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Abstract
AIM: To study the effect of the opioid-receptor like-1 (ORL1) agonist nociceptin on gastrointestinal (GI) myenteric neurotransmission and motility. 

METHODS: Reverse transcriptase - polymerase chain reaction and immunohistochemistry were used to localize nociceptin and ORL1 in mouse tissues. Intra​cellular electrophysiological recordings of excitatory and inhibitory junction potentials (EJP, IJP) were made in a chambered organ bath. Intestinal motility was measured in vivo. 

RESULTS: Nociceptin accelerated whole and upper GI transit, but slowed colonic expulsion in vivo in an ORL1-dependent manner, as shown using [Nphe1]NOC and AS ODN pretreatment. ORL1 and nociceptin immuno​reactivity were found on enteric neurons. Nociceptin reduced the EJP and the nitric oxide-sensitive slow IJP in an ORL1-dependent manner, whereas the fast IJP was unchanged. Nociceptin further reduced the spatial spreading of the EJP up to 2 cm. 

CONCLUSION: Compounds acting at ORL1 are good candidates for the future treatment of disorders asso​ciated with increased colonic transit, such as diarrhea or diarrhea-predominant irritable bowel syndrome.
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Core tip: Here we aimed to study the effect of the endogenous opioid-receptor like-1 (ORL1) agonist nociceptin on gastrointestinal (GI) myenteric neuro​transmission and motility. We observed that nociceptin reduces excitatory and inhibitory neurotransmission in motorneurons and interneurons and the overall effect on the GI tract may depend on co-localization of ORL1 receptors with nitric oxide synthase. Since ORL1 activation, unlike other opioid receptor-active drugs, is not associated with central side effects, compounds acting at the ORL1 may be good candidates for the future treatment of disorders associated with increased colonic transit, such as diarrhea or diarrhea-predominant irritable bowel syndrome.
INTRODUCTION
The heptadecapeptide nociceptin, also known as orphanin FQ, is the only known endogenous agonist at the opioid-receptor like-1 (ORL1) receptor[1,2]. From a structural perspective nociceptin is closely related to the dynorphin family, but differs from other endogenous opioids[1-5]. Although the ORL1 receptor, alternatively named nociceptin or opioid-4, is a G protein-coupled receptor that shares significant (> 60%) sequence homology to the classical opioid binding sites ((, (, ()[4,6-8], it remains the only target for nociceptin. Furthermore, the effects of nociceptin are not blocked by naloxone, which would further argue against grouping the ORL1 with classical opioid receptors.

ORL1 mRNA is widely distributed in the central and peripheral nervous systems, and in peripheral organs. In the gastrointestinal (GI) tract ORL1 was localized by molecular and immunohistochemical methods. In the guinea pig colon nociceptin is co-localized with calretinin, substance P and enkephalin and, to a small extent, also with nitric oxide synthase (NOS) and VIP immunoreactivity, suggesting that it may be localized in excitatory motorneurons, as well as in descending interneurons[9]. 

The GI tract is one site where opioids show actions and opioids are known to slow motility[10-13], by reducing peripheral neurotransmitter release[14,15] or by blocking enteric neurotransmission at multiple sites within the peristaltic reflex[10,16-21].

Over the last decade, organ bath experiments revealed that nociceptin induces contractions by reducing inhibitory neurotransmission and causes relaxation by reducing cholinergic neurotransmission[22-24]. More complex preparations disclosed that nociceptin reduces the excitatory components of the peristaltic reflex and thus slows GI motility[25]. Depending on the model used colonic transit was increased or reduced and it seems that timing and route of administration of nociceptin injections may also influence the direction of the results[26,27]. Many of the previously published results are conflicting and it is intriguing that the majority of these studies characterized nociceptin, but failed to shed some light on the involvement of ORL1. Some of the confusion may be caused since previous in vivo studies used different ORL1 agonists; however, ORL1 antagonists were never employed in vivo, thus probing an ORL1 involvement of the observed effects.

The aim of our study was to investigate the endo​genous nociceptin system in attempt to elucidate the role and function of ORL1 receptors in the GI tract. Based on the effects of nociceptin on the GI motility observed in vivo, localization and co-localization of the peptide and its receptor were examined in the mouse ileum and colon. Electrophysiology was employed to investigate whether cholinergic excitatory junction potentials (EJPs), purinergic fast excitatory and inhibitory junction potentials (fIJPs) and nitrergic slow IJPs (sIJPs) are changed by nociceptin, if nociceptin has effects on long-distance neurotransmission and motorneurons and interneurons are involved. Our results shed new light on the endogenous nociceptin system physiology, what may have important clinical implications in future.

