GASTROENTEROLOGY 2005;128:2009-2019

N-Methyl-pD-Aspartate Receptors Mediate Endogenous Opioid
Release in Enteric Neurons After Abdominal Surgery

SIMONA PATIERNO,*'* WUBANCHE ZELLALEM,** ANTHONY HO,** CHRIS G. PARSONS,3
K. C. KENT LLOYD,''" MARCELLO TONINIL* and CATIA STERNINI*-¥

*CURE Digestive Diseases Research Center, Digestive Diseases Division, Departments of Medicine and Neurobiology, David Geffen School
of Medicine, University of California Los Angeles, Los Angeles, California; TDepartments of Veterans Affairs Greater Los Angeles Healthcare
System, Los Angeles, California; §Depar‘tment of Preclinical Research and Development, MRZ & Co., Frankfurt, Germany; HDepar‘cment of
Anatomy, Physiology and Cell Biology, School of Veterinary Medicine, and ICenter for Comparative Medicine, University of California Davis,
Davis, California; #Department of Physiological and Pharmacological Sciences, University of Pavia, Pavia, Italy

Background & Aims: We tested the hypothesis that
N-methyl-p-aspartate (NMDA) receptors mediate sur-
gery-induced opioid release in enteric neurons.
Methods: We used . opioid receptor (wOR) internal-
ization as a measure of opioid release with immuno-
histochemistry and confocal microscopy. nOR inter-
nalization was quantified in enteric neurons from
nondenervated and denervated ileal segments of
guinea pig after abdominal laparotomy with and with-
out pretreatment with NMDA-receptor antagonists
acting at different recognition sites (+)-5-methyl-10,
11-dihydro-5H-dibenzo [a, b] cyclohepten-5, 10-imine
(MK-801) or (D) 2-amino-5-phosphopenoic acid (AP-5)
at .5, 1 mg/kg; 8-chloro-4-hydroxy-1-oxo-1, 2-dihydro-
pyridazinol [4,5-]quinoline-5-oxide choline (MRZ
2/576) or 8-chloro-1, 4-dioxo-1,2,3,4-tetrahydropyr-
idazinol [4,5-]quinoline choline salt (MRZ 2/596) at
.3, 1 mg/kg, or with an antagonist for the a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors, 6-cyano-7-nitroquinoxaline-2, 3-dione (1, 3
mg/kg). To determine whether NMDA stimulation in-
duces opioid release, (1) ilea were exposed to NMDA
(100 mmol/L) and D-serine (10 pmol/L) with or with-
out the antagonist MK-801 or AP-5 (50 pmol/L); and
(2) neuromuscular preparations of the ileum were
stimulated electrically (20 Hz, 20 min) with or
without MK-801 or AP-5 (50 wmol/L). Results: pOR
endocytosis induced by abdominal laparotomy was
inhibited significantly by NMDA-receptor antagonists
in nondenervated and denervated ileal segments, but
not by the AMPA-receptor antagonist. nOR endocyto-
sis in neurons exposed to NMDA or electrical stimu-
lation was prevented by NMDA-R antagonists.
Conclusions: Abdominal laparotomy evokes local re-
lease of glutamate that results in endogenous opioid
release through the activation of peripheral NMDA
receptors. This suggests an interaction between the
glutamatergic and opioid systems in response to the
noxious and perhaps mechanosensory stimulation of
surgery.

opioid receptors (LWORs) are G protein—coupled
}‘L receptors that mediate the effects of endogenous
opioid peptides and of structurally distinct opiates.
These are powerful analgesic drugs with many undesir-
able side effects including tolerance, respiratory depres-
sion, and pronounced delay of gastrointestinal transit,
which can result in severe constipation and abdominal
discomfort.'=¢ In the gastrointestinal tract, WORs are
expressed predominantly by enteric neurons,”~'° and they
have been implicated in the regulation of secretion and
motility.'1? In the guinea pig, WOR immunoreactivity
is localized to functionally distinct populations of Dogiel
type I myenteric neurons, which comprise ascending and
descending motor neurons that control smooth muscle
activity, and interneurons that transmit information to
other enteric neurons, but not to intrinsic primary affer-
ent neurons.'® In the guinea pig enteric nervous system,
the distribution of WOR immunoreactivity closely
matches that of the opioid peptide, enkephalin.’®13 In
addition, WOR and enkephalin immunoreactivities colo-
calize in some myenteric neurons and fibers distributed
to the circular muscle and the deep muscular plexus.!'®
Activation of WOR resulting in coupling with its effector
systems attenuates neuronal activity by inhibiting neu-
rotransmitter release and changing neuronal excitability
by pre- and postsynaptic mechanisms.'4-16

Abbreviations used in this paper: AMPA, a-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionic acid; AP-5, (D) 2-amino-5-phosphopenoic acid;
CNQX, 6-cyano-7-nitroquinoxaline-2, 3-dione; IPAN, intrinsic primary
afferent neurons; LMMP, longitudinal muscle-myenteric plexus; MK-
801, (+)-5-methyl-10, 11-dihydro-5H-dibenzo [a, b] cyclohepten-5, 10-
imine; pOR, p opioid receptor; MRZ 2/576, 8-chloro-4-hydroxy-1-
oxo-1, 2-dihydropyridazinol [4,5-]quinoline-5-oxide choline; MRZ
2/596, 8-chloro-1, 4-dioxo-1,2,3,4-tetrahydropyridazinol [4,5-]quino-
line choline salt; NMDA, N-methyl-D-aspartate; NOS, nitric oxide syn-
thase; TH, tyrosine hydroxylase.
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ROR immunoreactivity is localized predominantly
at the cell surface in unstimulated neurons and cell
lines, but it translocates to endosomes after acute
activation with selective WOR ligands.?17-2! Ligand-
induced endocytosis of LOR occurs in myenteric neu-
rons of guinea pig ileum in vivo and in vitro in
response to exogenously administered selective WOR
agonists, and to endogenously released opioids.?-20-24
WOR internalization is concentration dependent, thus
it can serve as a measure of opioid release in response
to stimulation and it is a reliable indication of opioid-
induced activity.2%2! We previously have shown that
IOR endocytosis occurs in functionally distinct my-
enteric neurons of the guinea pig ileum in response to
abdominal surgery and that the stimulus responsible
for the endogenous opioid release resulting in WOR
internalization is likely to be the noxious stimulation
induced by the surgery.?? Indeed, endogenous opioid
release has been reported in response to the stress of
surgery,?>2% and noxious stimulation has been shown
to evoke local release of endogenous opioids from the
nervous system.29-30

There is evidence that N-methyl-D-aspartate (NMDA)-
type glutamate receptors mediate noxious transmission and
regulate peptide release from neurons.’'—3> NMDA re-
ceptors are ligand-gated, ion-channel, glutamate recep-
tors that are distributed abundantly in the nervous sys-
tem, including primary afferent neurons innervating the
viscera and the enteric nervous system.>>—38 These obser-
vations formed the basis of our hypothesis that NMDA
receptors mediate opioid release and WOR endocytosis in
enteric neurons induced by the noxious stimulation of
abdominal surgery.

