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ABSTRACT We have studied the in vivo signaling mech-
anisms involved in nociceptin/orphanin FQ (Noci)-induced
pain responses by using a flexor-reflex paradigm. Noci was
10,000 times more potent than substance P (SP) in eliciting
flexor responses after intraplantar injection into the hind
limb of mice, but the action of Noci seems to be mediated by
SP. Mice pretreated with an NK1 tachykinin receptor antag-
onist or capsaicin, or mice with a targeted disruption of the
tachykinin 1 gene no longer respond to Noci. The action of
Noci appears to be mediated by the Noci receptor, a pertussis
toxin-sensitive G protein—coupled receptor that stimulates
inositol trisphosphate receptor and Ca** influx. These find-
ings suggest that Noci indirectly stimulates nerve endings of
nociceptive primary afferent neurons through a local SP
release.

The heptadecapeptide nociceptin/orphanin FQ (Noci) has
recently been identified as an endogenous ligand of the opioid
receptor-like ORL1 or Noci receptor (Noci-R) (1, 2). Al-
though both Noci and Noci-R are structurally similar to
dynorphin A and opioid receptors, respectively (see review ref.
3), low doses of Noci given intrathecally (i.t.) produce hyper-
algesia or allodynia (4), whereas moderate doses (i.t.) cause
analgesia (5-7). However, the molecular and neuronal path-
ways involved in Noci-signaling in pain-modulation are not
well characterized. Recently we developed a simple and sen-
sitive method to evaluate nociceptive responses to locally
applied pain-producing substances (8-10). Using this tech-
nique, we have studied the Noci-induced nociceptive responses
and their signaling mechanisms in vivo.

MATERIALS AND METHODS

Animals. Male ddY mice weighing 20-22 g were used in
most of experiments. In some experiments 129SV/J-derived
tachykinin 1 gene knockout (tacl ~/~) and wild-type (tacl*/*)
mice (11) were used. The experiments were conducted in
accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by The Declaration of
Helsinki.

Drugs. The following drugs were used: Noci (Sawady Tech-
nology, Tokyo), substance P (SP; Peptide Institute, Osaka),
pertussis toxin (PTX, Funakoshi, Tokyo), MEN-10376 (Re-
search Biochemicals), capsaicin (Nacalai Tesque, Kyoto),
EGTA (Dojindo Kumamoto, Japan), U-73122 and U-73343
(Funakoshi, Tokyo). CP-96345, CP-96344, CP-99994 and CP-
100263 were generously provided by Pfizer. Botulinum toxin A
(BoTX) and araguspongine E (xestospongin C) were purified,
as reported (12-14). Noci, SP, PTX, EGTA, CP-96345, CP-
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96344, CP-99994, and CP-100263 were dissolved in physiolog-
ical saline, MEN-10376 in 3% dimethyl sulfoxide, capsaicin in
1% ethanol and 1% Tween 80 in saline, U-73122, and U-73343
in 0.1% dimethyl sulfoxide, BoTX in 0.05 M of acetate buffer,
and araguspongine E in 0.01% ethanol. Drugs were given by
intraplantar (i.pl.) injection in a volume of 2 ul. To apply
different doses, one cannula was filled with increasing con-
centrations of Noci or SP separated by small air spaces. The
antisense oligodeoxynucleotide (5'-GGGCTGTGCA-
GAAGCGCAGA-3') and its mismatch nucleotide (5'-
GGGTCGGTCAGAGACGCAGA-3") for mouse Noci-R
were synthesized (6), freshly dissolved in physiological saline
and used for i.t. injection in a volume of 2 ul on days 1, 3, and
5. On day 6 the flexor responses were tested.

