(green) did not colocalize with SP immunoreactivity (double arrows. red). However, a
few neurons may coexpress DOR and SP immunoreactivity (vertical arrow. importing
some yellowish fluorescence). Colocalization of DOR and SP immunoreactivities was
seen in nerve fibers in smooth muscle (arrowhead, yellow). G, H Sections costained with
VRI1 (red. G, H) and NOS (green, G) or SP (green, H) antiserum. G Distinct localization
of VR1 and NOS immunoreactivities was observed in OSP neurons (vertical arrow and
double arrow, respectively), and nerve fibers in circular smooth muscle (arrowhead). H
Colocalization of SP and VR1 immunoreactivities was seen in some OSP neurons
(vertical arrow, yellow), but not in nerve fibers within circular muscle (arrowhead) (CM
circular muscle). Scale bar 200 pm

II. Studv of mucosal secretory defense modulated by opioid receptor on the
submucosal plexuses of porcine ileal mucosa

Effects of sensory neuropeptides or mast cell degranulator on mucosal transport

Short-circuit current (/) and (, attained stable baseline levels in
mucosal sheets within 30 - 40 min after tissues were mounted (mean /. = -45.0 + 5.0 pA/
cm? and G, = 27.2 = 2.0 mS/ cm?; n = 5-10 tissues from 5-10 pigs). These parameters
remained unaffected in tissues treated on their contraluminal aspect with either the
neuronal conduction blocker STX (0.1 uM) or the Na'/K'/Cl" cotransport blocker
furosemide (10 uM). The varieties of sensory neuropeptides. VR-1 agonists or mast cell
degranulators compound 48/80 were added to either contraluminal or luminal sides. The
carbachol increased both /;; and G; at a contraluminal concentration of 10 pM. Its effects
on I, but not G, were significantly reduced in tissues pretreated with STX or furosemide.
The VR-1 agonist, capsaicin at the concentration of 1, 3 or 10 uM did not increased
either /,c and G, ( A L. = 5.0 £ 3.3 pA/ cm® and G, = 30.0 + 1.0 mS/ cm’: n = 5-10 tissues
from 5-10 pigs) (Fig.4). In contrast, sensory neuropeptides CGRP or substance P
respectively increased J,. from baseline to 54.65 £ 11.0 nA/ cm® or 34.45 + 14.0 MA/ cm?
but not the tissue conductance, n = 5-10 tissues from 5-10 pigs) (Fig.4). Carbachol
stimulated change of both I, and G, ( A I, = 34.44 + 6.7 pA/ cm® and G, = 45.0 = 3.0
mS/ em’; n = 5-10 tissues from 5-10 pigs) (Fig.4). To examine roles of mast cells to
stimulate the secretory defense mechanism. mast cell degranulator compound 48/80
evoked both /i and G, response to 90.20 + 3.5 pA/ cm® and 35.0 = 0.5 mS/ cm’.
respectively: n=5-10 tissues from 5-10 pigs) (Fig.4).
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Figure 4, Histograms illustrating mucosal /.. responses to contraluminal addition of
vehicles (Control). vanilloid receptor type | agonist capsaicin (Cap; 3 nM). calcitonin
gene-related peptides (CGRP; 100 nM), Substance P (SP; 10 uM). Carbachol (CCh;10
pM) or compound 48/80 (48/80: 10 ng/ml). Data represent the mean + SE of drug-
induced changes in /. obtained in 5 - 10 tissues from 4 - 5 pigs. Ditferences between
mucosal responses to drugs and control are indicated as *P < 0.05 or **P < 0.01,
Dunnett’s t test.

Effects of blockers on sensory neuropeptides- or mast cell degranulator- evoked
mucosal transport

To examine the mechanisms underlying sensory neuropeptides- or mast
cell degranulator-induced increases in Isc, some tissues were pretreated contraluminally
with either the neuronal conduction inhibitor saxitoxin (STX; 1 uM) or the Na’/K*/CI’
cotransport blocker furosemide (10 pM). STX did not significantly alter baseline /.. or
G,, but it decreased mucosal /;. responses to CGRP. substance P or compound 48/80 by
37.0 = 8.0%, 84.0 = 14.0% or 86.8 x 6.0%, respectively; #n = 5-6 tissues from 5-6 pigs)
(Fig.5). STX at the same concentration had no significant effects on /,. or G, reépond to
carbachol (10 uM) (Fig.5).
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Figure 5. Histograms illustrating mucosal /,. responses to vanilloid receptor type 1]
agonist capsaicin (Cap; 3 pM), calcitonin gene-related peptides (CGRP: 100 nM),
Substance P (SP; 10 puM), Carbachol (CCh: 10 pM) or compound 48/80 (48/80: 10
ng/ml) in absence (control) and presence of the neuronal conduction blocker saxitoxin.
Five min before drugs addition, tissues were contraluminally treated with the saxitoxin at
the concentration of 1 uM. Data represent the mean + SE of drug-induced changes in J,,
obtained in 5 - 10 tissues from 4 - 5 pigs. Differences between mucosal responses to
drugs and control are indicated as *P < 0.05 or **P < 0.01, Dunnett’s t test.

The secretion of chloride ion underlying the actions of sensory
neuropeptides- or mast cell-evoked changes of J,. were further investigated. the
contraluminally addition of furosemide (10 uM) significantly inhibited /,. responses to
CGRP, substance P, carbachol or compound 48/80 by 75.10 = 10.0%. 89.3 + 30.0%. 90.0
+ 1.0% or 96.3 = 12.0%, respectively; n = 5-10 tissues from 5-10 pigs) (Fig.6). In
addition, baseline /. or G, was not altered by pretreatment tissues with furosemide at the
same concentration (control, Fig.6).
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Figure 6. Histograms illustrating mucosal /,. responses to vanilloid receptor type 1
agonist capsaicin (Cap: 3 pM). calcitonin gene-related peptides (CGRP: 100 nM),
Substance P (SP; 10 uM), Carbachol (CCh;10 uM) or compound 48/80 (48/80: 10 ng/ml)
in absence (control) and presence of the Na'/K"/CI’ cotransport blocker furosemide. Five
min before drugs addition. tissues were contraluminally treated with the furosemide at the
concentration of 10 uM. Data represent the mean + SE of drug-induced changes in /..
obtained in 5 - 10 tissues from 4 - 5 pigs. Differences between mucosal responses to
drugs and control are indicated as **P < 0.01. Dunnett’s t test.

Effects of delta-opioid receptor agonist on neuropeptide-induced mucosal transport

The selective 8-OR agonist DPDPE. at a contraluminal concentration of
0.1 pM, had no significant effect on either baseline or stimulation of I, by capsaicin or
carbchol (Fig. 7). The inhibitory effects of DPDPE on CGRP-, SP- or compound 48/80-
induced Al by 25.1 = 10.0%, 76.5 = 21.0% or 49.6 + 14.0%, respectively: n = 5-10
tissues from 5-10 pigs) (Fig.7).  In addition. DPDPE had no effect on G, of 48/80-
induced increases in Gi. The inhibitory effects of DPDPE were reversed in tissues
pretreated with the selective OR antagonist naloxone 0.1 uM. Naloxone alone did not
significantly alter mucosal electrical parameters. In the presence of STX. DPDPE had no

significant additional inhibitory effect on CGRP-. SP- or 48/80-induced elevations in lie
(n = 3 tissues from 3 pigs).
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Figure 7. Histograms illustrating mucosal /. responses to vanilloid receptor type |
agonist capsaicin (Cap: 3 pM). calcitonin gene-related peptides (CGRP: 100 nM).
Substance P (SP; 10 uM). Carbachol (CCh:10 pM) or compound 48/80 (48/80: 10 ng/ml)
in absence (control) and presence of the selective 8-OR agonist DPDPE. Five min before
drugs addition, tissues were contraluminally treated with the DPDPE at the concentration
of 0.1 uM. Data represent the mean + SE of drug-induced changes in /. obtained in 5 -
10 tissues from 4 - 5 pigs. Differences betwecn mucosal responses to drugs and control
are indicated as *P < 0.05 or **P < 0.01. Dunnett’s t test.
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Discussion and conclusion