The aims of the present study were to determine
whether (1) wOR endocytosis in myenteric neurons in-
duced by abdominal surgery was prevented by NMDA
receptor blockade in vivo, (2) extrinsic denervation of
ileal segments affected laparotomy-induced WOR endo-
cytosis and NMDA-receptor blockade of WOR endocy-
tosis in myenteric neurons induced by abdominal sur-
gery, (3) NMDA-receptor activation induced opioid
release in enteric neurons in vitro, and (4) WOR endo-
cytosis induced by opioid release in response to electrical
stimulation of longitudinal muscle—myenteric plexus
(LMMP) preparations of the guinea pig ileum was pre-
vented by NMDA-receptor antagonists. Because func-
tional inhibition of NMDA receptors might be achieved
by acting at different recognition sites, we used different
NMDA-receptor antagonists, including compounds act-
ing at the glutamate or glycine site or blocking the ion
channel 341
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Materials and Methods
Experimental Animals

Animal care and procedures were in accordance with
the National Institutes of Health recommendations for the
humane use of animals. All experimental procedures were
reviewed and approved by the appropriate Animal Use Com-
mittee of the University of California Los Angeles and Depart-
ments of Veterans Affairs Greater Los Angeles Healthcare. The
number of animals used was kept to the minimum necessary
for meaningful interpretation of the data. Male albino Porcel-
lus guinea pigs weighing 200-300 g (Simonsen Labs, San
Diego, CA) were used.

Guinea pigs were kept in a 12-hour light-dark cycle (lights
on at 6:00 AM). Anesthesia was induced with .5%—3% isoflu-
rane. After aseptic preparation of the abdomen, laparotomy
incision in the abdominal midline skin, muscle layers, and
peritoneum was performed followed by exteriorization of the
intestine. The viscera gently were returned and retained within
the abdominal cavity. Animals were allowed to recover for 30
minutes and then were euthanized with an overdose of sodium
pentobarbital (100 mg/kg, intraperitoneally). Functional inhi-
bition of NMDA receptors was achieved by using compounds
that act at different recognition sites, including the primary
transmitter (glutamate) site or strychnine-insensitive glycine
site (glycine B), or by blocking the associated ion channel.39-41
Experimental groups included (1) animals subjected to abdom-
inal surgery alone; (2) animals that received an intraperitoneal
injection of the noncompetitive ion-channel blocker,
NMDA-receptor antagonist, (+)-5-methyl-10, 11-dihydro-
SH-dibenzo [#, b} cyclohepten-5, 10-imine (MK-801, .5 or 1
mg/kg; Sigma, St. Louis, MO); (3) animals that received an
intraperitoneal injection of the competitive NMDA receptor,
(D) 2-amino-5-phosphopenoic acid (AP-5, .5 or 1 mg/kg;
Tocris, Ellisville, MO) acting at the glutamate site; (4) animals
that received an intraperitoneal injection of the noncompeti-
tive NMDA-receptor antagonist acting at glycine B site,
8-chloro-4-hydroxy-1-oxo-1, 2-dihydropyridazinol {4,5-1
quinoline-5-oxide choline (MRZ 2/576) (.3 or 1 mg/kg); (5)
animals that received an intraperitoneal injection of the non-
competitive NMDA-receptor antagonist acting at glycine B
site, 8-chloro-1, 4-dioxo-1,2,3,4-tetrahydropyridazinol {4,5-}
quinoline choline salt (MRZ 2/596) (1 mg/kg); or (6) animals
that received an intraperitoneal injection of the a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate
receptor antagonist, G6-cyano-7-nitroquinoxaline-2, 3-dione
(CNQX, 1 or 3 mg/kg; Tocris). MRZ 2/576 and MRZ 2/596
were provided by Merz & Co (GmbH, Frankfurt, Germany).4?
Because the NMDA-receptor antagonists MRZ 2/576 and
MRZ 2/596 acting at the glycine B site have a half-life of
about 20 minutes, and the surgical procedure lasts 10-15
minutes and the animals are euthanized 30 minutes after
surgery, these compounds were injected 2 minutes before as
well as 5-10 minutes after abdominal laparotomy. The other
NMDA-receptor antagonists were injected 3 minutes before
laparotomy. Drugs were dissolved in .9% sterile sodium chlo-
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ride or double-distilled water. Each experimental group com-
prised 3—10 animals.

Denervation Procedures

To determine whether opioid release and WOR endo-
cytosis in enteric neurons induced by abdominal surgery and
NMDA-receptor blockade involved central or peripheral neu-
ral pathways (or both), extrinsic denervation of ileal segments
was performed before laparotomy with and without NMDA-
receptor blockade. The denervation surgeries, which were a
combination of extrinsic denervation and myotomy,* were
performed on 8 male guinea pigs (weight range, 250350 g)
anesthetized with .5%-3% isoflurane. A loop of intestine,
10-15 cm in length, supplied by a single mesenteric artery
and its branches, was selected. All nerve fiber bundles that
could be detected under a dissecting microscope and after
swabbing with 80% alcohol in distilled water, which makes
the nerves appear white, were dissected away from the artery
and its accompanying vein. On each side adjacent to the
denervation, a circumferential myotomy surgery was per-
formed consisting of cuts through the external muscle to the
depth of the submucosa, around the full circumference of the
intestine. The denervated region was marked by a loose liga-
ture around its vascular supply and was returned to the ab-
dominal cavity. The abdomen was closed by sutures and the
animals were allowed to recover from anesthetic and then
supplied with food and water ad libitum. The guinea pigs
underwent abdominal laparotomy 10 days later, with or with-
out pretreatment with the NMDA-receptor antagonist acting
at glycine B site (MRZ 2/596, 1 mg/kg), and were euthanized
30 minutes later as described earlier. This NMDA-receptor
antagonist was chosen for these experiments because it has
been shown to act predominantly peripherally at the dose and
route of administration used in this study.4!444> Segments of
the denervated and nondenervated intestine were collected and
processed for immunohistochemistry.

Immunohistochemistry

The distal ileum was dissected, washed with ice-cold
saline, opened along the longitudinal axis, pinned flat, and
fixed in 4% paraformaldehyde in .1 mol/L phosphate buffer,
pH 7.4 for 2 hours at room temperature and stored in .1 mol/L
phosphate buffer with .1% sodium azide. Whole mounts of the
longitudinal muscle with the myenteric plexus attached were
prepared and processed for immunohistochemistry as de-
scribed.?? Briefly, tissues were incubated in phosphate buffer
containing .5% Triton X-100 (3 periods of 30 min), followed
by 5% normal goat serum in .5% Triton X-100/phosphate
buffer for 60 minutes, and then rabbit polyclonal affinity-
purified antibody directed to the C-terminus region of rat
ROR (384-398) (ImmunoStar Inc., Hudson, WN) (1:3000)
for 48 hours at 4°C, washed and incubated with affinity-
purified donkey anti-rabbit immunoglobulin G conjugated to
ALEXA 488 (1:1000; Molecular Probes, Eugene, OR) for 2
hours at room temperature. The WOR antibody has been
characterized previously.?® To test the effectiveness of extrinsic
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denervation, we used the immunohistochemical localization of
tyrosine hydroxylase (TH), a marker of extrinsic noradrenergic
axons with a mouse anti-TH antibody (1:250, Chemicon In-
ternational, Temecula, CA). Only ileal denervated segments
whose TH staining was abolished were considered for wOR
immunostaining. To test whether myotomy lesions completely
interrupted the myenteric nerve pathways, immunohistochem-
istry for nitric oxide synthase (NOS), the enzyme that produces
nitric oxide, was used with mouse anti-NOS (1:50, Transduc-
tion Laboratories, Lexington, KY), because NOS-immunore-
active neurons are abundant in the myenteric plexus. Whole-
mount preparations were used as described earlier under
immunohistochemistry.