Evaluation of Nociceptive Flexor Response. Experiments
were performed, as described earlier (8-10). Briefly, mice
were lightly anesthetized with ether and held in a cloth sling
with their four limbs hanging free through holes. The sling was
suspended on a metal bar. All limbs were tied with strings, and
three limbs were fixed to the floor, and the fourth one was
connected to an isotonic transducer and recorder. Mice were
anesthetized with ether and a small incision was made in the
surface of right hind-limb planta. Two polyethylene cannulae
(0.61 mm in outer diameter) filled with drug solution were
connected to a microsyringe. As we used light and soft
polyethylene cannulae, they did not fall off the paw during the
experiments. As the intensity of flexor responses differs from
mice to mice, we used the biggest response among spontaneous
and nonspecific flexor responses occurring immediately after
cannulation as the maximal reflex. Nociceptive responses were
measured after complete recovery (20-30 min) from the light
ether anesthesia. Noci or SP injections were given i.pl. every 5
min unless otherwise stated. In some experiments Noci (SP)-
induced nociceptive activity was expressed as the ratio of
maximal reflex in each mouse, and in other experiments the
effects of test drugs were expressed as the ratio of the response
observed over the average of two repeated control Noci (or
SP)-induced responses in the beginning of experiments. Test
drugs affecting Noci (or SP)-responses were given through a
second cannula immediately after the second control (Noci- or
SP)-response was measured.

Statistical Analysis. The data were analyzed using Student’s
¢ test after multiple comparisons of the ANOVA. The criterion
of significance was set at P < 0.05. All results are expressed as
the mean = SEM.

RESULTS

Peripheral Nociceptive Flexor Responses Produced by No-
ciceptin and Substance P. The local application of Noci at 1
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fmol into the i.pl. region of the hind limb produced a very
short-acting nociceptive flexor response. Stable flexor re-
sponses were obtained after repeated Noci challenges at 5-min
intervals (Fig. 14). The mean = SEM of Noci (1 fmol)-induced
responses correspond to a force of 6.75 * 0.16 g (n = 50), and
the response to Noci (0.01 to 10 fmol) was dose-dependent
with median effective dose (£ SEM) of 0.38 = 0.08 fmol (n =
6). Similar nociceptive responses were also observed when
higher doses of SP (see Fig. 1B) or bradykinin (see ref. 9) was
given. The median effective dose for SP in the present exper-
iments was 1.35 = 0.34 pmol. The wide dynamic range of
Noci-induced flexor responses suggest that this animal model
should be readily amendable to pharmacological interventions
and provide a very useful tool for the in vivo analysis of Noci
signaling.

Noci-Induced Flexor Responses Are Mediated by the Noci-
Receptor and PTX-Sensitive G Proteins on Peripheral Nerve
Endings. To determine the role of the Noci-specific Noci-R in
Noci-induced flexor responses, we injected mice i.t. with
Noci-R antisense oligonucleotides, or mismatch controls (each
10 ug), three times over a period of six days. As shown in Fig.
1B, flexor responses were abolished in antisense-treated ani-
mals, whereas the i.t. injection of mismatch nucleotide had no
effect. The Noci-R mismatch had also no effect on SP-induced
nociceptive responses, whereas the antisense treatment did not
increase the SP response (Fig. 1B).

Administration of 10 ng of PTX rapidly attenuated and
completely abolished Noci-induced flexor responses 20 min
after the PTX treatment (Fig. 1C). Application of 1 ng of PTX
reduced flexor responses to 35.5 = 12.7% of control values 20
min after PTX treatment (n = 4). Treatments with 10 ng of
PTX markedly attenuated Noci-induced responses at all doses
used. In contrast, SP-induced flexor responses were not af-
fected by PTX treatment (Fig. 1D).
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Involvement of Local SP Release in Noci-Induced Nocicep-
tive Responses. The Noci-induced responses were rapidly
attenuated by an i.pl. injection of botulinum toxin A (BoTX),
which is known to block neurotransmitter release (15), in a
dose-dependent manner in ranges of 1 to 100 fg (Fig. 24).
Furthermore, Noci-induced responses were also abolished by
10 pmol of CP-96345, an NKI1 antagonist, but not by 10 pmol
of CP-96344, an inactive derivative (16), as shown in Fig. 2B.
In the presence of 10 pmol of CP-96345, the dose-response
curves of Noci and SP were shifted to the right (Fig. 2C). To
further clarify the subtype-specificity of tachykinin receptors,
other tachykinin antagonists were tested. As shown in Table 1,
Noci-induced responses were abolished by CP-99994, a very
specific NK1 antagonist, but not by CP-100263, an inactive
derivative of CP-99994 (17), or by MEN-10376, a specific NK2
antagonist (18). These findings suggest that SP but not sub-
stance K is involved in Noci-induced responses.