As previously reported, DOR immunoreactivity was localized in neurons
and fibers of all enteric plexuses within the wall of the porcine ileum (Brown et al. /99%).
In contrast, immunoreactivity to KOR was confined to the myenteric plexus. A
predominant localization of KOR immunoreactivity in MP neurons and nerve fibers has
also been reported in the rat small intestine and colon (Bagnol et al. /997).
Immunoreactivity to DOR appeared to be expressed predominately in ChAT-positive
enteric neurons suggesting DOR and KOR in the MP may modulate intestinal motor
function. Functional studies in a circular muscle-MP preparation from porcine ileum have
shown that stimulation of DOR or KOR with receptor-selective agonists is associated
with an inhibition of neurogenic contractions (Brown et al. /99%. Poonyachoti et al.
2001a). In agreement with the presence of DOR immunoreactivity. but not KOR in the
submucosal neurons, it has recently been reported that DOR-sclective agonists potently
suppress neurogenic anion transport in porcine ileal mucosa containing an intact ISP:
KOR-selective agonists were nearly 1000-fold less potent in this preparation
(Poonyachoti et al. 2007b). There is no functional or immunohistochemical evidence for
the expression of u-ORs in porcine ileum (Poonyachoti et al. 200 1u. 20015h). This stands
in contrast to the rat and guinea pig small intestine in which u-OR immunoreactivity was
observed to predominate in enteric neurons and nerve fibers (Bagno! et al. /997:
McConalogue et al. 7999), and probably represents a major species difference in OR
expression. Immunoreactivity to one class of endogenous OR ligands. the enkephalins,
are prominent in neurons and fibers of the porcine MP. but are relatively sparse in the
submucosal plexuses (Porcher et al. 2000). These opioid peptides are therefore likely to
activate myenteric ORs under physiological conditions. 1t is possiblc that another class of
endogenous ligands interacts with DOR expressed in the ISP. a receptor with
pharmacological charactenstics that are quite different from DOR in the MP
(Poonyachoti et al. 2001b).

VRI] immunoreactivity, like that to DOR, was distributed in all three
ganglionated plexuses of porcine ileum, where it was also highly colocalized in ChAT-
immunoreactive neurons. Its expression in the perikarya and fibers of enteric neurons is

similar to its immunocytochemical pattern of expression in dorsal root ganglion neurons
(Guo et al. /1999).

Immunoreactivity to DOR or VR1 was frequently colocalized in enteric
neurons displaying immiunoreactivity to the sensory neuropeptide CGRP.
Immunoreactivity to DOR has been colocalized with CGRP immunoreactivity in dorsal
root ganglion neurons and fibers (Dado et al. /993; Guo et al. 71999). Moreover, KOR-
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and DOR-positive dorsal root ganglion neurons are sensitive to the VR1 agonist capsaicin
(Zhang et al. /998) and activation of KOR decreases CGRP release into the intrathecal
space (Collin et al. /993). VR1 and CGRP immunoreactivities are highly colocalized in
trigeminal ganglia (Ichikawa and Sugimoto 20017). and the VR1 agonists capsaicin and
anandamide evoke CGRP release from nerve terminals in the dorsal spinal cord
(Tognetto et al. 2001). In vascularly pertused. isolated segments of porcine ileum,
capsaicin infusion is associated with a marked increase in CGRP release (Rasmussen et
al. 2001). Therefore, ChAT-/CGRP-positive enteric neurons that coexpress OR and VRI
immunoreactivities may represent intrinsic primarv afferent neurons (IPANs) which
coordinate enteric secretomotor and vasodilatory reflexes (Furness et al. 7998). In rat and
guinea pig small intestine. IPANs manifest ChAT immunoreactivity (Li and Furness
1998, Mann et al. 71999) as do CGRP-immunoreactive Dogiel tvpe 2 neurons in the
porcine small intestine (Scheuermann et al. /987: Hens et al. 20010). Immunoreactivity to
another putative sensory transmitter, SP. small populations of SP-positive submucosal
neurons were immunoreactive tor either DOR or VRI: these latter neurons may have a
secretomotor role in the porcine intestine (Hens et al. 2000). The functional roles served
by VRI-immunoreactive neurons in the enteric nervous system were investigated in the
present study.

[n the porcine small intestine. the OSP have considerably fewer mucosal
projections than the ISP (Hens et al. 2000). Neurons in these plexuses innervate the
intestinal smooth muscle layers and send viscerofugal projections to the prevertebral
ganglia (Timmermans et al. /997). In the present study. there was substantial overlap
between VRI and SP immunoreactivities in OSP neurons. These results indicate that
there are some differences in the receptor signatures of chemically coded neurons in these
two ganglionated plexuses.

NOS-immunoreactive neurons have previously been reported to predominate in
the OSP and MP of porcine small intestine (Timmermans et al. /994). Their presence in
the ISP neurons observed in the present study may reflect segmental ditferences in NOS
expression along the length of the intestine. Neurons coexpressing opioid and vanilloid
receptors that are situated in OSP may modulate intestinal segmentation and propulsion.
Moreover, DOR and VR1 immunoreactivities also could be expressed bv IPANs in the
OSP that sense luminal chemicals, mucosal distortion or intestinal distension and evoke

mechanical reflexes to assist the digestive process or speed the elimination of luminal
pathogens.

Nearly 80% of neurons with axonal projections to the intestinal mucosa
reside in the ISP of porcine ileum; about half of these include distinct subpopulations of
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ChAT-immunoreactive neurons (Hens et al. 200(/). DOR and VR1 immunoreactivities
may be localized on one or more subsets of ChAT-positive. VIP-negative ISP neurons
with mucosal projections that have been reported in porcine small intestine; in addition to
large type 2 sensory neurons with a ChAT/CGRP/(SP) phenotype. these neurons include
a major subpopulation of small ChAT/SP-immunoreactive neurons and a very small
population of multidendritic ChAT/somatostatin-immunoreactive neurons which have
putative secretomotor roles (Hens et al. 2000).

We recently investigated that DOR modulates a neural pathway in the
porcine ileal submucosa that links intestinal inflammation and hypersensitivity with
transepithelial secretion, an important mucosal defense mechanism (Perdue and MacKay
1994). DOR and VR1 immunoreactivities are expressed in CGRP-positive ISP neurons,
and there is increasing evidence that imbalances in the enteric neural circuits containing
sensory transmitters such as CGRP are involved in the pathophysiological alterations of
mucosal secretion, blood flow and immune function that are assoctated with intestinal
infection, allergy and inflammation (Holzer 7998). Neurons in the ISP coexpressing
CGRP. VR1 and DOR may play an important role in sensing and modulating these
pathophysiological changes in mucosal function. In the guinea pig ileum for example. the
VR1 agonist capsaicin induces active anion secretion and increases submucosal blood
flow (Vanner and MacNaughton /995; Vanner and Bolton /996). Enteric neurons
expressing opioid and vanilloid receptors may constitute important therapeutic targets for
the development of drugs alleviating painful intestinal inflammatory. allergic and
dysmotility states. Drugs interacting with DOR or VR1 may be useful in alleviating some
of the manifestations of inflammatory bowel disease. Abdominal pain is associated with
inflammation, anaphylaxis or ischemia and submucosal nerves that express DOR may
mediate the analgesic actions of opioids in these conditions (Bueno et al. 2001)).