In Vitro Experiments

Segments of the distal ileum, pinned flat as described
earlier, were placed in sterile Krebs’ solution (5.9 mmol/L KCl,
118 mmol/L NaCl, 2.5 mmol/L CaCl,, 1.2 mmol/L MgSO,,
1.4 mmol/L NaH,POy, 5 mmol/L glucose, 2.5 pg/mL fungi-
zone, 100 IU/mL penicillin, and 100 pg/mL streptomycin),
bubbled with 95% O,:5% CO,, pH 7.4, washed, and then
incubated for 30 minutes at 37°C in Dulbecco’s modified
Eagle medium containing 10% vol/vol fetal bovine serum,
penicillin, streptomycin, and fungizone with 95% 0,:5%
CO,, pH 7.4. The ileum was incubated for 1 minute at 37°C
in Dulbecco’s modified Eagle medium containing NMDA
(100 wmol/L) and D-serine (10 wmol/L) in the presence or
absence of the noncompetitive NMDA-receptor antagonist,
MK-801 (50 pmol/L), or the competitive NMDA-receptor
antagonist, AP-5 (50 wmol/L), then moved to drug-free me-
dium and incubated for 30 minutes at 37°C to allow inter-
nalization. These experiments were performed in duplicate.

LMMP Preparations

Segments of the distal ileum were dissected from
guinea pigs killed by CO, inhalation and then immersed in
standard Tyrode solution composed of (in mmol/L): 136.9
NaCl, 2.7 KCl, 1.8 CaCl,, 1.04 MgCl,, .4 NaH,PO,, 11.9
NaHCO;, 5.5 glucose. A total of 4 animals were used for these
studies. LMMP preparations were obtained by teasing the
longitudinal muscle with the intact myenteric plexus from the
underlying circular muscle.?° For endogenous release of opi-
oids, LMMP preparations were stimulated electrically at a
frequency of 20 Hz (a frequency that has been shown to induce
release of enkephalins*® and WOR internalization?®) for 20
minutes. The protease inhibitors, phosphoramidone (1 pmol/
L), captopril (10 pwmol/L), and amastatin (1 pmol/L) (Sigma)
were added to the bathing solution for 20 minutes before
stimulation to prevent peptide degradation. Some tissues were
incubated with the NMDA-receptor antagonists, MK-801 or
AP-5, at 50 pmol/L for 5 minutes before and after stimulation.
Tissues were fixed in 4% paraformaldehyde in phosphate
buffer for 2 hours at room temperature and were processed for
immunohistochemistry to determine the subcellular distribu-
tion of WOR immunoreactivity.
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Microscopy and Quantification

TH and NOS distribution was examined with a
Zeiss Axioplan 2 research microscope for fluorescence with
axiocam color digital camera fluorescence microscope (Carl
Zeiss Inc., Thornwood, NY), equipped with a fluorescein
isothiocyanate cube. WOR immunoreactivity distribution
was analyzed with either a Zeiss 410 laser scanning confocal
microscope equipped with a krypton/argon laser and at-
tached to a Zeiss Axiovert 100 microscope or a Zeiss 510
Meta laser scanning confocal microscope equipped with
both HeCd and argon lasers and attached to a Zeiss Axio-
plan 2 microscope with a 100X Plan Apo 1.4 numerical
aperture objective (Carl Zeiss Inc). Images of 512 X 512
pixels were collected at a magnification zoom of 1.5X.
Typically, 10-20 optical sections were taken at the z-axis at
.S5- to .75-pm intervals through the cells. Images were
processed and labeled using Adobe Photoshop 6.0 (Adobe
Systems, Mountain View, CA), as described.?%-24
The levels of WOR internalization were quantified by
National Institutes of Health Image software using single
confocal images that included the nucleus and a large area
of cytoplasm. Fluorescence density, contrast, brightness
magnification, and zoom were kept constant throughout the
analysis. A line was drawn around the outside of the neuron
and the total neuronal fluorescence (surface plus cytoplasm)
was measured as the number of pixels with intensity of fixed
fluorescence density. To measure the surface and cytoplas-
mic receptor separately, a second line was drawn inside the
cell membrane .5 pm from the first line and the number of
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Figure 1. Single confocal im-
ages. nOR immunoreactivity in
myenteric neurons from guinea
pigs that underwent laparotomy
with or without pretreatment with
NMDA- or AMPA-receptor antago-
nists. wOR immunoreactivity is
mostly in the cytoplasm in neu-
rons from (A) a guinea pig that
underwent laparotomy and from
(A a guinea pig pretreated with
intraperitoneal injection of the
AMPA-receptor antagonist CNQX
(3 mg/kg) before laparotomy.
ROR immunoreactivity is mostly at
the cell surface in neurons from
guinea pigs that received intraperi-
toneal injection of the NMDA-re-
ceptor antagonists (B) MK-801,
(C) AP5, (D) MRZ 2/576, or (E)
MRZ 2/596 at 1 mg/kg. Calibra-
tion bars: (A, E) 7 pm, (B) 4 pm,
and (C, D, A 5 pm.

pixels at the same fluorescence density parameter was mea-
sured. The percentage of fluorescence present in the cyto-
plasm then was calculated from the second measure (immu-
noreactivity in the cytoplasm only) divided by the first
measure (total immunoreactivity).?"->4 For each data point,
internalization was quantified for 30—100 neurons (ie, 10
neurons from each of 3—10 animals). For this analysis, the
neurons were chosen randomly and all the images were
collected using an identical setting for laser illumination,
magnification, and zoom of the sample.

Statistical Analysis

Values are shown as mean = SEM. We compared
means using 1-way analysis of variance and the correspond-
ing post hoc # tests. Statistical significance was assessed
using the Tukey-Fisher least-significant difference crite-
rion. Significance was attained with the nominal a value of
.05.

Results

IOR Internalization Induced by Abdominal
Surgery In Vivo

As we reported previously,?® there was a pro-
nounced WOR internalization in myenteric neurons from
animals that underwent laparotomy (Figure 1A). By
contrast, WOR was located predominantly at the cell
surface in animals that received injection of the noncom-
petitive NMDA receptor, MK-801 (Figure 1B), the com-
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Figure 2. Quantification of wOR immunofluorescence in neurons from
guinea pigs that underwent laparotomy with or without pretreatment
with the NMDA- or AMPA-receptor antagonists. Levels of nOR inter-
nalization in neurons from guinea pigs that (A) underwent laparotomy
or laparotomy preceded by intraperitoneal injection of the NMDA
receptor antagonists (B, C) MK-801 (.5 or 1 mg/kg), (D, E) AP-5 (.5 or
1 mg/kg), (F, G) MRZ 2/576 (.3 or 1 mg/kg), or (H) MRZ 2/596 (1
mg/kg), or by (I, J) intraperitoneal injection of the AMPA-receptor
antagonist CNQX (1 or 3 mg/kg). nOR internalization is expressed as
the percent of immunoreactivity translocated into the cytoplasm. *P
< .001 and **P < .05 compared with controls.