MATERIALS AND METHODS
Animal use for these studies was approved by the Animal Care Committee of the Government of Bavaria/Germany and the University of Calgary Animal Care Committee and all experiments were performed in accordance with institutional Animal Ethics Committee guidelines.

In vivo motility studies
Whole gut transit and colonic expulsion test was performed as described previously in non-fasted male mice[28,29]. 

To test the involvement of ORL1 receptors, co-administration studies with selective antagonist [NPhe1]​NOC [100 pmol, intravenous (iv)] were performed. To interfere with the expression of the ORL1 protein, a phosphorothioate antisense oligodeoxynucleotide AS ODN, synthesized by the UCDNA Synthesis Lab (Calgary, AB, Canada) was used. The AS ODN sequence (5’-C*A*G*G*C*A*C*T*C*G*A*T-3’, where an asterisk marks the phosphorothioate linkage) was chosen to selectively target exon 4 of ORL1, but not the ORL1 alternative variant. The control consisted of a mismatched sequence (MM ODN), in which four bases were switched (5’-C*G*G*G*T*A*C*G*C*G*C*T-3’, where bold indicates the mismatch). ODN solutions were prepared in sterile water immediately prior to use. Mice received either AS or MM ODN at a dose of 5 (g per animal (i.p.), injected every 12 h over 2 d (in total 4 injections). Twelve hours after last injection the animals were used to test colonic bead expulsion. Treatment with AS or MM ODN did not alter the normal behaviour of mice. 

RNA isolation and reverse transcriptase - polymerase chain reaction

Total RNA from mouse brain, longitudinal muscle-myenteric plexus layer (LMMP) and mucosa of ileum and LMMP and mucosa of colon was reversely transcribed in complementary DNA as described before[30,31]. mRNA expression of mouse ORL1 was tested using specific primers [mORL1 (S): 5’-CTGCCTCGTCATGTATGTCATC-3’; mORL1 (AS): 5’-GGAAGATGCAGATGGCAAATACA-3’]. As control, we used GAPDH [mGAPDH (S): 5’-GCTGAACGGGAAGCTCACTG-3’; mGAPDH (AS): 5’- GCTGTTGAAGTCGCAGGAGAC-3’]. 
Immunohistochemistry

Cryosections and whole mounts of mouse colon and ileum were used for immunohistochemistry. Immuno​histochemical incubations were carried out as detailed previously[25]. Antisera and streptavidin complexes are listed in Table 1. Negative controls and specificity controls were performed as described previously[25]. 

Tissue preparation for electrophysiological experiments

Tissue preparation was performed as described previously[25]. 

Intracellular electrical recording

Intracellular recordings of circular colonic smooth muscle cells were performed as detailed previously[32,33]. Neurons were stimulated with single electrical pulses (15 V; 0.3 ms duration) using single or multiple platinum electrodes as described previously[32,33]. 

Membrane potentials were recorded as described previously[25]. 

Drugs 
Hexamethonium, atropine, tetrodotoxin (TTX) meth​ylene blue were obtained from Sigma (Irvine, United Kingdom); [NPhe1]NOCNH2 ([NPhe1]NOC) and nociceptin were from Biotrend (Köln, Germany). Drugs were added to the bath in microliter volumes and appropriate control experiments were performed with vehicles to exclude vehicle-induced effects. For the in vivo experiments drugs were first dissolved in DMSO and then further diluted in saline.  

Data analysis and statistics

Data analysis and statistics was performed as described previously[25].

RESULTS
Nociceptin accelerates whole and upper gastrointestinal transit, but delays colonic expulsion in an ORL1-dependent manner

As shown in Figure 1A and B, nociceptin (100 pmol, iv) significantly increased the passage through whole and upper GI tract. The effect of nociceptin on upper GI transit time was blocked by the selective ORL1 antagonist, [NPhe1]NOC (100 pmol, iv) and the pretreatment with AS ODN for two days. On the contrary, a significant delay in bead expulsion time was observed in mice that received nociceptin iv (100 pmol) (Figure 1C). [NPhe1]NOC alone (100 pmol, iv) did not change colonic bead expulsion, but significantly reversed the effects of nociceptin, confirming the involvement of ORL1. Blocking ORL1 by i.p. treatment of mice with AS ODN over 48 h abolished the inhibitory effect of nociceptin (nociceptin 100 pmol, iv: 1383 ± 146.8 s vs AS ODN + nociceptin 100 pmol, iv: 373 ± 33.6 s, P < 0.001) (Figure 1C). The repeated administration of MM ODN produced a minor decrease of the nociceptin action in the mouse colon.

