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Modulation of enkephalin release by nociceptin ( orphanin FQ)
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Abstract

Nociceptin (orphanin FQ) is an endogenous peptide agonist for the newly discovered receptor (opioid receptor-like 1 receptor, ORL ;)
that bears striking homology to opioid receptors. Initial reports claimed that this peptide had hypoalgesic effects following i.c.v. or i.t.
administration. The present study demonstrates that, in the presence of opioid receptor blockade, nociceptin can substantially ater the
magnitude of the stimulated release of methionine-enkephalin from the guinea pig myenteric plexus. This effect is concentration
dependent. Low doses (1 or 10 nM) inhibit whereas higher concentrations (100 or 1000 nM) enhance evoked enkephalin release. In
contrast, in the absence of opioid receptor blockade, a statistically significant inhibition of stimulated enkephalin release is observed in
response to 1, 100 or 1000 nM nociceptin. However, the magnitude of this effect did not differ among these concentrations. Furthermore,
at 10 nM nociceptin, either an inhibition or enhancement of stimulated enkephalin release is manifest. The ability of naloxone to alter the
nociceptin modulation of enkephalin release suggests that a component of the nociceptin modulation of enkephalin release is mediated via
opioid receptors. This is consistent with the observation that this peptide has modest affinity for opioid receptors (. > k > 8) which,
under appropriate conditions, should be sufficient to permit interactions with multiple opioid receptor types. This complicates dose
responsiveness for nociceptin since both the naloxone-resistant (ORL ;-mediated) and naloxone-sensitive (opioid receptor-mediated)
component exhibit a concentration-dependent bimodality (albeit in opposite directions). Determination of i.c.v. or i.t. nociceptin dose
responsiveness over several orders of magnitude is suggested before concluding the physiological effects of this peptide.
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1. Introduction from the effect of intracerebroventricular (i.c.v.) applica
tion of either an antisense oligonucleotide to ORL ; mRNA
(Meunier et al., 1995) or i.c.v. application of the newly
discovered peptide (Reinscheid et al., 1995; Meunier et 4.,
1995). In the former case, increased latencies to rearing
and escape jumping were observed. In contrast, decreased
jumping (Meunier et al., 1995) or tail flick (Reinscheid et
al., 1995) latencies were observed following i.c.v. adminis-
tration of the peptide itself. To date, however, the ability of
nociceptin to alter the release of neurotransmitters known
to modulate pain thresholds has not been demonstrated.
Accordingly, the present study examines the ability of
nociceptin to modulate the stimulated release of methion-
ine-enkephalin from the guinea pig myenteric plexus. The
effect of nociceptin on the release of this opioid peptide
was studied since the ability of enkephalin to mediate
antinociception has been well documented (Heyman et 4.,
1988; Millan, 1986; Tung and Yaksh, 1982). The myen-
teric plexus was selected for study since it contains a
significant intrinsic enkephalinergic innervation (Schultz-
* Corresponding author. Tel.: (1-718) 270-2129; Fax: (1-718) 270-3316. berg et al., 1978) which is subject to opioid receptor-cou-

Opioid receptor-like 1 receptor (ORL,) is a newly
discovered G-protein-coupled receptor that has striking
amino acid sequence homology to opioid receptors (Mol-
lereau et a., 1994; Wang et al., 1994; Lachowicz et al.,
1995). Recently, an endogenous agonist for this receptor
(termed orphanin FQ or nociceptin) has been isolated and
its sequence determined (Reinscheid et al., 1995; Meunier
et a., 1995). This substrate for ORL ; is a heptadecapep-
tide that resembles dynorphin A. The synthetic heptade-
capeptide is a potent inhibitor of forskolin-stimulated accu-
mulation of cAMP in the recombinant Chinese hamster
ovary (CHO)/ORL, cell line. This effect is not altered by
opioid agonists or antagonists, despite the high degree of
homology between ORL , and opioid receptors.