%pOR internalization

petitive NMDA-receptor antagonist, AP-5 (Figure 1C),
or the glycine B site NMDA-receptor antagonists, MRZ
2/576 (Figure 1D), and MRZ 2/596 (Figure 1E). By
contrast, LOR immunoreactivity was predominantly in
the cytoplasm in neurons from animals that received
injection of the AMPA/kainate-receptor antagonist
CNQX before laparotomy (Figure 1F).

Quantification of WOR immunoreactivity in enteric
neurons from the different groups of animals showed that
OR endocytosis was 58.2% * 3.9% (Figure 2, column
A) 30 minutes after laparotomy, and that the levels of
WOR endocytosis were decreased significantly in neurons
from animals that received the noncompetitive NMDA-
receptor antagonist, MK-801 (.5 or 1 mg/kg) (34.7% *
6.4% and 17.1% * 3.4%, Figure 2, columns B and C,
P < .05 and P < .001 vs laparotomy alone, respectively)
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or the competitive NMDA-receptor antagonist acting at
the glutamate site, AP-5 (.5 or 1 mg/kg) (41.8% =
2.7% and 24.8% * 2.2%, Figure 2, columns D and E,
P < .05 and P < .001, respectively) before laparotomy.
Similarly, wOR internalization induced by laparotomy
was prevented by pretreatment with the NMDA-recep-
tor antagonists acting at the glycine B site, MRZ 2/576
(1 mg/kg) (29.1% £ 2.5%, Figure 2, column G, P <
.001 vs laparotomy alone) or MRZ 2/596 (1 mg/kg)
(13.2% = 1.6%, Figure 2, column H, P < .001). MRZ
2/576 at .3 mg/kg only slightly reduced the levels of
OR internalization (48.0% * 2.9%, Figure 2, column
F, P = not significant). The levels of wOR internaliza-
tion in animals that were pretreated with the AMPA/
kainate receptor antagonist CNQX before laparotomy (1
and 3 mg/kg) (51.7% * 3.2% and 54.8% * 6.0%,
Figure 2, columns I and J, respectively) were not signif-
icantly different from those observed in neurons from
animals that underwent laparotomy without any pre-
treatment.

ILOR Internalization Induced by Abdominal
Surgery In Vivo After Extrinsic Denervation

There was a pronounced pWOR internalization in
myenteric neurons from animals that underwent laparot-
omy 10 days after extrinsic denervation of an ileal loop
(Figure 3A) that was comparable with the internalization
observed in nondenervated animals. WOR was located
predominantly at the cell surface in extrinsically dener-
vated animals that received injection of MRZ 2/596
before laparotomy (Figure 3B), similarly to what was
observed with this treatment in nondenervated animals.
Quantification of WOR immunoreactivity in enteric neu-
rons from denervated animals showed that wOR endo-
cytosis was 78.3% £ 1.4% 30 minutes after laparotomy
and that the levels of WOR endocytosis were decreased

Figure 3. Single confocal images. wOR immunoreactivity in myenteric neurons from extrinsically denervated ileal segments of guinea pigs that
underwent laparotomy with or without pretreatment with NMDA-receptor antagonist. (A) .OR immunoreactivity is in the cytoplasm in neurons from
denervated guinea pig that underwent laparotomy. (B) wOR immunoreactivity is at the cell surface in neurons from guinea pigs that received
intraperitoneal injection of the NMDA-receptor antagonist MRZ 2/596 at 1 mg/kg before and after abdominal laparotomy. Calibration bars: (A)

9 um and (B) 4 pm.
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Figure 4. Whole-mount preparations showing dense networks of
TH immunoreactive fibers in the myenteric plexus of (A) nondener-
vated ileal segment and (B) the disappearance of TH immunoreac-
tive fibers in a myenteric plexus of an extrinsically denervated ileal
segment. Whole-mount preparations of the myenteric plexus show-
ing numerous NOS immunoreactive neurons in (C) a denervated but
not myotomized segment of the ileum and (D) the disappearance of
NOS staining at the site of myotomy proving that myotomy was
successful in ablating the myenteric plexus, thus severing nerves
entering the denervating region from above or below the extrinsic
denervation site. Calibration bars: 50 pm.
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significantly in neurons from denervated animals that
received MRZ 2/596 (1 mg/kg) 19.7% * 2.3%, (P <
.001).

The effectiveness of extrinsic denervation was verified
by the localization of TH immunoreactivity that served
as a marker for the visualization of extrinsic, sympathetic
postganglionic (noradrenergic) axons. Although net-
works of TH immunoreactive fibers were located in the
myenteric ganglia in control but not denervated loops of
ileum (Figure 4A), there was a virtual disappearance of
TH immunoreactivity in all denervated regions (Figure
4B), and only occasional fibers could be visualized in
some cases. Furthermore, the lack of NOS immunoreac-
tive cells at sites of myotomy compared with the dense
NOS-containing neurons in denervated but not myoto-
mized ileum, confirmed that the myenteric plexus was
severed in each site of the denervation, thus indicating
that fibers previously entering the denervated loop be-
tween the myotomies had been interrupted (Figure 4C,
D).

IOR Internalization in Enteric Neurons of
the lleum In Vitro

IOR internalization was observed in neurons
from guinea pig ileum exposed to NMDA (100 wmol/L)
and D-serine (10 pwmol/L), 2 co-agonists that activate
NMDA receptors (Figure SA). The exposure of organo-

Figure 5. Single confocal im-
ages showing pOR immunore-
activity in neurons from guinea
pig ileum exposed to (A) NMDA
(100 pmol/L) plus D serine (10
wmol/L), (B) medium only, (C)
NMDA and D-serine plus MK-
801 (50 wmol/L), or (D) NMDA
and D-serine plus AP-5 (50
pmol/L). wOR immunoreactiv-
ity is predominantly at the cell
surface of enteric neurons from
preparations not incubated
with  NMDA plus D-serine or
treated with the NMDA-receptor
antagonists MK-801 or AP-5
before NMDA stimulation. Cali-
bration bars: (A, C) 10 um, (B)
5 wm, and (D) 7 pm.
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Figure 6. Single confocal images showing wOR immunoreactivity in neurons from electrically stimulated LMMP preparations. wOR immunore-
activity is predominantly in (A) the cytoplasm in a neuron stimulated at 20 Hz, whereas it is mostly at the cell surface in neurons from preparations
pretreated with the NMDA-receptor antagonist (B) AP-5 or (C) MK-801 at 50 wmol/L. Calibration bars: (A) 7 pm and (B, C) 5 pm.

typic cultures to NMDA and D-serine was kept short (1
min) to minimize possible cell damage caused by neu-
rotoxicity and was followed by 30 minutes of incubation
in drug-free medium to allow internalization to occur.
No significant or detectable internalization was observed
in neurons that either were not exposed to NMDA
stimulation (Figure 5B) or were pretreated with the
NMDA-receptor antagonist MK-801 (Figure 5C) or
AP-5 (Figure 5D) before NMDA stimulation.