The evidences of their colocalizations. DOR-/CGRP- or DOR-/VR-1-
immunoreactive neurons in the submucosal may include primary atferents and constitute
novel therapeutic targets for the palliation of painful intestinal inflammatory and
hypersensitivity. Generally. stimulation of the VR-1 with its agonist the capsaicin results
in the activation of nociceptive or releasing of SP or CGRP from enteric neurons. and
stimulated anion secretion in the rodent intestines. However. in the recent study of ion
transport measurement in the porcine ileal mucosa. capsaicin (1-10 pM) could not alter
the change of Isc or Gt from the baseline. In contrast. CGRP or SP potently increased
change of Isc from baseline to 30-50 pA/cm’® which are insensitive to saxitoxin or
furosemide. The recent results in the porcine mucosa argued the previous studies that the
stimulation effect of capsaicin on the releasing of SP or CGRP from the SENSory neurons
and induced the neurogenic anion secretions. The evidences may imply the different
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roles of IPANs on the neurogenic ion secretion between the different species. The
compound 48/80 which degranulated mast cell to simulate the intestinal inflammatory
phenomena also increased Isc to 80 puA/em®.  Even though its effect was higher than
those of SP or CGRP, it was also blocked by STX or furosemide. The potent results of
compound 48/80 suggest that inflammatory mediators. i.e. histamine, serotonin released
from mast cells play an important role to exert neurogenic active ion secretion. Opioids
were hypothesized to inhibit neurotransmitter released and cause the inhibiting effects on
the secretorymotor reflex via opioid receptors presented on the enteric neurons. In this
study, selective delta-opioid agonist DPDPE 10 puM inhibited active anion secretion-
stimulated by SP, CGRP or compound 48/80 by 75%. 25% or 50%. respectively. These
evidences were reversed by naloxone 1 pM suggesting the neuronal OR mediated the
inhibitory effects of DPDPE. The evidences implied DOR expressed on neurons
including the IPANs in submucosal plexuses plays roles in inhibit neurogenic anion
secretion evoked by IPANS transmitters or mast cell degranulation. DOR and its agonists
may have effects on the other intestinal function. i.e. nociceptive. immunity, motility
regulated by IPANs or mast cell-mediated inflammation. Impairments in host defense
processes of the intestine due to abuse of opioid or in the other illicit. neuroactive drugs
could set the stage for the initiation and systemic spread of bacteria and viral infection.
As a major neuroimmune locus, the intestinal mucosa is an important and clinically-
relevant system for investigating the actions of neuroactive drugs on specific and non-
specific host defense processes and for the identification of novel therapeutic strategies to
enhance mucosal immunity and combat microbial interactions. Therefore. the
relationships between IPANs and neuronal DOR need to be further studied in order to be
the novel intestinal drug targets in human.

Future Directions

1. To further study the compound 48/80 with the selective blockers of neurochemical drugs.

2. To further study the CGRP, substance P and compound 48/80 in modulating mast cell
and immunocyte function in the small intestine.

3. To turther study DOR in modulating neuropeptide- or neurochemical-induced mast cell
and immunocyte function in the small intestine

4. To further study DOR vs. neuropeptides- or neurochemical drugs on the protection of
bacterial or infection disease in small intestine.
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Abstract Opioid drugs have protound antidiarcheal and
cansbipating actions in the intestinal tract and are etfec-
e i ntrgating abdominal pain. Mediators of intestinal
iwkmmiation sawd allergy produce increased mucosal se-
crenen, altered bowel motility and pain due to their abil-
1ty Lo evoke enterie seeretamotor reflexes through prima-
rv aflerent ncurons, In this study. the distribution of &
amd w-optoid receptor (DOR and KOR. respectively) im-
munorciaciy iwes m chenucally identifted neurons of the
porcimy teum was compared with that of the capsaicin-
sensive type | vanilleid receptor (VR1). DOR and VR
immunorcactivities were observed to be highly localized
in choline acetyltransferase (ChAT)- and calcitonin gene-
related peptide (CGRP)-pusitive neurons and nerve fi-
bers of the submucosal and myenteric plexuses and both
receprors exhibited frequent colocalization. In the inner
submucosal plesus, they also were eolocalized in sub-
stance P (SP)-positive neurons. Neurons in the outer sub-
mucosil plexus expressed DOR immunoreactivity alone
o 1 combination with' VR 1. KOR-tmmunorcactive neu-
rons were {found only in the myenteric plexus: these cells
cocxpressed numunorcactivity to ChAT, CGRP. vasoac-
tive mtestunai pepride (VIP) or nitric oxide synthase
(NOSY In wldition, some KOR-positive neurons cocx-
pressed immunaorcactivities to DOR and VR, Based on
twerr neurochemical coding, opieid and vanilloid recep-
tor-tmmunoreacthive neurons in the submucosal and my-
cnterie plesuses may include primary afferents and con-
stitute novel therapeutic targets for the patliation of pain-
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ful intestinal inflammatory, hyperscnsitivity and dysmo-
tility states.

Keywords Choline acctyitransferase - Caleitonin
vene-related peptide - Substance P - epithelial 1on
transport © Intestimal propulsion - Sensory
neurotransimisston - Pig { Yorkshire)

Introduction

For centuries, opiwm has been used for the alleviation of
pain and palliation of diarrheal disease. The phanmaco-
logical eftects of botanically derived opiates. endoge-
nous opioid peptides. and their synthetic analogs on gas-
trointestinal motility and mucosal transport are well
known {De¢ Luca and Coupar 1996). Their actions on the
small intestine include decreases in propulsive motor ac-
tivity. the prolongation of intestinal transit time and inhi-
hition of the neurogenic sccrction of anions and water.
The antimotility and antiscerctory elfcets of opioids are
mediated through the cnteric and central nervous sys-
tems. By interactung with opioid receptors {QORs) on cn-
teric neurons, opioids can alter the release ot both excita-
tory and inhibitory enteric neurotransmitters {De Luca
and Coupar 1996). Although immunorcactivities to opio-
id 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.

Capsaicin. a lipophilic vanilloid substance found in
Cupsicum peppers which produces the sensation of heat.
has a prominent excitatory action on primary afferent
ncurons.  This neuronal  action, which is  mediated
through type 1 vanilloid receptors (VR1) coupled to a
non-s¢lective cation conduclance. is associated with no-
ciception and localized release of proinNammatory sub-
stances (Szallase and Blumberg 1999). Protons, gencrat-
cd under conditions of tissue ischemia or inflammation.
also mudulate VR uctivity. When administered in the
intestunal lumen of humans, capsaicin evokes sensations
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Table 1 Duscription of anti-

buodices used tor immunohisto- Antigen Host Dilution Source
s : present stud
‘c:n ;'n'l l]:'i:.:l?n:r :n!::r!evlkrmnhst:'lcry ChAT Goat 1:20 Chemicon International Inc.. Temeeula. CA
ase. CGRP calononin gene-re- Rabbit 1:400 Chemicon International Inc.
lated peptide. £20R S-opioid re- CGRP Goat 1:400 Santa Cruz Biotechnology. Santa Crnuz, CA
ceptor. AOR x-upiond receptor, Rabbit 1:400 Chemicon International Inc.
NOS neuronal nitric oxide syn-  DOR 461 Rabbit 1:400 Dr. Robert P. Elde, University of Minnesota
thase, PGP V.5 protein gene KOR-I Goat 1:400 Santa Cruz Biotechnelogy
product 9.5. SP substance P. NOS Rabbit 1:600 Santa Cruz Biotechnology
FIP vasoactive intestinal pep- PGP 9.5 Rabbit 1:400 Chemicon Intemational Inc.
tide. I“R/ rype | vanilloid re- sp Rat 1:40 Incstar. Stillwater, MN
ceptor) : VIiP Rabbit 1:600 Incstar
VRI1 Guinea pig 1:400 Dr. Robert P. Eide, University of Minnesota
of abdominal pain (Hammer et al. 1998). Recent immu-  pagerials and methods

nocylochemical investigations using novel antiscra di-
rected against unique peptide scquences in the amino-
and carboxv-termini of VR1 have demonstrated that re-
cepror-like  immunoreactivity is expressed in the pen-
karva and wriminals of neurons, where it is colocalized
with binding sites for the lectin 1B4 and immunorcactivi-
ty 10 P2X; purinoceptors (Guo et al. 1999). VR I-immu-
norcaclive neurons have also been detected in several
brain locauons (Mezey ct al. 2000). Mice deficient i the
VRI1 gene manmifest impairments in nociception and pain-
relaed behaviors. and dorsal root ganglion neurons from
these antmals lack VR immunorcactivity, but not B4
binding sites, and do not respond with changes in mem-
branc potential to vanillowds, protons or heat (Caterina et
al. 2000).

