreactivities in OSP neurons
(Fig. 3H, Table2). VRIl-immunoreactive neurons did not express NOS
immunoreactivity; however, NOS-immunoreactive fibers were seen in close proximity to
VR 1-immunoreactive neurons (Fig. 3G).
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Figure 2. Photomicrographs of representative longitudinal sections of porcine ileum
demonstrating the chemical coding of d-opioid receptor (D()R)-immunoreactive neurons
(A-C, F) and type 1 vanilloid receptor (VR/)-immunoreactive neurons (D, E, G, H) in
the inner submucosal plexus (/SP) of porcine ileum. A Colocalization (yellow) of DOR
(green) and choline acetyltransferase (ChAT, red) immunoreactivities was observed in
neurons (vertical arrow). Some of the DOR-immunoreactive nerve fibers in ISP
(arrowhead) did not express ChAT immunoreactivity, and some neurons positive for
ChAT (double arrows) did not express DOR immunoreactivity. B-D Because
antineuronal nitric oxide synthase (NOS) and antivasoactive intestinal peptide (V/P)
antisera were made in the same host, ChAT/DOR-immunoreactive neurons were
compared with adjacent or nearby sections incubated with antibodies to ChAT and NOS
(B) or VIP (C). No colocalization of ChAT immunoreactivity (red) with that of NOS
(green, B) or VIP (green, C) was observed in neurons. D Adjacent section coincubated
with VR1 (green) and ChAT (red) antisera revealed colocalization in some neurons
(yellow, vertical arrow), although some ChAT-positive neurons (dowuble arrows. red) did
not express VR1 immunoreactivity. E DOR-positive neurons (green) coexpressing VRI
immunoreactivity (red) were observed (yellow, vertical arrow). In addition. some DOR
(arrowhead) and VR1 (double arrow)-immunoreactive neurons that did not exhibit
colocalization were observed. F Section coincubated with anti-DOR (green) and anti-
substance P (SP, red) antisera revealed that some DOR-immunoreactive neurons (double
arrow) coexpressed SP immunoreactivity (vertical arrow, yellow). G, H Localization of
VRI (red, G, H) and NOS (green, G) or SP (green, H) immunoreactivities in ISP
neurons. G NOS-positive neurons (vertical arrow. green) did not coexpress VRI
immunoreactivity (double arrows. red) and vice versa. H Substance P immunoreactivity
(green) was occasionally colocalized (vertical arrow. yellow) with VRI
immunoreactivity (double arrow, red) in some ISP neurons. Asterisks denote non-specific
staining seen on or under the epithelium and muscularis mucosae in the section that
persisted in omission and preabsorption control experiments (C crypt). Scale bar 200 Hm
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Figure 3. Photomicrographs of representative longitudinal sections of porcine ileum
showing the chemical coding of 8-opioid receptor (DOR)-immunoreactive neurons (A-C)
and VRI1-immunoreactive neurons (D-H) in outer submucosal plexus (()SP) of the
porcine ileum. A Colocalization (yellow) of DOR (green) and choline acetyltransferase
(red) immunoreactivity was seen in OSP neurons (slanted arrow) and also seen in nerve
fibers in deep circular smooth muscle (arrowhead. yellow). Some ChAT-positive neurons
did not co-contain DOR immunoreactivity (double arrow, red). B, C As explained earlier
in Fig. 2, we compared DOR-/ChAT-positive neurons in adjacent sections coincubated
with anti-ChAT antiserum and anti-nitric oxide synthase (NOS. green. B) or anti-
vasoactive intestinal peptide (VIP, green, C) antisera. B Colocalization of NOS (green)
and ChAT (red) immunoreactivities was observed in a small number of neurons (double
arrow, yellow) or nerve fibers (arrowhead), respectively. ChAT-immunoreactive neurons
(red) as shown in A did not express NOS immunoreactivity (vertical arrow. red). C Most
ChAT-immunoreactive neurons (double arrow, red) in the OSP are distinct from VIP-
immunoreactive neurons (slanted arrow, green). A small population of ChAT-positive
neurons coexpressed VIP immunoreactivity (vertical arrow. yellow). A few VIP-
immunoreactive nerve fibers alone were seen (arrowhead. green). D Adjacent section
costained with VR1 antiserum (green) and ChAT antiserum (red) revealed colocalization
of VR1 and ChAT immunoreactivities (vertical arrow, yellow) in the same ChAT-
positive neurons seen in C and expressed both VR1 and VIP immunoreactivities. E, F
Double-staining of adjacent sections with anti-DOR (green. E, F). anti-VR1 (red. E) or
anti-SP antiserum (red, F). E Colocalization of DOR and VR1 immunoreactivities was
observed in some OSP neurons (vertical arrow. yellow). A few VRI1-immunoreactive
neurons (double arrow, red) and nerve fibers in circular smooth muscle ( arrowheacdy did
not colocalize with DOR immunoreactivity. F In most neurons. DOR immunoreactivity
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