Electrically Induced pOR Endocytosis in
LMMP Preparations of the Guinea Pig
lleum

In enteric neurons from LMMP preparations ex-
posed to electrical stimulation (20 Hz), pOR immuno-
reactivity was detected predominantly in the cytoplasm
(Figure 6A). Pretreatment of LMMP preparations for 15
minutes with 50 pmol/L of either AP-5 or MK-801
prevented the electrically induced WOR internalization
in myenteric neurons (Figure 6B, C). This indicates that
NMDA-receptor antagonists block the release of endog-
enous opioid induced by electrical stimulation at 20 Hz.

Discussion

The present study shows that (1) wOR internal-
ization in enteric neurons of the guinea pig induced by
abdominal laparotomy occurred in both denervated and
nondenervated ileal segments; (2) blockade of NMDA
receptors, but not of AMPA/kainate receptors, prevented
WOR internalization in both nondenervated and dener-
vated ileal segments; (3) NMDA stimulation triggered
OR internalization in enteric neurons from organotypic
cultures of the guinea pig ileum, indicating opioid re-
lease, which was prevented by NMDA-receptor antago-
nists; and (4) NMDA-receptor antagonists prevented
MOR internalization in enteric neurons induced by elec-
trical stimulation, indicating inhibition of opioid release.
These findings are consistent with our hypothesis that

peripheral NMDA receptors mediate local release of en-
dogenous opioids induced by abdominal surgery, result-
ing in WOR internalization in enteric neurons.

The occurrence of translocation of a receptor from the
cell surface to the cytoplasm requires agonist—receptor
interaction, thus the internalization of WOR observed in
myenteric neurons in vivo after surgery is a clear indi-
cation of endogenous opioid release.?d The levels of re-
ceptor internalization reflect the amount of opioids avail-
able for binding to the WOR
endocytosis is concentration dependent, thus WOR in-
ternalization can serve as a measure of endogenous opioid

receptor because

release induced by WOR agonists that are capable of
triggering receptor endocytosis.?! Because the levels of
MOR internalization in denervated and nondenervated
ileal segments were comparable, we can conclude that
abdominal laparotomy induces local release of opioids
through a peripheral neural pathway. The endogenous
opioids responsible for WOR endocytosis in enteric neu-
rons are likely to be mainly enkephalins, which are
expressed by myenteric neurons with a distribution sim-
ilar to the WOR immunoreactivity.'®!3 Enkephalins,
which have high affinity for the WOR,% are capable of
triggering WWOR  endocytosis in enteric neurons in
vitro.?! Furthermore, enkephalins are the opioids almost
exclusively released from enteric neurons when electri-
cally stimulated.40-48

Indeed, we showed that electrical stimulation of
LMMP preparations at the frequencies used to induce
enkephalin release results in massive WOR internaliza-
tion in enteric neurons that is blocked by wOR antago-
nists.?° WORs can be activated by other endogenous
opioids including dynorphins, endorphins, and the re-
cently discovered endomorphins 1 and 2.%-5° Dynor-
phins, similar to enkephalins, are localized to enteric
neurons®! but display higher selectivity for k opioid
receptors, even though it can bind WOR with lower
affinity compared with enkephalins.®’4° By contrast, en-
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dorphins, which bind to wOR and A opioid receptors
with similar affinity,%7-4° appear to be confined to endo-
crine cells of the gut,>>33 so they are not likely to be
involved in the WOR internalization in enteric neurons.
Finally, endomorphins 1 and 2, which have the highest
selectivity and affinity for the WOR compared with the
other opioid receptors and have been proposed as the
endogenous WOR ligands,>® have not been reported in
the gastrointestinal tract to date.

Functional inhibition of the glutamate NMDA receptors
can be obtained through actions at different recognition
sites including the primary transmitter (glutamate) site, the
ion-channel site, the strychnine-insensitive glycine B site,
and the polyamine site (selective for a subtype of NMDA
receptors).>>->4 The prevention of surgery-induced endoge-
nous opioid release by the blockade of NMDA receptors
achieved by antagonists acting at different sites (glutamate,
glycine B, and ion channel) provides strong evidence that
opioid release from enteric neurons is mediated by these
receptors. These receptors are likely to be located peripher-
ally as indicated by several lines of evidence. Indeed, even
though 2 of the compounds used to block NMDA receptors
(ie, the channel-blocking antagonist MK-801 and the gly-
cine B antagonist MRZ, 2/576) cross the blood-brain barrier
with very good and moderate permeation coefficients, re-
spectively, the other antagonists do not. AP-5 crosses the
blood-brain barrier poorly and the glycine B antagonist
MRZ 2/596 practically is impermeable at the doses and
means of administration used in the present study, strongly
suggesting a peripheral effect. 1041444555 Tt is worthy to
point out that the latter antagonist, MRZ 2/596, was the
most effective compound in blocking the surgery-induced
opioid release as indicated by the marked reduction of the
levels of WOR internalization measured in these animals,
which was within the range of WOR endocytosis observed
in normal unstimulated neurons.?!->4 This is consistent with
an involvement of peripheral NMDA receptors in the pre-
vention of opioid release induced by surgery. Furthermore,
the participation of a central neural pathway is not likely
based on the denervation experiments showing that
NMDA-receptor blockade obtained with the peripherally
acting MRZ 2/596 occurs in both denervated and nonden-
ervated ileal segments. The lack of effect of CNQX, a
selective antagonist for the AMPA/kainate receptors on
OR internalization induced by abdominal surgery, further
supports the concept that the glutamate receptors involved
in regulation of local opioid release are NMDA receptors.
This is in agreement with previous results showing that
NMDA and not AMPA receptors are involved in peptide
release in the central nervous system?233-5¢ Two additional
lines of evidence support the hypothesis that NMDA re-
ceptors mediate endogenous opioid release in the enteric
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nervous system: first, the occurrence of WOR internalization
in myenteric neurons from NMDA stimulated organotypic
cultures, which is antagonized by NMDA-receptor antag-
onists; second, endogenous opioid release due to electrical
stimulation is abolished by NMDA-receptor blockade. The
observation that NMDA stimulation induces WOR inter-
nalization in enteric neurons caused by local endogenous
opioid release confirms that NMDA receptors in the enteric
nervous system are functional. These functional data pro-
vide indirect evidence for the localization of NMDA recep-
tors on enteric neurons containing and releasing endoge-
nous opioids. Assembly of functional NMDA receptors
requires the expression of the NR1 subunit with 1 of 4
NR2 subunits.’” The NMDA-receptor subunits NR1 and
NR2A/B have been reported to be localized to almost all
enteric neurons in the guinea pig,*® thus it is reasonable to
assume that opioid-containing enteric neurons also express
NMDA receptors.