The first demonstrated physiological action of noci-
ceptin appears to be increased responsiveness to nocicep-
tive stimuli. In the initia study, this function was inferred
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pled regulation (Xu et a., 1989; Gintzler and Xu, 1991,
Glass et al., 1986; Gintzler et al., 1987). Moreover, the
myenteric plexus contains the three predominant types of
opioid receptor which are strikingly similar, if not identi-
cal, to those found centrally. Thus, any interaction between
nociceptin and opioid receptors should be observable.

2. Materials and methods
2.1. Tissue preparation and experimental protocol

‘Strips’ of the longitudinal muscle with adherent myen-
teric plexus were prepared, mounted and superfused in a
stimulating chamber, as described previously (Xu et 4.,
1989; Gintzler and Xu, 1991; Glass et a., 1986). The
oxygenated (95% O, /5% CO,) Krebs solution used to
superfuse the tissue contained 118 mM NaCl, 4.7 mM
KCI, 25 mM CaCl,, 25 mM NaHCO;, 11 mM glucose,
1.2 mM MgCl,, 1.2 mM NaH,PO,. Additionaly, capto-
pril (10 mM), thiorphan (0.3 mM), bestatin (10 mM) and
L-leucyl-L-leucine (2 mM) were added to protect against
the action of proteases (McKnight et a., 1983). These
protease inhibitors were present during the 30 min equili-
bration period before the start of each experiment and
thereafter for its duration. Under the conditions of superfu-
sion employed, 74% of standard *H-labeled enkephalin
that was added to the Krebs' solution and then passed over
the tissue during electrical stimulation was recovered in
the form of either authentic enkephalin or its sulfoxide
derivative (Glass et al., 1986).

The electrically induced increase in the rate of
[Met®]enkephalin release was measured first in the absence
(cycle A), 3 min following pretreatment with varying
concentrations of nociceptin while still in its presence
(cycle B), and following a 15 min washout (cycle C). All 3
cycles were obtained using the same longitudina muscle
myenteric plexus preparation. In each cycle, tissue super-
fusate was collected before, during and after a 30 s period
of electrica stimulation (40 Hz, 0.2 ms pulse duration).
Fractions (0.5 ml) were collected on ice and oxidized
immediately with hydrogen peroxide (0.3% a 4°C
overnight) after which each sample was aliquoted in dupli-
cate (100 w.| each) and lyophilized to dryness. While in the
presence of the above cocktail of protease inhibitors, noci-
ceptin was not metabolized during its exposure to the
longitudinal muscle myenteric plexus tissue via continuous
superfusion. Reverse phase high pressure liquid chro-
matography fractionation (4—70% acetonitrile over 28 min)
of [***I]nociceptin that had been incubated with longitudi-
nal muscle myenteric plexus tissue for 30 s (37°C; the time
required to traverse the tissue chamber) indicated that
> 95% of the radiolabeled peptide eluted at a retention
time corresponding to that of radiolabeled peptide not
previously incubated with longitudinal muscle myenteric
plexus tissue.

2.2. Determination of enkephalin content in longitudinal
muscle myenteric plexus superfusate

Enkephalin-like immunoreactivity was determined us-
ing a radioimmunoassay (RIA) procedure that utilized an
antibody generated against enkephalin sulfoxide as de-
scribed previously (Kumar et al., 1990). A standard curve
(1.95, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 500 pg/assay tube)
in which the percentage of inhibition of binding was
plotted against the log of unlabeled oxidized enkephalin in
the reaction tube was generated in each experiment. The
concentration of salt that is contained in each unknown
sample does not affect the appearance of the standard
curve. The minimum detectable concentration is approxi-
mately 2 pg, a which approximately a 10% inhibition of
binding is observed. Cross-reactivity with leucine
enkephalin, a-endorphin, B-endorphin, y-endorphin, was
less than 0.1% (Kumar et d., 1990). High pressure liquid
chromatography fraction in combination with RIA indi-
cated that greater than 90% of enkephalin-like immuno-
reactivity is authentic [Met®Jenkephalin (Glass et al., 1986).