Recent immunochistochemical studies have demon-
strated the presence and distribution of OR immunoreac-
tivity -in the rat and swine enteric nervous systems
(Bagnol ¢t al. 1997: Brown ct al. 1998). In the porcine ii-
cal mucasa, 8-OR (DOR) -immunorcactive nerve fibers
lic in close proximity to mucosal mast cells and the high-
ly selective DOR agonist {D-Pen2-S]enkephalin suppres-
ses neurogenic seeretion induced by histamine, the mast
cell degranulator compound 48780, and the food allergen
B-lactoglobulin ( Poonyachoti and Brown 2001). Further-
more. {D-Pen’3jenkephalin inhibits neurogenic secretion
in response to trypsin. an indirect agonist at type 2 pro-
teinase-activ aled receplors and a model for the action of
mast cell trvprase (Gireen et al. 20001, Substance P (SP)-
and calcitonin gene-related peptide (CGRP)-containing
primary aflerent neurens in the spinal cord have been
found 1o cocxpress immunoreactivity to these receplors
(S1einhof¥ ot al. 2000). Thesc results sugpest a common
enteric neural pathway may mediate intestinal inflamma-
tion and opioid antiseeretory activity. Therefore, in this
study we examined the chemical coding of enteric neu-
TORs CXpressing immunorcactivity o0 DOR and x-OR
(KOR) in the poreine ileum and the relationship of OR
immunorcactivity to that of VR1. Our experiments sug-
gost that ORs and VR coexist on cholinergic neurons
within all cnierie ganglia of the porcine small intestine
and imphicate these receptors in the modulation of intes-
tinal sensorimotor tunction.

Five Yorkshire pigs (6--10 wecks old) of cach sex were obtained
from the University of Minncsota Swine facility (Roscmount,
MN} They were provided with standard feed (Rosemount Feed
Mill. Rosemount, MN) ad libitum. Animals ‘were ancsthetized by
intramuscular injection of a tiletamine hydrochloride-zolazepam
combination {Tclazol: 8 mg/kg, Fort Dodpe Laboratorics. Fort
Dodge, 1A), in combination with xylazine (8 mg‘ke). and subse-
quently cuthanized by barbiturate overdose in accordince with ap-
proved University of Minncsota Animal Care Committee proto-
cols. Tissucs were obtained and processed as described previously
{Kulkarm-Narla ¢t al. 1999).

DOR and KOR immunorcactivities were detected with a rabbit
pulyclonal  antiscrum  against  an extracclular  sequence
(PFQSAKYLMETWPFGELL) of the mouse DOR that s con-
served in porcine DOR and gencrously provided by Dr. Robert P
Elde (Anidsson ct al. 1995; Brown ct al. 1998), and a goal poly-
clonal antiscrum raised against the N-terminus of the human KOR
(MESPIQIFRGEPGPTCAPSA) purchased from Santa Cruz Bio-
technology Inc. (Santa Cruz, CA). VR immunoreactivity was de-
tected using a polyclonal antiscrum raised in guinea pig against
the C-terminus of murine VR that was provided by Dr. Rabert P.
Elde (Guo et al. 1999). Anticholine ncetyltransferase (ChAT} and
antineuronal mitne oxide synthase (NOS) antisera were used to de-
tect cholinergic and nitrinergic neural elements. respectively. Anti-
sera to the vasoactive intestinal peptide (VIP), CGRP and SP were
employed 1o investigate the peptidergic coding of enteric neurons,
To confim neuronal morphology. adjacent sections to cach antise-
ru-stained section were incubated with an antibody tn the neuronal
marker, protein gene product 9.5 (PGP 9.5). Details of the anti-
bodics employed are given in Table 1.

To investigate colocalization of the vanous markers. coincuba-
tion of tissuc sections with DOR or KOR anuiserum alone and in
combination with uther primary antibodics were performed. In ad-
dition. some tissue sections were coincubated simultancously with
DOR, KOR and VR antisera. The neurochemical coding of OR-
and VR l-immunorcactive neurons and fibers was cxamined with
antibodics 1o ChAT, VIP. CGRP, SP and NOS. Because DOR.
NOS and VIP antiscra were raised in rabbits, ncurons coexpress-
ing immunoreactivitics to DOR and ChAT were compared with
those coimmunostained with ChAT antiscra and NOS or VIP anti-
sera in adjacent or nearby scctions.

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 atbumin (BSA: Sigma Chemical Co.. St. Laouis,
MO} for 3t) min a1 room temperature to block non-specific binding
of the primary antibudics. Scctions were further incubated over-
night il 4°C with primary antisera diluted in Trilon'BS A-contain-
ing PBS. Following rinses in PBS for 15 nun. secuons were incu-
bated in PBS for | h in the dark with one or more of the following
secondary antibodics:  donkey  anti-rabbil, goat or rar in-
docarbocyanine 3 (Cy3)-conjugated 1gG at £:400 dilution; don'ey
anti-goat. anti-rat or anti-rabbit fluorescein isothiocyanate (FITC)-
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Fig. 1A—G Photonnerographs of representative longitudinal sec-
tons of porcine ileum showing colocalization of S-opieid reeeptor
(DR, w-oprond receptor (AR or type | vanillond  receptor
(VRN anmunoreactivity. i ealeitomin - gene-related  peptide
CGRP) - mmunureactive neurons in the porcine enteric aervous
syshem. A, B Colocalization (velfow) of DOR (green, A) or VRI
(green, B) immunoreactivity with CGRP {(red) immunoreactivity
was vbserved in neurons (slunred arrows) in the inner submucosal
plexus (/5P). Sonw DOF:- or VR I-immunorcactive neurons (verfi-
vl urrowy) did not express CGRP immunoreactivity. C. D Colo-
calization (veflow) of DOR (green, C) or VR (green, D) immuno-
reactivity with CGRP (rod) immunorcactivity was observed in
neutons (shanted arows) in the outer submucosal plexus {OSP).
Some DOR- or VRI-immunorcactive neurons (verrical arrows)
did not cxpress CGRP immunorcactivity,. E-G  Colocalization
(teflerw ) of DOR (grven, E). VR (grven. F) or KOR (greea. G)
immunwreacttvaiy. with CGRP (red) immunoreactivity was ob-
served m ncurons tatald enmusy i the myeatenc ploexus (MP).
Asterivks denote non-specitic staiming seen on or under the cpithe-
lium w the section that persisted in omission and preabsorption
contral experiments (0 crypt. CM circular muscle, LA longidi-
nal musa b ). Souwde bar 60 pm (A-D), 100 pm (E-G)

conpgated  {p€i at 1:40 dilution; or donkey anti-rabbit in-
dovarbocvanine § (UvS). Scetons were subscquently washed in
PUN fir 13 nun amd concrslipped with Vectashicld (Vector Labo-
ratons. Burbingame. UAY .