Glutamate, the major excitatory neurotransmitter in the
central nervous system,’® is localized to enteric neurons, as
well as the vesicular glutamate transporter and the iono-
tropic glutamate receptors, NMDA, AMPA, and kainate
receptors.?8> NMDA receptors mediate cholinergic neuro-
genic muscle contractions and acetylcholine release in the
guinea pig ileum and colon myenteric plexus.®©-%4 Further-
more, both NMDA and AMPA receptors appear to affect
peristalsis, with the NMDA receptors mediating inhibition
of peristalsis and the AMPA receptors enhancing peristalsis
efficiency %% NMDA receptors have been implicated in
the transmission of noxious stimuli and regulation of neu-
ropeptide release in the central and peripheral nervous sys-
tem.>133-3537.66 In our experimental model, the noxious
challenge of the surgical procedure and perhaps the mech-
anosensory stimulation caused by the touching of the evis-
cerated intestine to return it into the abdominal cavity are
likely to be the main stimuli responsible for opioid release
resulting in WOR internalization®! because the tissue was
harvested at 30 minutes after surgery, whereas inflamma-
tory response appears to be much more pronounced at later
times.®” This supports a role of NMDA receptors in the
processing of peripheral noxious and perhaps mechanosen-
sory stimuli and it is in agreement with previous reports of
endogenous opioid release in other regions of the nervous
system in response to the stress of surgery and to noxious
stimulation.2>26:29:30.68 Ag stated earlier, these NMDA re-
ceptors are likely to be peripheral because WOR internal-
ization, and thus endogenous opioid release induced by
abdominal surgery, is prevented by NMDA-receptor block-
ade obtained with a peripherally acting NMDA receptor
antagonist in extrinsically denervated animals.

In summary, these studies identify an interaction be-
tween the peripheral glutamate NMDA receptors and
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Figure 7. Proposed model of NMDA-induced opioid release. We hypothesize that abdominal surgery with evisceration and manipulation to return
the viscera into the abdominal cavity induce distortion of the IPAN processes, thus resulting in depolarization and action potential initiation
leading to glutamate (Glu) release from IPANs. This in turn will activate ascending and descending interneurons (shown in green) and motor
neurons (the ascending shown in dark blue, and the descending shown in yellow) (either directly or indirectly through interneurons) expressing
opioids (OP) and NMDA receptors, thus inducing opioid release, which then will result in wOR internalization.

ORs after the noxious and mechanosensory stimulation
of abdominal surgery. Figure 7 shows a model of
NMDA-induced opioid release after abdominal surgery.
Glutamate is expressed in all cholinergic neurons, which
include ascending motor neurons and interneurons, in-
trinsic primary afferent neurons IPAN), and descending
interneurons.?® Endogenous opioids also are found in
ascending and descending motor neurons and interneu-
rons.®® WOR is expressed by about 50% of neurons
expressing enkephalin, the main endogenous opioid that
activates WOR in the gut, and we have morphologic
evidence that it is expressed by both ascending and
descending neurons.!'© Finally, our functional data shown
here indicate that NMDA receptors are expressed by
opioid neurons. Indeed, NMDA stimulation of organo-
typic cultures of the ileum induces WOR internalization,
a phenomenon that requires the presence of WOR ligand,
thus indicating the occurrence of endogenous opioid
release. Furthermore, NMDA-receptor blockade prevents
WOR endocytosis induced by electrical stimulation of
neuromuscular preparations of the ileum, which is caused
by endogenous opioid (likely enkephalin) release (see
Figures 5 and 6). We hypothesize that abdominal sur-
gery with evisceration and gentle touching of the intes-
tine, which is required to return the viscera into the
abdominal cavity, induce distortion of the IPAN pro-
cesses, thus resulting in depolarization and action poten-
tial initiation leading to glutamate release.”® Indeed,
serosal as well as mucosal distortion have been shown to
elicit reflexes resulting in peristaltic movements of the
small intestine.”t IPAN activation in turn will activate
ascending and descending interneurons and motor neu-
rons (either directly or indirectly through interneurons)
expressing opioids and NMDA receptors, thus inducing
endogenous opioid release, which then will result in

MOR internalization. Blockade of NMDA receptors will
inhibit opioid release, thus preventing LOR internaliza-
tion. Interactions between NMDA receptors and the
opioid system have been reported previously in the ner-
vous system as exemplified by the ability of antagonists
acting at NMDA receptors to prevent tolerance to the
opioid antinociceptive effect.”?73> A combination of pe-
ripherally acting NMDA receptors and WOR antagonists
might provide a useful therapeutic approach for prevent-
ing the many side effects of abdominal surgery that range
from alterations of motility with abdominal pain and
discomfort to inflammation and more serious complica-
tions such as the paralytic ileus as well as visceral pain
with or without inflammation.

References

1. Simon EJ. Opioid receptors and endogenous opioid peptides.
Med Res Rev 1991;11:357-374.

2. Schug SA, Zech D, Grond S. Adverse effects of systemic opioid
analgesics. Drug Saf 1992;7:200-213.

3. Reisine T, Bell Gl. Molecular biology of opioid receptors. Trends
Neurosci 1993;16:506-510.

4. Minami M, Satoh M. Molecular biology of the opioid receptors:
structures, functions and distributions. Neurosci Res 1995;23:
121-145.

5. Nestler EJ, Aghajanian GK. Molecular and cellular basis of addic-
tion. Science 1997;278:58-63.

6. Pappagallo M. Incidence, prevalence, and management of opioid
bowel dysfunction. Am J Surg 2001;182:11S-18S.

7. Sternini C, Spann M, De Giorgio R, Anton B, Keith D, Evan C,
Brecha NC. Cellular localization of the mu opioid receptor in the
rat enteric nervous system. Analgesia 1995;1:762-765.

8. Bagnol D, Mansour A, Akil H, Watson SJ. Cellular localization and
distribution of the cloned mu and kappa opioid receptors in rat
gastrointestinal tract. Neuroscience 1997;81:579-591.

9. Sternini C, Spann M, Anton B, Keith DE Jr, Bunnett NW, von
Zastrow M, Evans C, Brecha NC. Agonist-selective endocytosis of
. opioid receptor by neurons in vivo. Proc Natl Acad Sci U S A
1996;93:9241-9246.



2018 PATIERNO ET AL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ho A, Lievore A, Patierno S, Kohlmeier SE, Tonini M, Sternini C.
Neurochemically distinct classes of myenteric neurons express
the p-opioid receptor in the guinea pig ileum. J Comp Neurol
2003;458:404-411.

Kromer W. Endogenous and exogenous opioids in the control of
gastrointestinal motility and secretion. Pharmacol Rev 1988;40:
121-162.

Burks TF, Fox DA, Hirning LD, Shook JE, Porreca F. Regulation of
gastrointestinal function by multiple opioid receptors. Life Sci
1988;43:2177-2181.

Furness JB, Costa M, Miller RJ. Distribution and projections of
nerves with enkephalin-like immunoreactivity in the guinea-pig
small intestine. Neuroscience 1983;8:644-653.

North R. Opioid actions on membrane ion channels. In: Herz A,
ed. Opioids I. Volume 104. Berlin: Springer-Verlag, 1993:773-
797.