ORL1 mRNA is expressed in mouse ileum and colon

To verify the mechanisms underlying the differential effect of nociceptin based on the site of action, the presence of ORL1 mRNA in mouse GI tract was determined by RT-PCR (Figure 2). Low abundant expression of an alternative ORL1 variant with an 81 bp insertion of the unspliced intron 3 was observed in mouse brain, in LMMP and mucosa of mouse ileum and in LMMP of mouse colon (Figure 1; PCR product of approximately 400 bp. This alternative splicing event generates an in-frame stop codon and therefore creates a C-terminally truncated ORL1 protein with unknown function. All investigated mouse tissues displayed expression of the short ORL1 mRNA variant lacking intron 3 with a PCR product size of approximately 320 bp (Figure 2). 

ORL1 is co-expressed with NOS in mouse colon, but not ileum

In line with the single labeling, the RT-PCR data and the double labeling with the general neuronal marker PGP9.5 showed that a majority of myenteric neurons in mouse ileum and colon expressed IR for ORL1 (Figure 3). This ORL1 labeling was mainly restricted to the neuronal somata. Double staining with a nitrergic marker revealed high level of co-expression of ORL1 with NOS in mouse large intestine, but not in the small intestine. Corresponding single labeling studies, showed comparable staining, thus non-specific findings were ruled out (Figure 3). 

Moreover, the presence of the endogenous peptide nociceptin was confirmed intracellularly in the majority of the myenteric neurons of the mouse colon and both NOS and PGP9.5 double-labeled with nociceptin (Figure 4A). A punctuate intracellular staining pattern suggested a localization in vesicles. Since granular staining was observed in 100% of the neurons, we performed additional control staining in cortex and hippocampus, i.e., regions where distinct subpopulations of neurons are known to stain positive for nociceptin (Figure 4B). 

Electrophysiological recordings show that nociceptin reduces excitatory and inhibitory junction potentials in the mouse colon

Under basal conditions, circular smooth muscle cells of mouse large bowel displayed stable resting membrane potentials (-53.9 ± 3.7 mV, n = 17). Stimulation of myenteric neurons with EFS gave rise to junction potentials sensitive to TTX.

In the colon (proximal), an EJP was followed by a biphasic IJP, with an initial fIJP followed by a sIJP. In the middle colon, EFS with the same stimulation parameter elicited a biphasic IJP without an EJP and in the distal colon only a monophasic IJP was seen.

The amplitudes of junction potentials were measured and compared to membrane potential prior to electrical stimulus application. The EJP represents excitatory cholinergic neurotransmission, the sIJP inhibitory nitrergic neurotransmission and the fIJP purinergic inhibitory neurotransmission as detailed earlier[33]. 

Increasing the nociceptin concentrations (1 nmol/​L-1 (mol/L), led to a significant reduction in EJP in the mouse proximal colon and this effect was reversed by addition of [NPhe1]NOC, (n = 6; Figure 5A). The fIJP was not affected by nociceptin, whereas the sIJP was significantly reduced. The effect of nociceptin on the sIJP was reversed by [NPhe1]NOC (n = 6; Figure 5A). In the middle colon, nociceptin (1 nmol/L-1 (mol/L) reduced the sIJP, an effect that was reversed by [NPhe1]NOC (n = 6; Figure 5B). The fIJP was not changed. Finally, in the distal colon nociceptin (10 nmol/L-1 (mol/L) significantly reduced the monophasic IJP, and this effect that was also reversed by [NPhe1]NOC (n = 6; Figure 5C).