Conirol expenments to verify the specificity of primary anti-
baxdics woere pertoniwd by preincubating primary antibodics with
thewr corresponding blockmg peptides in 18- w 30-fold oxcess by
woight. Blucking pepldes were preincubated overnight at 4°C
with prmary antiscrum it the same dilutions used to detect immu-
R n g structures 10 situ: aficr ceninfugation, the supecrnatant
obuned was substituted for the primary antibody 1n the staining
prevocol Preowubation of DOR, KOR or VR antisera with their
respuciing bliwhing peplies in 3u-fold excess elimmated specilic
meuronal smnwmseactuvaty. but nof immunofluoncscence in the
ervpis and muescularis mucosac. For all other primary antibodes,
wmuhatum of sechons with ohcking peptides 1n tenfold execse

-
- .
s

abolished specific immunorcactivity. Omission of primary anti-
Bolivs resulted in an absence of specific ammunanagtivity.

A mmmum v three transverse or loneiudinal deal secrions
from each experiment were scanned using it BRAD conliocal la-
ser scanning microscope (Model E024) which was attached 10 a
Nikon fluorescence microscope. Each licld was scanned sequen-
tially in three dimensions by optical sectioning with a step size of
0.5 pm. Images were obtained using Comos software (version
6.05.8; Comos BioRad, Hercuies. CA)Y and furcher processed cm-
ploying NIH Image (version 1.59) and Adobe Photoshop (version
4.0. Adobe Systems. San Jose. CA). The numbers of acurons that
cxhibited colocalization of opicid or vanilloid receptor immunore-
activities with that of other ncurochemical markers were counted
in inner and outer submucosal ganglia and myenteric ganglia in
two different ficlds from each of three pigs. Data are expressed as
the mean = SD of the percentage of the wial number of immuno-
reactive neurons counted for cach pasr of antigens examined.

Resulis

DOR- and VR |-immunor¢active ncurons and fibers were
observed in all enteric plexuses in porcine ilcum. In
comparison. immunorcactivity 1o KOR was expressed
only in the myenteric plexus and nerve fibers innervating
circular smooth muscle. All structures exhibiting specific
immunoreactivity to receptors and nceurochemicals ex-
pressed PGP 9.5 immunorcactivity in adjacent tissue scc-
tions. Immunorcactivity to CGRP. a neurochemical
marker of putative Dogicl type 2 sensory ncurons in the
porcine small intestine (Scheuermann et al. 1987). was
highly expressed in several DOR- and VRI1-immunore-
active ncurons in the inner and outer submucosal plexus-
es (Fig. JA-D, Table 2). It was colocalized with DOR,
KOR and VR immunorecactivitics in myenteric ncurons
as well (Fig. 1E-G. Tablc 2).
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Table 2 Occurrenee of immu-

norcactive neurons in enteric Antigens Total number of % Co- " Neurons % Neurons
sunglia. Data represent the immunoreactive  immunoreactive immunoreactive immunorcactive
mean = SD of the percentage of neurons neurons for first anugen only  for second antigen only
otal immunercactive neurons -
counted for cach pair of anti- Inner submucosal ganglia
gens exanined: neurons in sub-  DOR/ChAT 1y 81=5 5=4 14=3
miucosal or myenieric ganglia DORCGRP 17 #0=7 10=5 10=3
were counted m a total of six DOR/SP 113 23x8 77=¥ 1=2
different microscopie Ticlds in DOR/VRI1 125 8#3=5 5=5 13=3
tissue sections obtained from VR I/ChAT 119 708 1224 18£8
throe pigs. Abbreviations are VRI/CGRP 125 8225 1213 6=4
the same ax in Table | VRI/SP 17 126 6711 218
Outcr submucosal ganglia
DOR/ChAT 70 64x15 34 33=13
DOR/CGRP 77 77x13 9=8 15=6
DOR/SP 71 00 T0=8 30=8
DOR/VRI 68 §9x12 3=5 37=11
VRI/ChAT 67 94=6 2=4 4=h
VRI/CGRP aY 89=t1 3=4 Kx7
VRI:SP 64 39xR 43=8 17=3
Myenteric ganglia
DOR/ChAT 146 71=8 19=6 10=2
DOR/CGRP 129 69=14 9=3 22=14
DOR/SP 144 Ot} T7=7 23=7
DOR:VR1 134 79=4 12x4 Q=3
YR1/ChAT i35 BE=H 7=5 4=3
VRICGRP 133 73=8 5=3 23=6
VRISP 133 0=0) 32=9 19=7
KOR:ChAT 144 44=7 10=3 46-7
KORNOS 130 10=3 0=7 =45
KOR:VIP 136 46=12 1i=5 43=6
KOR/CGRP 129 72211 9=5 18=7
KOR/SP 139 00 78=11 23=9

Inner submucosal plexus

DOR immunorcactivity was highly colocalized with
ChAT immunorcactivity in inner submucosal plexus
(ISP} neurons at the base of crypts (Fig. 2A). Table 2 in-
dicates the relative pereentages of immunoreactive neu-
rons counted that exhibited colocalization of receptor
immunorcactivitics with those of other neurochemical
markers, Immunorcactivity to NOS (Fig- 2B) or VIP
(Fig. 2C) was absent in ChAT-positive neurons which
were immunorcactive to DOR in adjacent sections.
ChAT and DOR immunoreactivities were also colocal-
ized with VRI| immunoreactivity in ISP neurons
(Fig. 2D, E, Table 2). Subpopulations of DOR- and
VR I-pusitive ncurons also expressed immunoreactivity
to SP (Fig. 2F, H, Table 2). VRI-immunorcactive ISP
ncurons did not express NOS  immunoreactivity
tFig. 2G).

Outer submucosal plexus

DOR- and VRI-immunorcactive neurons were observed
m the nuter submucosal plexus {OSP); these neurons co-
expressed ChaAT immunorcactivity (Fig. 3A. D. Table 2).
Some ChAT-mositive neurons which were also DOR-pos-

itive, coexpressed NOS (Fig. 3B) or VIP immunoreactiv-
ity (Fig. 3C) in adjacent sections. There was substantial
colocalization of DOR and VR1 immunorcactivitics, al-
though some neurons expressing VR immunoreactivity
alone were observed (Fig. 3E, Table 2). There was sparse
cclocalization of DOR and SP immunorcactivitics in
neurons (Fig. 3F), but there was moderate colocalization
of VR1 and SP immunorcactivitics in OSP necurons
{Fig. 3H. Table 2). VRI-immunorcactive neurons did not
express NOS immunoreactivity: however, NOS-iinmu-
noreactive fibers were scen in close proximity to VRI-
immunoreactive neurons (Fig. 3G).

Myenteric plexus

The chemical coding of DOR (Fig. 4A-D) and VRI
(Fig. 4E-H)-immunorcactive neurons in the porcinc ilcal
myenteric plexus (MP) was investigated. As in the sub-
mucosal plexuses. DOR and ChAT immunorcactivitics
were highly colocalized in myenteric ncurons. although
some DOR-immunoreactive neurons did not display
ChAT immunorcactivity (Fig. 4A). Adjacent or ncarby
tissuc sections coincubated with antibodies 1o NOS and
ChAT revealed no colocalization of these nevronal mark-
ers (Fig. 4B). Although DOR- and VR l-immunorcactive
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Fig. 2 Photomicrographs of representative fongitudinal sevions
of purcine ilcum dumonstrating the chemical eoding of -upicid
receptor (OCK mmmnorcactive neurons (A=C, F) and type |
vanillow receptor 1 F R -mmunorcactive neorons {D, E, G. ) in
the imner submucosal plexus (/87 of porcine ileum. A Colocaliza-
ton efen of TOR (een and choline acerviirnsterase (€A 4T,
red) Imanunoreacnn aties was ohserved in neurons (vertival arroew).
Some of the DOR-qmmunorcactive nerve fibers in ISP (urnowe-
head) did not cvpress ChAT immunoreactivity, and some neurons
positive for ChAT (double arrows) did not express DOR immuno-
reactivity, B—D Becsuse antineuronal nitric oxide synthase (VOS)
and antivasoactine miestinal peptide 1F7P) antisera were made in
the same host, ChAT DOR-immunorcactive neurons were com-
purcd swath adjucent or acarby soctions incubated with antibodics
o ChAT and NOS (B) o VIP (C). No volecalizanon of ChAT im-
munorcactis ity 1000 with that of KOS (green, BY or VIP (green,
C) was observad m neurons. D Adjiacent section comncubated with
VR terveny anet ChAT (ned) antisera reveiled colocaliztion in
SonXes neurons (o, versoad areow), although same ChAT-posi-