Dhawan BN, Cesselin F, Raghubir R, Reisine T, Bradley PB,
Portoghese PS, Hamon M. International Union of Pharmacology.
XIlI. Classification of opioid receptors. Pharmacol Rev 1996;48:
567-592.

Reisine T, Pasternak G. Opioid analgesics and antagonists. In:
Hardman JGL, Limbird LE, eds. Goodman and Gilman’s the phar-
macological basis of therapeutics. New York: McGraw-Hill, 1996:
521-555.

Arden JR, Segredo V, Wang Z, Lameh J, Sadee W. Phosphoryla-
tion and agonist-specific intracellular trafficking of an epitope-
tagged p-opioid receptor expressed in HEK293 cells. J Neuro-
chem 1995;65:1636-1645.

Keith DE, Murray SR, Zaki PA, Chu PC, Lissin DV, Kag L, Evans
CJ, von Zastrow M. Morphine activates opioid receptors without
causing their rapid internalization. J Biol Chem 1996;271:
19021-19024.

Keith DE, Anton B, Murray SR, Zaki PA, Chu PC, Liissin DV,
Monteillet-Agius G, Stewart PL, Evans CJ, von Zastrow M. p-opi-
oid receptor internalization: opiate drugs have differential effects
on a conserved endocytic mechanism in vitro and in mammalian
brain. Mol Pharmacol 1998;53:377-384.

Sternini C, Brecha NC, Minnis J, D’Agostino G, Balestra B, Fiori E,
Tonini M. Role of agonist-dependent receptor internalization in
the regulation of w opioid receptors. Neuroscience 2000;98:
233-241.

Minnis J, Patierno S, Kohimeier SE, Brecha N, Tonini M, Sternini
C. Ligand-induced . opioid receptor endocytosis and recycling in
enteric neurons. Neuroscience 2003;1:33-44.

McConalogue K, Grady EF, Minnis J, Balestra B, Tonini M, Brecha
NC, Bunnett NW, Sternini C. Activation and internalization of the
. opioid receptor by the newly described endogenous agonists,
endomorphin-1 and endomorphin-2. Neuroscience 1999;90:
1051-1059.

Sternini C. Receptors and transmission in the brain-gut axis:
potential for novel therapies. Ill. p. opioid receptors in the enteric
nervous system. Am J Physiol 2001;281:G8-G15.

Patierno S, Raybould HE, Sternini C. Abdominal surgery induces
W opioid receptor endocytosis in enteric neurons of the guinea
pig ileum. Neuroscience 2004;123:101-109.

Brix-Christensen V, Goumon Y, Tonnesen E, Chew M, Bilfinger T,
Stefano GB. Endogenous morphine is produced in response to
cardiopulmonary bypass in neonatal pigs. Acta Anaesthesiol
Scand 2000;44:1204-1208.

Brix-Christensen V, Tonnesen E, Sanchez RG, Bilfinger TV, Ste-
fano GB. Endogenous morphine levels increase following cardiac
surgery as part of the antiinflammatory response? Int J Cardiol
1997;62:191-197.

Kehlet H. Endogenous morphine—another component and bio-
logical modifier of the response to surgical injury? Acta Anaes-
thesiol Scand 2000;44:1167-1168.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

GASTROENTEROLOGY Vol. 128, No. 7

Yoshida S, Ohta J, Yamasaki K, Kamei H, Harada Y, Yahara T,
Kaibara A, Ozaki K, Tajiri T, Shirouzu K. Effect of surgical stress
on endogenous morphine and cytokine levels in the plasma after
laparoscopic or open cholecystectomy. Surg Endosc 2000;14:
137-140.

Yaksh TL, Elde RP. Factors governing release of methionine
enkephalin-like immunoreactivity from mesencephalon and spi-
nal cord of the cat in vivo. J Neurophysiol 1981;46:1056-1075.
Le Bars D, Bourgoin S, Clot AM, Hamon M, Cesselin F. Noxious
mechanical stimuli increase the release of met-enkephalin-like
material heterosegmentally in the rat spinal cord. Brain Res
1987;402:188-192.

Coutinho SV, Meller ST, Gebhart GF. Intracolonic zymosan pro-
duces visceral hyperalgesia in the rat that is mediated by spinal
NMDA and non-NMDA receptors. Brain Res 1996;736:7-15.
Liu H, Mantyh PW, Basbaum Al. NMDA-receptor regulation of
substance P release from primary afferent nociceptors. Nature
1997;386:721-724.

Marvizon JC, Martinez V, Grady EF, Bunnett NW, Mayer EA. Neu-
rokinin 1 receptor internalization in spinal cord slices induced by
dorsal root stimulation is mediated by NMDA receptors. J Neuro-
sci 1997;17:8129-8136.

Malcangio M, Fernandes K, Tomlinson DR. NMDA receptor acti-
vation modulates evoked release of substance P from rat spinal
cord. Br J Pharmacol 1998;125:1625-1626.

McRoberts JA, Coutinho SV, Marvizon JC, Grady EF, Tognetto
MM, Sengupta JN, Ennes HS, Chaban VV, Amadesi S, Creminon
C, Lanthorn T, Geppetti P, Bunnett NW, Mayer EA. Role of periph-
eral N-methyl-p-aspartate (NMDA) receptors in visceral nocicep-
tion in rats. Gastroenterology 2001;120:1737-1748.
Michaelis EK. Molecular biology of glutamate receptors in the
central nervous system and their role in excitotoxicity, oxidative
stress and aging. Prog Neurobiol 1998;54:369-415.

Liu H, Wang H, Sheng M, Jan LY, Jan YN, Basbaum Al. Evidence
for presynaptic N-methyl-D-aspartate autoreceptors in the spinal
cord dorsal horn. Proc Natl Acad Sci U S A 1994;91:8383-8387.
Liu M-T, Rothstein JD, Gershon MD, Kirchgessner AL. Glutama-
tergic enteric neurons. J Neurosci 1997;17:4764-4784.

Wong EH, Kemp JA. Sites for antagonism on the N-methyl-D-
aspartate receptor channel complex. Annu Rev Pharmacol Toxicol
1991;31:401-425.

Danysz W, Parsons AC. Glycine and N-methyl-D-aspartate recep-
tors: physiological significance and possible therapeutic applica-
tions. Pharmacol Rev 1998;50:597-664.

Parsons CG. NMDA receptors as targets for drug action in neu-
ropathic pain. Eur J Pharmacol 2001;429:71-78.

Parsons CG, Danysz W, Quack G, Hartmann S, Lorenz B, Wollen-
burg C, Baran L, Przegalinski E, Kostowski W, Krzascik P, Chizh B,
Headley PM. Novel systemically active antagonists of the glycine
site of the N-methyl-D-aspartate receptor: electrophysiological,
biochemical and behavioral characterization. J Pharmacol Exp
Ther 1997;283:1264-1275.

Furness JB, Johnson PJ, Pompolo S, Bornstein JC. Evidence that
enteric motility reflexes can be initiated through entirely intrinsic
mechanisms in the guinea-pig small intestine. Neurogastroen-
terol Motil 1995;7:89-96.

Kreuter J. Nanoparticulate systems for brain delivery of drugs.
Adv Drug Deliv Rev 2001;47:65-81.