The percent rise above basal release in each cycle was
calculated by subtracting the mean basal release (obtained
prior to stimulation over 4 or 5 collection periods of 30 s
each) from the peak release observed during electrical
stimulation and dividing the difference by the mean basal
release ((stimulated — basal) /basal). The percent rise
(mean + S.E.M.) above basal release observed in the pres-
ence of drug (cycle B) is expressed relative to that ob-
served in its aosence (cycle A). In order to determine the
effect of opioid receptor blockade on nociceptin modula
tion of [Met®]enkephalin release, all three cycles of release
were obtained following a 3 min pretreatment with nalox-
one (1 wM) prior to electrical stimulation, after which it
was immediately washed out. In cycle B, naloxone and
nociceptin were added simultaneously. Thus, any effect of
naloxone on release of enkephalin should not confound
data interpretation.

2.3. Determination of nociceptin affinity at opiate recep-
tors

Binding affinity to opioid receptors was determined
using guinea pig brain membranes. Briefly, brains were
removed from Hartley guinea pigs and homogenized in 50
mM Tris buffer, pH 7.5, using a polytron homogenizer.
The homogenate was centrifuged at 40000 X g for 15 min,
re-homogenized and centrifuged once more. Incubations
were for 1 h at 25°C and contained 6 mg original wet
weight of tissue per ml. Samples were filtered over glass
fiber filters using a cell harvester (Brandel). Radioligands
used were [3H][p-Ala?, N-Me-Phe*,Gly-ol]enkephalin
(DAMGO; ), [*HI][b-Pen?,pClPhe* p-Pen®lenkephalin
(pCI-DPDPE; 3), [*HI(5a,7c,8B)-(—)-N-methyl-N-(7-
(1-pyrrolidinyl)-1-oxaspiro(4,5)dec-8-yl)benzeneacetamide]
(U69,593; «,), [*H]oremazocine (k,) and [*H]naloxone



AR. Gintzer et al. / European Journal of Pharmacology 325 (1997) 29-34 31

benzoylhydrate ([*H]NalBzOH; « ;). The incubation for .,
binding contained DAMGO, DPDPE and U69,593 (100
nM each) to prevent binding to ., 8 and k, sites (Clark et
al., 1989). The incubation for k, binding contained 100
nM U69,593 and 5 mM EDTA to alow for selective
binding to this site (Webster et al., 1993). K; values were
calculated according to the relationship K; =1Cg,/(1+
[L]/K,) where K, is the dissociation constant of the
radioligand and [L] represents the concentration of the
radioligand (Cheng and Prusoff, 1973).

2.4. Data analyses

Significance of inhibitory or facilitatory actions of noci-
ceptin within each group (with or without naloxone) was
determined using Student’s t-test. Differences among
groups were determined by multiple analysis of variance
(MANOVA). Planned comparisons between responses to
different doses of nociceptin in naloxone-treated tissue
were performed using the Duncan analysis.

2.5. Drugs

Nociceptin was synthesized by Research Genetics
(Huntsville, AL, USA). Its purity was greater than 95% as
assessed by high-pressure liquid chromatography analysis.
3. Results

3.1. Effects of nociceptin on stimulated and basal
enkephalin release following opiate receptor blockade

As reported previously (Gintzler and Xu, 1991), electri-
cal stimulation of untreated longitudinal muscle myenteric
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plexus tissue produced approximately a 2-fold increase in
the rate of [Met>]enkephain release (3.3 nmol /min per
two longitudinal muscle myenteric plexus strips). Follow-
ing treatment with naloxone (1 .M for 3 min), electrically
stimulated release of [Met®]enkephalin was unaltered fol-
lowing pretreatment with 0.1 nM nociceptin. However, at
higher concentrations (1, 10, 100, 1000 nM), significant
effects were observed (Fig. 1A). The magnitude of this
effect differed among the concentrations employed
(F(3,15) = 11.03; P < 0.001). The nature of this modula-
tion, however, is significantly different for high vs. low
concentrations of nociceptin (P < 0.001 for 1 or 10 nM vs.
100 or 1000 nM). One or 10 nM nociceptin reduced the
magnitude of evoked enkephdin release (t(3) = 4.13 and
t(4) = 3.19, respectively; P <0.04). A similar pretreat-
ment with 100 or 1000 nM concentration also resultsin the
modulation of the magnitude of enkephalin release. The
direction of this modulation, however, is in the opposite
direction, i.e,, an enhancement of the magnitude of the
increase in evoked enkephalin release is observed (t1(4) =
—4.13 and t(4) = —3.14; P < 0.04).