Application of capsaicin, which is known to induce the
release and eventually the depletion of SP from small-diameter
nociceptive primary afferent neurons (19, 20) first resulted in
sustained nociceptive flexor responses for several minutes, and
subsequently lead to the loss of Noci-induced responses (Fig.
2D). The attenuation of Noci-induced responses by 2 ug of
capsaicin was complete for a wide range of Noci-doses (1 to 100
fmol). On the other hand, SP-responses were only partially
inhibited by capsaicin treatment (Fig. 2E). Together, these
findings suggest that Noci-induced responses were mediated
through SP-release. SP-responses, however, appeared to in-
volve the direct stimulation of primary afferent neurons, as
previously reported (10).

Possible Involvement of Inositol Trisphosphate and Ca2*
Influx Into Nerve Endings in Noci-Induced Responses. Noci-
induced responses were markedly inhibited by i.pl. injection of
10 pmol of U-73122, a phospholipase C (PLC) inhibitor, but
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Fi6. 1. Receptor- and Gi/o-involvement in Noci-induced flexor responses. (4) A representative trace of Noci-induced flexor responses. Noci
(1 fmol) was given i.pl. consecutively every 5 min, as indicated by the arrow. (B) Effects of Noci-R antisense and mismatch oligodeoxynucleotides
on Noci- or SP-induced responses at various doses. Results were expressed as % of maximal reflex. (C) Effects of PTX on Noci-induced responses.
PTX (10 ng) was given 5 min after the second challenge of Noci as a control. (D) Dose-response curves for Noci or SP in the presence or absence
of PTX (10 ng)-treatments. (4-C) Treatments as indicated in the figure were compared with agonist treatment alone. *P < 0.05. Other details
were as described under Materials and Methods. Each point represents the mean = SEM from separate five experiments.
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FiG. 2. Effects of various treatments related to SP release in Noci-induced responses. (4) Noci-induced responses in the presence of BoTX at
0 ng (vehicle, O), 1 fg (a), 10 fg (®), and 100 fg (m). Details of BoTX-treatments were as in the case with PTX (see legend of Fig. 1C). (B)
Noci-responses in the presence of vehicle (O), CP-96344 at 10 pmol (m) and CP-96345 at 10 pmol (O). (C) Dose-response curves of Noci- and
SP-induced responses in the absence and presence of 10 pmol of CP-96345. (D) A representative trace of the loss of Noci-induced responses after
the capsaicin-challenge. Noci and capsaicin were given at doses of 1 fmol and 2 ug, respectively. (E) Dose-response curves of Noci- and SP-induced
responses after the treatments with and without capsaicin (®, 0.2 ug; A, 2 ug). Other details are given the legend of Fig. 1.

not U-73343, an inactive derivative (21), as shown in Fig. 34.
Maximal inhibition was observed 20 min after the injection,
indicating that PTX, BoTX and NKI1 antagonists have similar
kinetics. The Ca?" chelating agent EGTA (2 nmol) also
markedly inhibited flexor responses with a maximum effect 10
min after injection (Fig. 3B). As SP-induced flexor responses
were also inhibited by PTX, BoTX, and EGTA treatment, the
cellular mechanisms involved in Noci-induced flexor re-
sponses, e.g., Noci-induced SP-release or activation of nerve
endings by SP, seem to involve the activation of PLC and Ca?*
influx (10).