Influence of the ORL1 agonist nociceptin on the spatial distribution of EJP responses

The ORL1 agonist nociceptin was added in increasing doses (100 nmol/L-10 (mol/L) to the organ bath and the spatial distribution of the ascending EJP was reported. EJPs could be recorded up to a distance of 18-20 mm. Incubation of the tissues with nociceptin caused a reduction in EJP responses to electrical stimulation (Figures 6 and 7). For SE 1-6 this decrease represented an ORL1 activity on the motor neurons, whereas for SE > 7 the effects represented influences on interneurones, as characterized previously[34]. Furthermore, the distance over which the EJP was recordable, was concentration dependently shortened. This suggests that ORL1 agonism reduces the excitatory responses not only on amplitude, but also on the spatial fast propagation in the myenteric reflex (ascending part) (Figure 7A). The ORL1 antagonist [NPhe1]NOC (1 (mol/L), when given alone, did not change the spatial distribution of EJPs (Figure 7B). 

Influence of TTX, hexamethonium, atropine, and nociceptin in the partitioned electrophysiological chamber

In additional experiments with two separately perfused electrophysiological chambers, TTX (3 mmol/L), when applied to the stimulatory chamber, reduced the EJP in the chamber where recording was performed (data not shown). Atropine (1 (mol/L) when added to the stimulation chamber did not alter the EJP in the recording chamber (data not shown). Hexamethonium (100 mmol/L) when given to the stimulatory chamber reduced the EJP significantly in the chamber where recording was performed [control 29.6 ± 4.3 mV, hexamethonium (100 mmol/L) 24.5 ± 4.7 mV; n = 5, P < 0.05]. In separate experiments nociceptin was given to the stimulatory chamber and significantly reduced the EJP in the chamber where the anal recording was performed [control 27.9 ± 5.3 mV, nociceptin (1 (mol/L) 21.9 ± 4.5 mV; n = 7, P < 0.05]. 

DISCUSSION
Due to powerful actions on GI motility opioids are clinically used to slow increased GI transit. However, opioids are associated with side effects like addiction, respiratory depression and sedation, limiting their use. The ORL1 receptor and its endogenous ligand, nociceptin, have been known for approximately 15 years, but their effects on GI motility are still not fully understood. Since ORL1 activation, unlike the classical opioids, appears to be devoid of central side effects, drugs targeting the ORL1 receptor may be of future use in humans. The present study showed that nociceptin and ORL1 are present in the mouse colon and both are involved in the regulation of motility and neurotransmission. Most importantly, this study for the first time proves that the co-expression of ORL1 with NOS is crucial for nociceptin effects on GI motility in vivo. It also demonstrates that not only motor neurons, but also interneurons are modulated by nociceptin in an ORL1-dependent manner.

The effect of nociceptin on the GI motility has already been investigated by several groups and the results are often contradictory, depending on the site of administration, dose used and the animal model employed in the study[23,26,35,36]. Our observations in vivo clearly showed a differential, ORL1-dependent action of nociceptin in the mouse ileum and colon, where it accelerates and decreases the intestinal motility, respectively. In an attempt to investigate the possible influence of the ORL1 expression patterns on the effect of nociceptin, RT-PCR and immunohistochemistry studies were then executed. We found that ORL1 mRNA and immunoreactivity are present in the GI tract and there is practically no difference in expression levels between small and large intestine, excluding this factor from further investigations. Interestingly, we found the expression of an alternatively spliced ORL1 mRNA variant[37] in mice that has not been reported in other rodents like rats[25]. It remains unresolved whether the presence of ORL1 splice variants is associated with different receptor functionality; however, in view of our latter findings this seems rather unlikely. Immunohistochemistry localized ORL1 staining in the majority of myenteric neurons of the colon and co-localisation with NOS suggests that ORL1 is expressed on inhibitory neurons, what was previously suggested for rats[25]. Of note, there was no co-expression of ORL1 with NOS in the mouse ileum, what may indicate the lack of involvement of nitrergic pathways in the action of nociceptin in the small intestine and may explain in part the effect that we observed in mice.

Using specific antibodies, nociceptin has previously been localized mainly on fibers of myenteric neurons of rat colon and neuronal cell bodies of guinea pig colon[9,36]. Our study extends these observations to mouse colon and for the first time reports that nociceptin appears to be present in vesicles in the cell body of the majority of myenteric neurons, where it double labels with NOS and PGP9.5. In contrast to the guinea pig, where nociceptin can be found only on a limited number of neurons, in the mouse nociceptin is present in the majority of neurons. 