Experiments were also conducted to determine if the
naloxone alteration of nociceptin modulation of enkephalin
release was due to an effect on basal enkephalin release. In
contrast to evoked enkephalin release, basal release re-
mained unchanged following treatment with nociceptin
while in the presence of naoxone (data not shown).

This study did not determine the effect of naloxone
itself on the basal or stimulated release of enkephalin.
However, it was present through out al three cycles of
release. Thus, even if it were to have an effect on
enkephalin release, it would not confound interpretation of
results.
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Fig. 1. Effect of nociceptin on stimulated enkephalin release in (A) the presence or (B) the absence of opioid receptor blockade. Treatment with naloxone
(1 wM) was begun 3 min prior to electrical stimulation (concomitantly with nociceptin). Basal and stimulated release of [Met®]enkephalin was quantitated
before, during and after pretreatment (3 min) with the indicated concentration of nociceptin. The percent change in the magnitude of release induced by
nociceptin is calculated as described in Section 2. n=3, 4, 5, 5 and 5, for 0.1, 1, 10, 100 and 1000 nM nociceptin, respectively, in the presence of
naloxone. n=5, 8, 6, 5 for 1, 10, 100 and 1000 nM nociceptin, respectively, in the absence of naloxone.
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Table 1
Affinity (K;) of nociceptin and Tyr!*-nociceptin at opioid receptors
Opiate ligand [*HIDAMGO [*H]pCl-DPDPE [®H]U69,593 [®H]Bremazocine [*HINalBzOH

M 5 Ky K2 K3
Nociceptin 133+ 30 380+ 21 267 + 10 > 10000 456 + 150
Tyr*-Noc 2 163 + 60 380 + 13 321+ 45 > 10000 490 +£ 75
DAMGO 11+02 180 + 16 1841 + 22 > 10000 26.9 + 0.85
pCl-DPDPE > 10000 28+ 04 > 10000 > 10000 > 1000
U69,593 692 + 97 1358 + 118 0.7+ 0.05 6763 + 417 1100+ 2
Bremazocine 0.1+ 001 0.3+ 0.07 0.1+ 0.03 22401 0.1+ 0.02
NaBzOH 0.2+0.01 14+0.13 04+01 66.5+ 12 0.3+ 0.07

Affinities at each of the sites were determined as described in Section 2. The K; (nM) values shown are the means + S.D. obtained from 3 experiments.

& Tyr**-nociceptin.

3.2. Effects of nociceptin on the stimulated release of
Met-enkephalin in the absence of opiate receptor blockade

In the absence of naloxone, the manifestation of noci-
ceptin modulation of enkephalin release was substantialy
different from that observed in the presence of opioid
receptor blockade (Fig. 1B). A two-way MANOVA indi-
cated a significant interaction between groups (with or
without naloxone) and dosage (F(3,35) = 6.32, P < 0.01).
In the absence of opioid receptor blockade, the inhibition
produced by 1 nM nociceptin was still manifest [t(4) =
3.03, P<0.04]. Moreover, the magnitude of this in-
hibitory effect did not differ from that observed while in
the presence of naloxone [t(7) = 1.12, P > 0.2]. However,
a 10 nM concentration, the consistent inhibition of
enkephalin release (observed in 5 out of 5 experiments
while in the presence of naloxone) was no longer consis-
tently manifest. Instead, in the absence of opioid receptor
blockade, either an inhibition or enhancement of release
was observed. In a total of 8 experiments, 50% of the
responses were inhibitory (50 + 4.5%) but the remainder
manifested facilitatory responses (79 + 39%). Moreover,
instead of the facilitation of release observed in response
to 100 or 1000 nM nociceptin while in the presence of
naloxone, an inhibition of evoked release was now mani-
fest [t(5) =6.85 and t(4) = 3.27; P < 0.04]. The magni-
tude of inhibitory responses to nociceptin (1, 100 or 1000
nM) in the absence of opioid receptor blockade ranged
from 47 + 11% to 21 + 6.4%. These differences, however,
were not statistically significant [ F(2,15) = 2.80, P > 0.1].