To investigate whether inositol 1,4,5-trisphosphate (InsP3)
receptors in the plasma membrane are involved in Ca?™" influx,
we used araguspongine E (xestospongin C), which has recently
been shown to be a good membrane-permeable InsP; receptor
antagonist (22). As shown in Fig. 3C, Noci-induced responses
were markedly inhibited by 10 pmol of araguspongine E. On
the other hand, SP- and Noci-induced responses were not
affected by thapsigargin at 100 pmol (i.pl.) that is known to
deplete intracellular Ca?* stores and was found to block the
histamine release by compound 48/80 (Inoue et al. unpub-
lished data).

Table 1. Effects of tachykinin receptor antagonists on
nociceptin-induced responses

Compound % of cont Noci-responses (n)
Vehicle 102.73 = 12.43 6
CP-96345 (10 pmol) 7.05 = 7.05* 5
CP-96344 (10 pmol) 94.24 = 15.70 5
CP-99994 (1 pmol) 0* 4
CP-100263 (1 pmol) 87.14 = 3.77 4
MEN-10376 (100 pmol) 97.80 = 6.09 4

*P < 0.05, vs. Vehicle.

Loss of Noci-Induced Nociceptive Responses in Mice with a
Targeted Mutation of Tachykinin 1 Gene. The responses to
Noci were similar in the wild-type (tac1*/*) and the ddY mice
used in the other experiments (Figs. 4 and 1B). These re-
sponses were completely lost in tacl =/~ mice, which cannot
produce SP and substance K (11), at all Noci doses tested (0.1
to 100 fmol, Fig. 4).

DISCUSSION

The peripheral analgesia test used in these studies has several
advantages over many other assays of analgesia (8—10). Firstly,
this method is sensitive enough to assess very weak and
short-acting nociceptive responses induced by a local applica-
tion of extremely small amounts of pain-producing substances,
such as bradykinin and SP. It is evident that these treatments
cause only a very transient response, in contrast to other widely
used pain tests such as the formalin test (23) or the acetic
acid-writhing test (24). Secondly, the nociceptive responses in
this test appeared to involve relatively simple molecular and
neuronal mechanisms, in contrast to other nociceptive tests,
which use strong and sustained chemical stimuli release several
endogenous pain-producing substances, such as bradykinin,
SP, somatostatin, histamine, and glutamate (25-27), and rely
on complex behavioral responses. Thirdly, as the peripheral
nerve endings are far distant from the cell body in the dorsal
root ganglion, the site of actions of various pharmacological
reagents affecting such behavioral responses could be confined
to nerve endings. In addition, taking into account that primary
afferent neurons are bipolar cells, the in vivo signaling at the
peripheral side of such neurons also could be expected on the
other, central side.

Here we demonstrate that Noci induced nociceptive flexor
responses in a dose-dependent manner over a wide range of
doses. We propose that the flexor responses are mediated by
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FiG. 3. Effects of various compounds related to Ca2* signaling on Noci-induced responses. In all experiments 1 fmol of Noci was given as
indicated in the figure. Drugs used here were 10 pmol of U-73122 or U-73343 (A4), 2 nmol of EGTA (B) and 10 pmol of araguspongine E (C).
(D) Noci (1 fmol) or SP (10 pmol)-responses 20 min after the thapsigargin (100 pmol)-treatment. Other details are in the legend of Fig. 1.

the Noci-R on nerve endings of primary afferent neurons,
because they were abolished by local application of PTX or by
i.t. injection of Noci-R-antisense oligonucleotides (Fig. 1
B-D). It is unlikely that the injected antisense oligonucleotides
reached to the peripheral planta of the hind limbs and affected
peripheral cells, such as mast cells, macrophages, lymphocytes,
or vascular cells. It is more likely that the antisense treatment
inhibited the Noci-R synthesis in primary afferent neurons,
because Noci-R gene expression has been detected in the
dorsal root ganglion (28). The involvement of Noci-R in
Noci-induced responses has been also confirmed in mice
lacking Noci-R gene (Inoue ef al. in preparation).