We proceeded with our investigation by performing electrophysiological recordings and found that nociceptin significantly reduced electrically-induced contractions in vitro; moreover, these effects showed regional diffe​rences. The notion that the ORL1 receptor is involved modulation of intestinal motility was indicated by the finding that [Nphe1]NOC antagonized the effects of nociceptin. Since the nociceptin effects were unchanged in naloxone presence no other opioid receptors are involved and this is in agreement with observations published by others[27,38,39]. Furthermore, we found in agreement with others no effect of nociceptin or [Nphe1]NOC on pharmacologically stimulated smooth muscle or basal tone[22,24,25,40] and are strongly supported by our immunohistochemical studies, which localize ORL1 receptors on neuronal, but not on smooth muscle cells.

The most important findings in our study were illustrated by further intracellular recordings in the mouse colon. Nociceptin produced a significant inhibitory effect on EJPs, which, in addition, was the lowest in the middle colon compared to effects in proximal and distal colonic tissues. Furthermore, sIJP were reduced by nociceptin, suggesting ORL1 involvement in excitatory cholinergic and inhibitory neurotransmission. The sIJP is known to resemble the nitrergic inhibitory neurotransmission, which is further stressed by our immunohistochemical findings, showing that the ORL1 was co-localized with NOS, as well as our observations in vivo.

The present study shows am involvement of nociceptin and the ORL1 in ascending myenteric neuronal network circuits in the colon and increases our current understanding about ORL1 neurotransmission. EJP, which represents excitatory cholinergic neurotransmission was reduced by nociceptin[33], in a [Nphe1]NOC-reversible manner at all involved sites of stimulation, but also shortened the transmission distance. This observation leads us to postulate that not only motor neurons, but also interneurons are modulated by nociceptin. The nociceptin-induced reduction of the EJP amplitude at the shorter distances (SE1-6) points to an action at ORL1 on motor-neurons. However, the shortened distance of transmission of the EJP was caused by ORL1 actions on inter-neurons. Here ORL1 activation reduced spreading of the electrical signal and excitatory neurotransmission. The shortened transmission distances reported here may be explained by different neuronal mechanisms, e.g., reduced pre- or postsynaptic neurotransmitter release or neuronal excitability as underlying mechanisms[41,42]. 

The experiments with hexamethonium show that transmission involving ganglions is involved in EJP transmission, since EJPs were abolished by hexa​methonium beyond 10 mm. In our study EJPs at the closer stimulation sites were reduced and this reduction effect was found to be higher than the remainder amplitude in presence of hexametonium, which suggests that the ORL1 influenced neurotransmission on motor neurons. 

[Nphe1]NOC alone had no influence on the electro​physiological parameter observed, but did antagonize the effect of nociceptin, lending clear evidence to the hypothesis that the receptors on motor neurons and interneurons are ORL1 receptors. Our experiments in the separatable electrophysiological chamber clearly indicated that ORL1 activation minimizes interneuron neurotransmission. This happens to an extent com​parable to that seen with the ganglionic blocker hexa​methonium. Therefore, our study shows for the first time that ORL1 receptors are located on myenteric plexus interneurons and additionally on neuromuscular junctions of motor neurons.

In summary, our study shows for the first time that nociceptin activates ORL1 on motorneurons and interneurons, which leads to a decrease in cholinergic excitatory and inhibitory nitrergic neurotransmission. In the cholinergic excitatory pathways nociceptin reduces not only the local transmission of EJP, but also the spatial spreading of ascending excitatory responses at distances up to 20 mm. Since ORL1 activation, unlike other opioid receptor-active drugs, is not associated with central side effects, compounds acting at the ORL1 may be good candidates for the future treatment of disorders associated with increased colonic transit, such as diarrhea or diarrhea-predominant irritable bowel syndrome. 

COMMENTS

Background

The heptadecapeptide nociceptin, also known as orphanin FQ, is the only known endogenous agonist at the opioid-receptor like-1 (ORL1) receptor. From a structural perspective nociceptin is closely related to the dynorphin family, but differs from other endogenous opioids in that it does not possess the N-terminal tyrosine residue. Over the last decade, organ bath experiments revealed that nociceptin induces contractions by reducing inhibitory neurotransmission and causes relaxation by reducing cholinergic neurotransmission. More complex preparations disclosed that nociceptin reduces the excitatory components of the peristaltic reflex and thus slows gastrointestinal (GI) motility.