IsP .
NOS/ChAT

tive nearons ddouble arrows, red) dwd not express VRE immunone-
activity. E DOR-posilive neurons {xreen) cooxpressing VR im-
munoreactivity (red) were observed (allow verticel arrow). In
addition, some DOR (arrowhond) and VR (deable crrow)-immu-
noweuctive neurons that did mot exhibin colocalization were wb-
served. F Nection enincubated with ani-DOR (groen) and anti-
substance P (57 red) antisera revealed thit some DOR-immunore-
active neurons (Jonhle arcond coexpressed SP immunoseactiviry
tvertical arvow. yolfow). G. H Localization of VR (red. G, H)
and NOS (green, G) or SP (green, HY immunoreactivitics in ISP
neurons. G NOS-poative ncurons tvertecad arron, greea) did not
cocxpress VR immunoreactivity (douhle arnnws, redd and vice
versa. M Subsuince P immunorcactivity (green) wis occasionally
colucalized (vertical arrow, yellenvy with VR immunorcactivity
tdouhle arvew, red) in some ISP newrons. dsterisks denote non-
speeilic stusing scen on or vnder the epithelium and muscularis
mucaosae in the section that persisted i omissivn and preabsorp-
tion controd experiments (C ervpt). Svale har 200 pm



& , b1

- VIP/ChAT

T D,

X "'a‘t [, o
3 '._‘\-‘.._ \l.l 5
ey OSP

Fig. 3 Phatomicrographs of representative longitudinal scehons
of poreme deum showing the chemical coding of 8-opunad recep-
ton (0 - mmunoreactive neurons (A-C) and VR 1-immunoreac-
tive neurens (D11 in vwer sitbneueosal plexus (28577 of the por-
cine aheum A Cocalizatum (veffowy of DOR (greem and chohine
aceny ltumstfense (Acd) Immunorcactivity was scen in QSP neurons
(Manred wrncy and also seen in nenve fibers in deep circular
st muscle Gireescliead. veflow), Some ChAT-positive ncurons
did not co-contan DOR mimunorcactivity loeble wrow. red).
B. € As explaned carlier in Fig. 2. we compared DOR- ChAT-
pusitive neurons 0 adjacent sections coincubated with anti-ChAT
antiserum and anu-nitric osade synthase (NOS. green. By or anti-
vaseactive intesunal peptade (U2 goven. Cy antisera. B Colocal-
tvation ol NOS ees) and ChAT (red) immunorcactivaties was
vhaeniad moa sl gumbetr of neurons Wowhfe arew, wwlfown or
nerve Biwes g rowdcad) respectinely. ChATaimmunorcactive
meurens vands as slown i A did ot express NOS immunorcactis -
N v einaf aeren, red). © Moast ChAT-immunorcactise neurons
Gheehie caron, 100 i the OSP are dishinet trom ViPammunercag-
e nenfons Ghted aenan, green ). A snall population of ChAT-
P neurons couapressed VIP immunorcactivity (versival wr-
pan pfhen A few VIP-immunorcachive nenve fibers alone were
st (wrnsdicaed ieen), B Adjicent section contained with VR

AR

0® ef) o .
/VR1 —=
t

antiscrum (green) and ChAT antiserum (red) revealed colocaliza-
uon of VRI and ChAT immunorcactivines (vertical arnom, vellow)
in the same ChAT-pasitive neurons seen in C and expressed buth
VRI and VIP immnorcactivies. E. F Double-statning ot adja-
cent sections with arti-DOR (green. E. F) anti-VRI1 (red. EY or
anti-SP antiserum (red. F). E Colocalizaton of DOR and VR1T im-
munurcactivibies was observed in some QOSP neurons (vortical ar-
ow. yellow). A few VRI-immunorcactive ticurons (dewhle arrw,
reed and nenve fibers i crreular smooth imusele farrmhiead) did
nat colocalize with NOR immunorcactivity. F In most neurons,
DOR snmunorcactivity Iyreca) Jid not colacalize with SP immu-
norcactivity (dowhie arnows. ree). lowever, 3 few neurons may
vocxpress DOR and SP immunorcactiaty (vertical arrow. sgwers-
ing sone vellowish fluorescencer. Colocalizanon of DOR and SP
IMMUNOTCactivIlics wirs Seen in nerve fibers in smooth musele (or-
nemhewd. vellow ). G, B Scetions costined with VR tred. Go D
and NOS (green, G or SP (greer, H) antiscrum. G Dotinet bocal-
wzatwn of VR1 and NOS immunorcactivaines was abserved in OSP
neurons {vertival arren amd double arven: respectnelrv), and nerve
fibers in circulur smooth muscle (errvhicady. H Colovalizaton of
SP and VR] immunorcctivitics was scen in sonwe OSP neurons
Gerncal vrowm: vellow), but not 1in nerve fibers wethain circular
musche (rrom hewrl) (CM circular muscle). Scale bae 200 pm



Fig. 4 Photamicrographs of representative fongitudinal sections
ol poraine ileum depicting the chemical coding of &-upioid recep-
wr {OOR -immunorcactve newrons {green. A=D. Hy and VR -im-
munercactive neurons (greea i E, ed in F, Gy in myentene plex-
us (P} of porcme tleunt. A Colocahization (slanred arow, vel-
low) ol DOR Gureen) and chuline acetylmansferase (CRAT ned)
IMIMUNDEGIC I thies was observed in ncurons. Distinet populations
of DOR-pasative neurons alone (vertiaf arron: green) and ChAT-
s e neurens abone (fordd- arnon, nedy also were observed B
H ¢ olocabizatem ot DOR and CHAT smanunorcactivitics was com-
parcd with those m wdpcent or nearby sections comcubated with
Chal aud. Br ssnd neuronal nine avade synthase (NOS, green, B)
anbisera or L 1N (red. HD and sasoactive intestinal pepuide (777
wrecn, B antsenn. No colocalization of ChAT tdouble arnswy and
NOS (B o VI () mimunarcactis tics was obsened in ncurons
over ol arrene, preen. B oor . Nesve Bibers in circular (O, or-
nsiady o onmitadinal (LA, arnowleud) muscle  expressed
ChAT immunercactivinn © Sections costained with DOR {vernicad
wnm wreen) and substance PSP double arron: red) antiscrum

VIP/ChAT

reveitled no colocalization in ncurons or nerve fibers farrmn-
heads). D VR immunorcactivity in many neurons (vd} was cofo-
calized (slunted arrow: vellow) with DOR {green) immunorcactiv-
ity. Only a subpopulation of neurons (verticel arruw; green) or
some nerve fibers (wrrowhead, grevir) immunoreactive to DOR did
nol cxpress immunoreactivity to VR L. Immunorcactivitics of VR
(greem) with ChAT (red. E) VR (aeed) with NOS 7erven. F) and
VRI (red) with substance PSP prven, G) in myenteric neurons
and nerve fibers. E Many ChAT-positive neurons expressed VR
immunoreacinity (stunfed arrov. vellow), although some VRI-
positive neurons (vertrcal urn, green) did not express ChAT im-
munorcactvity (double arrow, red). F. G VR [-immunoreactive
neurons and circular muscle nerve fihers (deable armn uned ar-
rowhewd, respeciivelv: red, . G) not immunoreactive to KOS
(vertical arrow wnd arrowhead, green, FY or SP (verticad urmw
dnd arrowhead. greea, G). NOS-immunorcactive fibers i the my-
entenc plexus (dowble urrowheads, green. F) also did not express
VR immunorcactivity. Scwle bar 150 ym