Kreuter J. Transport of drugs across the blood-brain barrier by
nanoparticles. Curr Med Chem Cent Nerv Syst Agents 2002;2:
241-249.

Corbett AD, Gillan MG, Kosterlitz HW. Electrically-induced release
of opioid peptides from the guinea-pig myenteric plexus prepara-
tion. J Recept Res 1991;11:665-673.

Corbett AD, Paterson SJ, Kosterlitz HW. Selectivity of ligands for
opioid receptors. In: Herz A, ed. Handbook of experimental phar-
macology, opioids I. New York: Springer, 1993:645-679.



June 2005

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Lord JAH, Waterfield AA, Hughes J, Kosterlitz HW. Endogenous
opioid peptides: multiple agonists and receptors. Nature 1977;
267:495-499.

Goldstein A, Naidu A. Multiple opioid receptors: ligands selectiv-
ity profiles and binding site signature. Mol Pharmacol 1989;36:
265-272.

Zadina JE, Hackler L, Ge L-J, Kastin A. A potent and selective
endogenous agonist for the p-opiate receptor. Nature 1997;386:
499-502.

Steele PA, Costa M. Opioid-like immunoreactive neurons in se-
cretomotor pathways of the guinea-pig ileum. Neuroscience
1990;38:771-786.

Roze C, Dubrasquet M. [Endorphins, enkephalins and the diges-
tive tract]. Gastroenterol Clin Biol 1983;7:177-188.

Orwoll ES, Kendall JW. Beta-endorphin and adrenocorticotropin in
extrapituitary sites: gastrointestinal tract. Endocrinology 1980;
107:438-442.

Parsons CG, Danysz W, Quack G. Glutamate in CNS disorders as
a target for drug development. An update. Drug News Perspect
1998;11:523-569.

Sopala M, Sladek M, Schimpf T, Lorenz B, Eilbacher B, Danysz W,
Bartmann A. Comparison of blood-brain barrier penetration of
NMDA receptor antagonists in vitro with CNS action in vivo. Soc
Neurosci Abs 2000;26:126.10.

Yoshimura M, Yonehara N. Influence of capsaicin cream in rats
with peripheral neuropathy. Pharmacol Res 2001;44:105-111.
Dingledine R, Borges K, Bowie D, Traynelis SF. The glutamate
receptor ion channels. Pharmacol Rev 1999;51:7-61.
Monaghan DT, Bridges RJ, Cotman CW. The excitatory amino acid
receptors: their classes, pharmacology, and distinct properties in
the function of the central nervous system. Annu Rev Pharmacol
Toxicol 1989;29:365-402.

Kirchgessner AL, Liu MT, Alcantara F. Excitotoxicity in the enteric
nervous system. J Neurosci 1997;17:8804-8816.

Sinsky M, Donnerer J. Evidence for a neurotransmitter role of
glutamate in guinea pig myenteric plexus neurons. Neurosci Lett
1998;258:109-112.

Wiley JW, Lu YX, Owyang C. Evidence for a glutamatergic neural
pathway in the myenteric plexus. Am J Physiol 1991;261:G693-
G700.

Luzzi S, Zilletti L, Franchi-Micheli S, Gori AM, Moroni F. Agonists,
antagonists and modulators of excitatory amino acid receptors in
the guinea-pig myenteric plexus. Br J Pharmacol 1988;95:1271~
1277.

Shannon HE, Sawyer BD. Glutamate receptors of the N-methyl-
D-aspartate subtype in the myenteric plexus of the guinea pig
ileum. J Pharmacol Exp Ther 1989;251:518-523.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

NMDA RECEPTORS REGULATE OPIOID RELEASE 2019

Cosentino M, Marino F, De Ponti F, Giaroni C, Somaini L, Leoni O,
Lecchini S, Frigo G. Tonic modulation of neurotransmitter release
in the guinea-pig myenteric plexus: effect of mu and kappa opioid
receptor blockade and of chronic sympathetic denervation. Neu-
rosci Lett 1995;194:185-188.

Giaroni C, Zanetti E, Marino F, Cosentino M, Senaldi A, Somaini
L, Ferrari M, Bombelli R, Lecchini S, Frigo G. Glutamate receptors
of the AMPA type modulate neurotransmitter release and peri-
stalsis in the guinea-pig isolated colon. Life Sci 2000;67:1747—-
1757.

Olivar T, Laird JMA. Differential effects of N-methyl-D-aspartate
receptor blockade on nociceptive somatic and visceral reflexes.
Pain 1999;79:67-73.

Kalff JC, Schraut WH, Simmons RL, Bauer AJ. Surgical manipu-
lation of the gut elicits an intestinal muscularis inflammatory
response resulting in postsurgical ileus. Ann Surg 1998;228:
652-663.

Holte K, Kehlet H. Postoperative ileus: a preventable event. Br J
Surg 2000;87:1480-1493.

Costa M, Brookes SJH, Steele PA, Gibbins I, Burcher E, Kandiah
CJ. Neurochemical classification of myenteric neurons in the
guinea pig ileum. Neuroscience 1996;75:949-967.

Furness JB, Jones C, Nurgali K, Clerc N. Intrinsic primary afferent
neurons and nerve circuits within the intestine. Prog Neurobiol
2004;72:143-164.

Yuan SY, Furness JB, Bornstein JC, Smith TK. Mucosal distortion
by compression elicits polarized reflexes and enhances re-
sponses of the circular muscle to distension in the small intes-
tine. J Auton Nerv Syst 1991;35:219-226.

Christensen D, Guilbaud G, Kayser V. Complete prevention but
stimulus-dependent reversion of morphine tolerance by the gly-
cine/NMDA receptor antagonist (+)-HA966 in neuropathic rats.
Anesthesiology 2000;92:786-794.

Herman BH, Vocci F, Bridge P. The effects of NMDA receptor
antagonists and nitric oxide synthase inhibitors on opioid toler-
ance and withdrawal. Medication development issues for opiate
addiction. Neuropsychopharmacology 1995;13:269-293.

Received April 19, 2004. Accepted March 9, 2005.

Address requests for reprints to: Simona Patierno, PhD, CURE Di-
gestive Diseases Research Center, Building 115, Room 224, VAG-
LAHS, 11301 Wilshire Boulevard, Los Angeles, California 90073. e-
mail: kira@ucla.edu; fax: (310) 268-4615.

Supported by National Institutes of Health grants DK 51455 and
41301 (to C.S.) and DK 45752 (to K.C.K.L.).



	N -Methyl-D-Aspartate Receptors Mediate Endogenous Opioid Release in Enteric Neurons After Abdominal Surgery
	Materials and Methods
	Experimental Animals
	Denervation Procedures
	Immunohistochemistry
	In Vitro Experiments
	LMMP Preparations
	Microscopy and Quanti .cation
	Statistical Analysis

	Results
	μOR Internalization Induced by Abdominal Surgery In Vivo
	μOR Internalization Induced by Abdominal Surgery In Vivo After Extrinsic Denervation
	μOR Internalization in Enteric Neurons of the Ileum In Vitro
	Electrically Induced   Endocytosis LMMP Preparations of the Guinea Pig Ileum

	Discussion
	References