Research frontiers

The aim of the study was to investigate the endogenous nociceptin system in attempt to elucidate the role and function of ORL1 receptors in the GI tract. Based on the effects of nociceptin on the GI motility observed in vivo, localization and co-localization of the peptide and its receptor were examined in the mouse ileum and colon. Electrophysiology was employed to investigate whether cholinergic excitatory junction potentials, purinergic fast inhibitory junction potentials (IJPs) and nitrergic slow IJPs are changed by nociceptin, if nociceptin has effects on long-distance neurotransmission and motorneurons and interneurons are involved. The authors’ results shed new light on the endogenous nociceptin system physiology, what may have important clinical implications in future.

Innovations and breakthroughs

The present study shows that nociceptin and ORL1 are present in the mouse colon and both are involved in the regulation of motility and neurotransmission. Most importantly, this study for the first time proves that the co-expression of ORL1 with nitric oxide synthase is crucial for nociceptin effects on GI motility in vivo. It also demonstrates that not only motor neurons, but also interneurons are modulated by nociceptin in an ORL1-dependent manner.

Applications

Since ORL1 activation, unlike other opioid receptor-active drugs, is not associated with central side effects, compounds acting at the ORL1 may be good candidates for the future treatment of disorders associated with increased colonic transit, such as diarrhea or diarrhea-predominant irritable bowel syndrome.

Terminology

The authors’ observations in vivo clearly showed a differential, ORL1-dependent action of nociceptin in the mouse ileum and colon, where it accelerates and decreases the intestinal motility, respectively. The authors proceeded with our investigation by performing electrophysiological recordings and found that nociceptin significantly reduces electrically-induced contractions in vitro; moreover, these effects showed regional differences.
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Figure Legends
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Figure 1  In vivo effects of nociceptin in the gastrointestinal tract in mice. A: Nociceptin (100 pmol, iv) accelerated whole gastrointestinal transit; B: Nociceptin (100 pmol, iv) accelerated upper gastrointestinal transit. This effect was absent in animals pretreated with [NPhe1]NOC (100 pmol, iv) at a dose that had no effects when given alone and in the AS ODN-treated mice; C: Nociceptin (100 pmol, iv) slowed colonic bead expulsion. This effect was absent in animals pretreated with [NPhe1]NOC (100 pmol, iv) at a dose that had no effects when given alone and in the AS ODN-treated mice. Data are mean ± SEM of n = 5-8 mice/group. aP < 0.05, bP < 0.01, dP < 0.001, vs vehicle-treated mice; fP < 0.01, hP < 0.001 vs nociceptin alone. AS and MM ODN, antisense and mismatched deoxynucleotide, respectively. GI: Gastrointestinal; iv: Intravenous.
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Figure 2  A representative gel for reverse transcriptase - polymerase chain reaction for opioid-receptor like-1 using total RNA. Two alternatively spliced mRNA variants of mouse opioid-receptor like-1 (ORL1) with a size of approximately 320 and 400 bp are expressed in mouse brain (lane 1), longitudinal muscle-myenteric plexus layer (LMMP) (lane 2) and mucosa (lane 3) of mouse ileum and in LMMP (lane 4) of mouse colon. In the mucosa of mouse colon, only the short ORL1 isoform is present (lane 5), whereas the negative control (lane 6) showed no specific polymerase chain reaction product. Lower panel shows results for GAPDH, which was used as internal control. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.
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Figure 3  Double-labeling of myenteric plexus whole-mount preparations (A-F; J-L) and cryosections (G-I) of mouse ileum (A-F) and mouse colon (G-L) demonstrating co-labeling in myenteric neurons of opioid-receptor like-1 immunoreactivity with the neuron-endocrine marker protein gene product 9.5 or nitric oxide synthase. ORL1: Opioid-receptor like-1; NOS: Nitric oxide synthase; PGP: Protein gene product.
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Figure 4  Double-labeling of myenteric plexus whole-mount preparations with nociception, nitric oxide synthase and neuron-endocrine marker protein gene product 9.5 immunoreactivity. A: Double-labeling of myenteric plexus whole-mount preparations of mouse colon demonstrating co-labeling in myenteric neurons of nociceptin (NOC) immunoreactivity with nitric oxide synthase (NOS) (A-C) and the neuron-endocrine marker protein gene product 9.5 (PGP9.5) (D-F); B: A granular appearance of the nociceptin staining in the myenteric neurons was also observed in brain sections, which served as additional controls. Individual immunopositive neurons are recognizable along the entire cortex, be it with slight region-dependent differences in staining intensity. In the hippocampal region also neuronal processes stain for nociceptin. The diffuse distribution of nociceptin corresponds with literature data (see also datasheet Abcam). No other structures apart from neurons appear to be stained.
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Figure 5  Effect of nociceptin (1 nmol/L-10 (mol/L) on electrically induced junction potentials. A: EJP, fIJP and sIJP for proximal colon; B: fIJP and sIJP for middle colon; C: IJP for distal colon. The last bar of each set shows the antagonizing effect of [NPhe1]NOC (1 (mol/L). Data are mean ± SEM of n = 5-8. aP < 0.05; bP < 0.01 vs control; cP < 0.05 vs nociceptin alone. EJP: Excitatory junction potentials; IJP: Inhibitory junction potentials; fIJP: Fast IJP; sIJP: Slow IJP.
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Figure 6  Effect of nociceptin (1 nmol/L, 1 (mol/L) on the spatial distribution of the excitatory junction potentials. Tracing A shows the spatial distribution of the excitatory junction potentials (EJP) recorded in smooth muscle cells. Stimulation site (SE)1 corresponds to stimulation nearby the recording site, whereas SE12 represents stimulation located 20 mm in anal direction. Thus the original recording shows the spatial distribution of ascending electrophysiological responses following anal stimulation recorded in 1.67 mm intervals. Tracings B and C show the effect of increasing concentrations of nociceptin (10 nmol/L and 1 (m) on the spatial distribution of junction potentials. Note the marked reduction of EJP in a concentration-dependent fashion and the shift of the maximal distance over which an EJP can be recorded. 
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Figure 7  Effect of nociceptin (1 (mol/L) and [NPhe1]NOC (1 (mol/L) on the spatial distribution of the excitatory junction potentials. A: A concentration-dependent reduction in excitatory junction potentials (EJP) amplitude at the different stimulation sites induced by nociceptin (10 nmol/L-1 (mol/L). Note that nociceptin caused, besides a reduction in the EJP amplitude, shortening of the distance over which the EJP can be recorded; B: [NPhe1]NOC (1 (mol/L) had no effect on EJPs, but antagonized the effect of nociceptin (1 (mol/L).
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Table 1  Antisera used for immunohistochemistry