Fig. 22-D  henncal coding of x-opiond receptor (KR --immu-
NuFcadiin e neurons (geeen) i the mventenc plesus (A7) of por-
e deum. A-C are photomicrographs of representative trons-
verse soctions aoad D as g Jongiudmitd seetion, A Colocalizanon
tsfamn arron acflem ) oF KOR (gereen) and choline acetyiltranster-
asc (G T rody mmmunoreactivities was observed in neurons,
Sumie U hA L-posttive neurons  (verticad arron) did not oxpress
KOK immunarcacinity. Likewise, KOR-immunorcactive fibers in
the cireular 1040 and longitudinal (£44) smoath musele did not

St C R immuonarcactivity Garrowhead), B Colocalizaton of

KOR «ovay and neuronal mitne osude synthase (AMOS e

Fig. 6 A-D Photvmucrographs of representative longitudinial ace-
Vs ol porcine ileum showing colevahization of & (Ilt ) and K
Ik”k'i-npmul reccpior pmmonorcacts mies with nppe Tovandloid
VP LR aammumnorcachiviix N pefcine MyeRivie neurons.
A KOR imimunoncactnaty was observed in small neuroms ¢slanned
arrves ooty B Lovalizatn of DOR immunorcactivity in the
~i Fostan Cvivadod airene blie) as shown ain A Some neurons
vaptessinn TR mmunorcactiv ity (e R Dhecy did not oa-
Press KOR immtamongictn ity sis shoswn m A tarnem beady O Type
Usamliond roceptn (8 B immunorcactin ty was ohsenved i the
same ryuon s shown o A and B ishiared wrow ned). VR im-

neurons sluated arnen, yelfow), Although KOR and KOS imme:-
norcachivitivs were colocalized in some nourons. Most neurons
were immunorcactive o KOR alone (deathle arrm) or NOS alone
tverticad urrem ), C Coloeatization of KOR {green) with vasoac-
tve intestinal peptde (1P red) immunorcactivitics i myemieric
neurons (yelfow: shred arrow). Some ViP-immunorcactive neu-
rons (vertical arrow) did not exhibit KOR immunorcactivity. No
cvolocalization was obscrved in nerve fibers (werowhead). D Sce-
tions coincubated aith KOR {green). and substance P (SP. red)
antiscra exhibited two distnet popalations of nevrons tyertical are-
s Jamd nermve Nibera s smooth muasele Soake bae 1L am

munereetuty alsee was obsened 1In KOR-negating,
tlive newrons {(wrrowdeadd) as shown m A and B,
D Photonicrograph showing colocalizanon of KOR. DOR. and
VR mmunorcactn itics I!fanh’d wrreny, off-white fhuercsg v «}in

PDOR <prasi-
respectively.

some neurons. DOR and VR immunorcactivitics were coex-
pressed tarrenchewd. seler Huoroveencey 10 some KOR-negative
neurons. Broken wrrow denotes DOR-immunareactis e neuron that
duws not expross KOR (A) or VR () mmanmoreactivity, Some
VR I-immunorcactise neurons tdowhle arnew) did ot express im-
munorcactivily 10 apiowd receptors (A amd . broken double ur-
rew ) Scade e 30 um



aeurons did not coexpress  immunorcactivity to SP
(ig. 4C and Go respectively), immunoreactivitics to
these two receptors were highly colocalized in MP neu-
rons (Fig. 4D. Table 2). VRI immunorcactivity was
highly colocalized with ChAT immunorcactivity in MP
ncurons (Fig. 3t Table 2). but not with NOS and SP im-
munoreacuvities (Fig. 4F and G. respectively). ChAT-
positive neurons did not appear to coexpress VIP immu-
narcactivity (Fig. 4H).

KOR immmunorcactivity was coelocalized in nearly half
of ChAT-pusitive mycnteric ncurons cxamined (Fig. 5A.
Table 2). Unlike the distribution patterns of DOR or VR
immunoreactiviiies in MP, some KOR-positive neurons
expressed NOS or VIP immunoreactivities (Fig. 5B and
U, orespectively, Tuble 2). There was no colocalization
between KOR and SP immunorcactivity in MP neurons
(Fig. <D lmmunoreactivities to KOR (Fig. 6A). DOR
(Fig. 6B) and VR {Fig. 6C) were colocalized (Fig. 6D)
i1 30ME THYVENICTIC NEUrons.

Discussion

As previously reported. DOR immunorcactivity was lo-
calized in neurons and tibers of all enteric plexuses with-
in the wall of the porcine ileum (Brown et al. 199¥). In
contrast. imimwnorgactivity 10 KOR was confined 1o the
myenicrie plesus. A predominant localization o KOR
immunoreactivity in MP ncurons and nernve hibers has
also been reported in the rat small intestine and colon
{Bagnol e1 al. 1997), Immunorcactivity to DOR appearcd
0 be expressed predominately in ChAT-positive enteric
neurons. KOR immunorcactivity. on the other hand. ap-
peared to be cxpressed by ChAT-positive neurons as well
as VIP- or NOS-immunoractive neurons in myenteric
ganglia. Both DOR and KOR in the MP may modulate
intestinal moter function. Functional studies in a circular
muscle-MP preparation from porcine ileum have shown
that stimulation of DOR or KOR with receptor-selective
agomists s associded with an inhibition of ncurogenic
contractions tBrown et al. 1998 Poonyachou et al.
20010, In agreement with the presenee of DOR immu-
nereactivity, bui not KOR in the subimucosal neurons., it
has recemily been reported that DOR-selective agonists
potently suppress neurogenic anion transport in porcine
ileal mucosa containing an imact 1SP; KOR-sclective ag-
onists were nearly 1000-fold tess potent in this prepara-
tton (Poonyachot ¢t ab. 2(001b). There is no functional or
immunobistochemical evidence for the expression of p-
ORs 1 porcine ileum (Poonyachoti ot al. 2001a. 2001b).
This stamds in contraét to the vat and guinca pig small in-
teshine 1 wineh p-OR immunorcactivity was observed to
predomnuie in enteric neurans and nerve fibers (Bagnol
ctal, 1997 MeConalogue ef al. 1999, and probably rep-
reseits a maygor species difference in OR expression. Im-
munorcactiviy o onge class of endogenous OR ligands.
the enkephalins, is prominent in neurons and Fibers of
the porcine MP. but s relatively sparse in the submucos-
al plexuses (Porcher et al. 2000). These opioid peptides

3l

arc thercforc likely to activate myenteric ORs under
physiological conditions. It is possible that another class
of cndogenous ligands interacts with DOR expressed in
the ISP, a receptor with pharmacological characteristics
that arc quite different from DOR in the MP {Poonyachoti
ct al. 2001b).

VRI1 immunorcactivity, like that to DOR, was distrib-
uted in all three ganglionated plexuses of porcine ilcum.
wherc it was atso highly colocalized in ChAT-immunorc-
active neurons. [ts expression in the perikarya and fibers
of cnteric ncurons is similar to its immunocytochemical
pattern of cxpression in dorsal root ganghon ncurons
(Guo ¢t al. 1999). There was a significant colocalization
of DOR and VR immunorcactivitics in ncurons within
all three enteric plexuscs as well as triple colocalization
of KOR, DOR and VRI! immunorcactivitics in some
KOR-positive myenteric neurons ¢xamined. The colocal-
ization of KOR and DOR immunorceactivitics on these
neurons may be indicative of a functional association be-
tween these receptors. Indeed, Jordan and Devi (1999
have proposcd the existence of functional KOR'DOR
heterodimers based on studies of recombinantly ex-
pressed receptors in cultured cells. There are clearly oth-
er distinct populations of MP neurens that express DOR.
KOR or VR immunareactivity alone or in combination.
We have recently confirmed the colocalization of DOR
and KOR as well as DOR and VR immunoreactivitics
i primary  culitres  of  porcme  mycenteric  neurons
{ Kulkarni-Narla and Brown 20010). The functional inter-
actions of these receptors on enteric neurons remain o
be explored.