Experiments were conducted to determine if the noci-
ceptin-induced negative modulation of stimulated
enkephalin release, in the absence of naloxone, is due to
alteration of basal activity or to the inhibition of release in
response to electrical stimulation. In contrast to the stimu-
lated release of [Met®Jenkephalin, basal release was not
affected by the presence of nociceptin. Regardless of the
concentration of nociceptin employed, basa release re-
mained unchanged (P > 0.09; data not shown).

3.3. Affinity of nociceptin to opiate receptors

In order to better understand the apparent opioid recep-
tor-mediated effect of nociceptin on enkephalin release, the

affinity of nociceptin was determined at several types of
opioid receptor. Moreover, the affinity of the Tyr* analog
of nociceptin at opioid receptors was also determined since
it is commonly used as the radiolabelled ligand in binding
experiments. As seen in Table 1, nociceptin and its Tyr*
analog have low to moderate affinity for severa of the
types of opioid receptor tested. Of the 5 binding sites
tested, nociceptin has highest affinity for w and second
highest for k. Although the affinity is low compared to its
affinity for ORL , (Reinscheid et al., 1995; Meunier et al.,
1995), it should be sufficient to permit interactions with
multiple types of opioid receptors, depending on the local
concentration of nociceptin.

4, Discussion

This study reports the first demonstration that noci-
ceptin can modulate the stimulated release of [Met®len-
kephalin. As seen in Fig. 1A, following opioid receptor
blockade, low concentrations of nociceptin clearly inhibit
the electrically stimulated release of [Met®]enkephalin
whereas a facilitation of release occurs in response to
higher concentrations (100 and 1000 nM) of this peptide.
Since the endogenous synaptic concentration of nociceptin
is currently unknown, it is difficult to determine the
physiological relevant action(s) of this peptide. Antago-
nists selective for the ORL, receptor are currently not
available. Thus, it is not possible to unequivocally estab-
lish that this receptor mediates the naloxone-insensitive
bimodal effects of nociceptin on stimulated enkephalin
release. However, the recent demonstrations of high levels
of [*H]Inociceptin binding (A.T. McKnight, personal com-
munication) and nociceptin immunoreactivity (S.J. Wat-
son, persona communication) in guinea pig myenteric
plexus underscore the likelihood of this possibility. The
ability of an appropriate concentration of naloxone to
significantly alter nociceptin responsiveness, long the stan-
dard for indicating opioid receptor activity, strongly infers
that a component of the nociceptin modulation of
enkephalin release is mediated via this receptor(s). In these
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studies, a concentration of 1 .M naloxone was selected in
order to guarantee that any effect of nociceptin remaining
was not opioid mediated and to facilitate comparison with
previously reported pharmacological analysis of nociceptin
action in isolated rat vas deferentia (Dunnill et al., 1997).
An interaction with a naloxone-sensitive receptor is not
surprising in light of the moderate affinity of nociceptin at
opioid receptors (see Table 1 for comparison with -, 8-
and k-selective opioids). Because nociceptin has compara-
ble affinities for w, 8 and k, Sites, it could interact with
any or al of the types of opioid receptor found in the
myenteric plexus. It should be noted that although there
are reports suggesting that ORL; and «, are splice vari-
ants of a common gene (Pan et a., 1995), nociceptin has
no higher affinity at this site than at w, 8 or ;. Thus,
there is no reason to think that the opiate action of
nociceptin is preferentially mediated via this site.

Although the affinity of nociceptin for opioid receptors
is modest, greater than 50% of the w-opioid receptors
present would be occupied by this peptide at concentra
tions above 100 nM. With the known high opioid receptor
reserve in the myenteric plexus (the spare receptor popula-
tion for p and k types is about 90%; Chavkin and
Goldstein, 1984), an opioid receptor-mediated effect could
be manifest with a much lower percent occupancy. For
example, 0.1 nM sufentanil (resulting in 10% receptor
occupancy) is effective in facilitating the stimulated forma-
tion of myenteric cAMP (Wang and Gintzler, 1994). Thus,
an opioid receptor-mediated effect by nociceptin at a con-
centration of 10 nM (also resulting in approximately 10%
opioid receptor occupancy) is not surprising.