Antisera (host)


�
Source


�
Dilution


�
�
Primary antisera


�
�
�
�
   ORL1 (KOR-3) (H-85) (rabbit)


�
Santa Cruz Biotechnology (sc-15309)


�
1:50


�
�
   ORL1 (KOR-3) (N-19) (goat)


�
Santa Cruz Biotechnology (sc-9759)


�
1:50


�
�
   Nociceptin  (guinea-pig)


�
Abcam (ab10276)


�
1:100-200


�
�
   NOS (rabbit)


�
Euro Diagnostica (B 220-1)


�
0.389


�
�
   NOS (guinea pig)


�
Euro Diagnostica (B-GP 225-1)


�
0.736


�
�
   PGP 9.5 (guinea pig)


�
Chemicon (AB5898)


�
0.389


�
�
Secondary antisera and streptavidin complexes 


�
�
�
�
   FITC-conjugated donkey anti rabbit


�
Jackson ImmunoResearch (711-095-152)


�
0.111


�
�
   Cy3-conjugated donkey anti rabbit


�
Jackson ImmunoResearch (711-165-152)


�
0.215


�
�
   Biotinylated donkey anti rabbit


�
Jackson ImmunoResearch (711-065-152)


�
0.111


�
�
   Biotinylated donkey anti goat


�
Jackson ImmunoResearch (705-065-147)


�
0.111


�
�
   Biotinylated donkey anti goat


�
Jackson ImmunoResearch (706-065-148)


�
0.111


�
�
   FITC-conjugated donkey anti goat


�
Jackson ImmunoResearch (705-095-147)


�
1:50


�
�
   FITC-conjugated donkey anti guinea pig


�
Jackson ImmunoResearch (706-095-148)


�
1:50


�
�
   Cy3-conjugated donkey anti guinea pig


�
Jackson ImmunoResearch (706-165-148)


�
0.215


�
�
   Cy3-conjugated Streptavidin


�
Jackson ImmunoResearch (016-160-084)


�
0.215


�
�
   FITC-conjugated Streptavidin


�
Jackson ImmunoResearch (016-010-084)


�
1:100


Streptavidin FITC: Jackson ImmunoResearch 016-010-084; 1:100�
�
ORL1: Opioid-receptor like-1; NOS: Nitric oxide synthase; FITC: Fluorescein isothiocyanate.