Immunoreactivity to DOR or VR was treguently co-
localized in enteric neurons displaying immunorcactivity
to the sensory ncuropeptide CGRP. In addition, KOR and
CGRP immunoreactivitics were highly coexpressed in
mycnteric neurons. Immunoreactivity 1o DOR has been
colocatized with CGRP immunoreactivity in dorsal root
ganglion ncurons and fibers (Dado ct al. 1993: Guo ¢t al.
1999). Marcover. KOR- and DOR-positive dorsal root
ganglion ncurons arc sensitive to the VR agonist capsa-
icin (Zhang ¢t al, 1998) and activation of KOR decreascs
CGRP relcase into the intrathecal space (Collin et al.
1993), VR1 and CGRP immunorcactivitics are highly
colocalized in  trigeminal gangtia  (lchikawa and
Sugimoto 2001). and the VR agonists capsaicin and an-
andamide cvoke CGRP release from nerve terminals in
the dorsal spinal cord (Tognetto et al. 2001). In vascular-
ly perfused. isolated segments of porcine ileum, capsa-
icin infusion is assoviated with a marked increase in
CGRP release (Rasmussen et al. 2001). We hypothesize
that ChAT-/CGRP-positive cnteric ncurons that cocx-
press OR and VR immunorcactivities may represent in-
trinsic primary atferent ncurons (IPANs) which coordi-
nate enteric scerctemotor and  vasodilatory  reflexes
(Furncss ct al. 1998). In rat and puinca pig small intes-
tinc. IPANs manitest ChAT immunoreactivity (Li and
Furness 1998: Mann et al. 1999) as do CGRP-immuno-
reactive Dogicl type 2 ncurons in the porcine small intes-
tine (Scheuermann et al. 1987 Hens ct al. 20000, Immu-



L
norcactivity o another putative sensory transmitter. SP.
was nol detected 1in DOR-. KOR- or VR I-positive MP
ncunms although small populations of SP-pusitive sub-
mucoaal neurons were immunoreactve for cither DOR
or VR1, these latter necurons may have a secrctomotor
rokle i the porame antestine {Hens et al. 20000 The func-
tienal roles served by VR I-immunorecactive neurons in
the enterie henvous system await additional investiga-
[ 11311 2N

th the porcine small intestine, both the OSP and MP
have conswderably fewer mucosal projections than the
ISP (Hens et al 2000). Neurons in these two plexusces in-
nervate the intestinal smooth muscle layers and send vis-
cerofugal  projections  to the  prevericbral  ganglia
{ Timmermans et al. 1997}, It has been sugpested that the
OSP and MP of the porcine small intestine possess simi-
lur morphologscal features and neurochemical coding
that ditter tiom the ISP i Timmermans et al 1997 Hens
vt al. 20001 In the present suly, there was substantial
overbap between VR and SP immunorcactis ities in OSP
teuran~. but hitke or no colocalizauon ol these two -
munorcactivities i M neurons, The OSP and MP ap-
peaced i differ frome cach othier i the eapression of
KOR immunorcactivity, wiuch was only detected in MI?
new o eapressing  immunorcacuvity to either ChAT,
CGREP NON or VIP These resulis indicate that there are
sonwe Jhitleremee s m the seceptor signatures o) chemically
coded ncurens mthese two panghionated plesuses

vmunoicactiv iy o KOR. but oot o DOR and VR
was exprossed on VH- or NOS-immunoresehve immyen-
teric neurons. NOSimmunorcacthive ncurons have previ-
ausly been reported to predomitnate in the OSP and MP
of porcipe small antestine (Tunmermans ot al. 1994)
Then presence in the ISP neurons observed i the pres-
cul study may retlect segmental differences in NOS ox-
pression along the length of the intestine. The presence
ol KOR mnmunaicachivity on mycnleric ncurons con-
g iduhitony peuwrotransouttens may - account for
func tional Bitle cnees mthe eflests af selectine 8- and k-
OR agonsts onoidestimal monhity, Selectise K-0OR ago-
nists it attopiwe-sensitive on” contraciions osvoked
M ocleaincad Bicld stmulation i circular muscle-MP
sirps from porcine demn, whereas 8-OR agomists pre-
domimately reduce atropine-sensitive “off contractions
in this preparabion that occur immediately alter the ces-
st of clectrical  stimuolation  (Poonyachon 1 al
200 a) Ngwrons cocxpressing opiond and samillond re-
veplors that are siuated in the OSP and MP may modu-
iare mtestnal sepimentation and propulvon. Morcover.
DOR. KOR and VR1 immunorcactiv tties also could be
cxpresacd by IPANs i the OSP and MP that sense lumi-
nal chemrcals, ihucosal distortion or ntestinal distension
and vvohe mechameal neflexes to assist the digestine
Prowess o specd the chimmation of lununal pathogens.

Searly XL of nourons waith asonal projections te the
miestinal mucesa resnbe in the ISP of porane ibcum,
about half of thess include distiner subpopulatiom of
Ch AL-imnwngicaetine neurains (Hens ¢t al 2000) DOR
and \ R1 nmmunorcactin ities may be localiced on one or

more subsets of ChAT-postive, VIP-negatine ISP neu-
rons with mucosal projections that hive been reported in
porcine small intestine; in addition o large tvpe 2 senso-
ry ncurons with a ChAT'CGRP {SP) phenotype. these
ncurons anclude a major subpopulation o small
ChAT SP-immunoreactive neurons and a vers small pop-
ulation of multidendritic ChAT:somatostann-mmunore-
active ncurons which have putative seerctomotor roles
{Hens et al, 2000,

We hypothesize that DOR modulates a neural path-
way in the porcine ilcal submucosa that links mtestinal
imflammation and hypersensinvity with transepithelial
secrction, an wmporiamt mucosal delense mechansm
(Perduce and Mackay 1994). DOR and VR1 immunore-
activities are expressed in CGRP-posstive ISP neurons,
and there 15 increasing evidence that imbalances in the
enteric ncural circuits contaiming sensory  transmitters
such as CGRP are invalved in the pathophysioloyical al-
terations of mucosal seerction, biood Tow and unmune
function that are assoviated with imtestinal mtechion -
leregs and inlammaton (Holzer 1995 Neurons in the
ISP coexpressing CGRP. VR and DOR mas play anoim-
portant role i sensime and modulinog these pathophysi-
alogical changes in mcosal funcuon. In the guimea pig
tleum for cxample. the VRI agomist capsacom induces
active anion scerction amd increases sabmacosal blomd
Tow tNVanner and  MacNauehion 1950 Vinner amd
Bolton 1996) | nterie neurons expressmy opiod i
vanlod receptors may constitute imporrant therape uatic
targets for the development of drugs allesiatime pamtul
mtestinal inflammatory. allergic and dysmonlsty states.
Drugs intcracung with DOR or VR1 may be usctul in al-
leviating some of the mamfestations of inflammatory
bowel discase. Ahdominal pam in associated with n-
flammanion. anaphylaves or aschemia and  cubmucosal
nerves that express DOR may mediate the analgesic ac-
tions of oprowds in these conditions (Bueno ot al. 2000),
Finatly, the rolex of DOR and VR submucosal ocurons
e modolatimng mast cell and mmmenocsyie funchion as
well as overall disease resistance in the mtestimal mucaoss
certunly desenne exammation ¢(Dowmng and Miyan
2000).

Achmonledypements The suthors thanh Ix Robert P Fhic (1X-
partment of Nearosorenee, Lanceraty at Minncaiab ion genenmm
gilts of &OR and A RT antisera
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