The dose-effect curve for nociceptin modulation of
myenteric enkephalin release is complicated by the fact
that this peptide exerts effects via an interaction with more
than one population of myenteric receptor, i.e., naloxone-
resistant receptor (presumably ORL,) as well as
nal oxone-sensitive (opioid) types of receptor. Furthermore,
the nociceptin effects on enkephalin release that are medi-
ated via each receptor type exhibit bimodality. The bi-
modality of the former is readily apparent from the dose-
effect curve obtained in the presence of opioid receptor
blockade (Fig. 1A). The bimodality of the latter is inferred
by the nature of the naloxone ateration of the nociceptin
dose-effect curve. At 10 nM concentration of nociceptin,
the facilitation of enkephalin release that is observed in
50% of the preparations is abolished by naloxone. Thus, in
these tissues, the 10 nM nociceptin interaction with opioid
receptors mediates enhancement of enkephalin release. In
contrast, at 100 and 1000 nM concentrations, nociceptin
mediates an inhibition of enkephalin release via opioid
receptors. This is demonstrated by the fact that naloxone
abolishes the inhibition of enkephalin release observed in
the absence of opioid receptor blockade unmasking a
facilitatory effect.

The finding that nociceptin can facilitate enkephalin
release at low concentrations and inhibit the same at higher

concentrations via opioid receptors is consistent with the
observation that low doses of sufentanil (nM) enhance
whereas higher concentrations (wM) inhibit evoked
enkephalin release (Xu et al., 1989; Gintzler and Xu, 1991;
Xu and Gintzler, 1992) and cAMP formation (Wang and
Gintzler, 1994). It should be pointed out that data interpre-
tation is not confounded by the ability of naloxone, itself,
to alter release of enkephalin (Glass et al., 1986) since this
antagonist was present throughout all three cycles of re-
lease.

It is interesting to note that, in the absence of naloxone,
the magnitude of the inhibition of enkephalin release pro-
duced by 100 or 1000 nM nociceptin did not differ from
that observed in response to 1 nM. Thisis presumably due
to the concomitant interaction of nociceptin with a ‘ facili-
tatory’ ORL , receptor and an inhibitory opioid receptor at
the higher two concentrations. In this regard, it should be
noted that the concentration dependence of the direction of
nociceptin modulation of enkephalin release following opi-
oid receptor blockade (inhibition at low and facilitation at
high concentrations) is opposite that which has been re-
ported for the opioid receptor modulation of enkephalin
release and cAMP formation from the same preparation
(Xu et al., 1989; Gintzler and Xu, 1991; Xu and Gintzler,
1992; Wang and Gintzler, 1994). It is, however, similar to
the concentration dependence that has been reported for
the bimodal « ,-adrenoceptor modulation of CAMP forma-
tion in CHO cells (Eason et al., 1992).

The variability of the response to 10 nM nociceptin in
the absence of opioid receptor blockade is perplexing. It is
possible that the relative abundance of ‘excitatory’ opioid
receptors and the inhibitory ORL , receptor varies among
ilea obtained from different guinea pigs. Blockade of the
former by naloxone would negate the consequences of this
variability and thus result in the consistently observed 10
nM nociceptin inhibition of enkephalin release.

Finally, it should be underscored that while nociceptin
was able to modulate the evoked release of enkephalin, no
effect was observed on basal release of this opioid. The
striking parallels between the myenteric opioid system and
those found centrally (Gyang et al., 1964) make it tempt-
ing to speculate that similar phenomena might also occur
in the central nervous system. Were this to occur, the
hyperalgesic actions of centrally administered nociceptin
should be expected to be particularly robust when pain
thresholds are elevated due, in part, to augmented
enkephalin neurotransmission.
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