Under physiological conditions, Noci may be released from
peripheral nerve endings of sensory afferents. Prepronocicep-
tin gene expression has been found in dorsal root ganglia (29)
and is increased in Adjuvant-arthritic rats (30). On the other
hand, Noci may be released from non-neuronal peripheral
cells, such as mast cells, macrophages or lymphocytes, because
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F1G. 4. Dose-response curves for Noci in mice with a targeted
mutation of tachykinin 1 gene. Details are in the legend of Fig. 1.

prepronociceptin gene expression in non-neuronal tissue in-
cluding ovary (31), spleen, leukocytes and fetal kidney (32) has
been reported.

The striking inhibition of Noci-induced flexor responses by
local application of tachykinin receptor antagonists, BoTX and
capsaicin, suggests that these responses are dependent on a
release of SP from peripheral nerve endings. This hypothesis
was strongly supported by the finding that Noci-induced
responses were completely abolished in tacl™/~ mice that
cannot produce SP. The potency of Noci-induced responses
was extremely high. Noci was 10,000-fold more potent than SP
(Fig. 1B) and 1,000-fold more potent than bradykinin (9).
Although the molecular and neuronal mechanisms underlying
the nociceptive flexor-responses remain to be elucidated, the
efficiency of the different post receptor mechanisms could
explain the differences in potency of Noci, SP, and bradykinin.
The Noci-R is functionally coupled to PTX-sensitive G pro-
teins (33), whereas both NK1 and bradykinin (B2) receptors
are coupled to PTX-insensitive G proteins, such as Gq/11 (34,
35). It has been shown that the stoichiometry of receptor-Gg 11
coupling is quite poor, compared with receptor-Gj/, coupling
(36). However, we cannot exclude the possibility that unknown
other Noci-induced mechanisms potentiate the effects of
endogenously released SP.

We have previously reported on our analysis of the molec-
ular events involved in SP-induced flexor responses (10).
Because SP-induced nociceptive responses were blocked by a
local application of EGTA or tetrodotoxin, we have proposed
that SP-induced Ca?* influx into peripheral nerve endings of
nociceptive primary afferent neurons can produce action
potentials. As the SP-responses were also blocked by a PLC
inhibitor, we postulated that the Ca* influx may be regulated
through the PLC products, InsP; or diacylglycerol. In the
present study, Noci-induced responses were also abolished by
PLC inhibitor and EGTA. These findings are consistent with
the notion that Noci may release SP from peripheral nerve
endings. Most importantly, we have demonstrated that Noci-
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induced responses were also abolished by araguspongine E
(xestospongin C), a marine alkaloid that is an allosteric InsP;
receptor antagonist (22). Furthermore we have shown that
both SP and Noci-induced flexor responses were not affected
by thapsigargin that is known to deplete intracellular Ca>*
stores (37) and to abolish the compound 48/80-induced his-
tamine release from mast cells (Inoue ez al. unpublished data).
These findings suggest that PLC activation triggers Ca?* influx
through InsP; receptors in the plasma membranes of nerve
endings, rather than Ca?" mobilization from intracellular
stores. This hypothesis is consistent with a recent report that
InsP; gates Ca®* influx into nerve endings in experiments with
resealed vesicles of presynaptic plasma membrane prepara-
tions (38). In these studies Gj;-coupled (kyotorphin) receptor
was found to gate Ca?" influx through an InsP; formation, and
there was no significant InsPs-mediated Ca?* mobilizing effect
in permeabilized synaptosomes. Therefore it is possible that
InsPs-gated Ca?* influx may be involved in both, Noci-induced
SP release and SP-mediated activation of nerve endings. It
remains to be determined whether diacylglycerol-activated
protein kinase C mechanisms are also involved in downstream
Noci signaling.

In summary, we have shown that in vivo signaling of Noci-
induced pain is dependent upon release of SP in peripheral
nerve endings of primary nociceptive afferent neurons. This
finding should greatly facilitate the analysis of the role of
nociceptin in acute and chronic pain and may open novel
possibilities for pharmacological interventions.
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