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Effects of nociceptin and nocistatin on antidromic vasodilatation in

hairless skin of the rat hindlimb in vivo

*1H.-J. Habler, 'L. Timmermann, 'J.-U. Stegmann & 'W. Janig

"Physiologisches Institut, Christian-Albrechts-Universitiit, Olshausenstrasse 40, 24098 Kiel, Germany;

1 We tested whether nociceptin (NCE), the endogenous ligand of the opioid receptor-like 1
(ORL1) receptor, and nocistatin (NST), which reverses central NCE effects when applied
intrathecally (i.t.), affect small-diameter afferent fibre-mediated vasodilatation in rat hairless skin.
2 Female Wistar rats were vagotomized. Ongoing sympathetic vasoconstrictor activity was
abolished by bilateral section of the lumbar sympathetic trunk between ganglia L2 and L3. Sensory
axons were selectively stimulated in the dorsal root L5 by 20 electrical impulses supramaximal for
activating C-fibres at 1 Hz. Blood flow was measured on the plantar skin of the left hind paw in the
L5 dermatome using laser Doppler flowmetry.

3 NCE injected intravenously (i.v.) as single boluses (1, 10 and 100 nmol kg~!) 7—8 min before
dorsal root stimulation (n=06) dose-dependently decreased blood pressure and local vascular
resistance and suppressed antidromic vasodilatation maximally by 47% (P<0.01). When NCE was
injected 2 min before stimulation (n=13), antidromic vasodilatation was reduced by 64% after NCE
(1 nmol kg=") and totally, or almost totally, abolished after the two higher doses.

4 NST (1-100 nmol kg~"' iv., n=6) was without significant effect on blood pressure and
cutaneous vascular resistance. Applied 5 (n=06) or 2 min (n=3) before stimulation it also did not
affect antidromic vasodilatation. NST (100 nmol kg~' i.v.) applied shortly before an equimolar dose
of NCE did not antagonize NCE effects on vascular resistance, blood pressure and antidromic
vasodilatation (n=4).

5 In conclusion, NCE inhibits antidromic vasodilatation, a component of neurogenic inflamma-
tion, in rat skin while NST is without effect. NST, at the small-diameter sensory ending, is not an

effective antagonist of NCE.
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Introduction

Nociceptin (NCE), also called orphanin FQ, has structural
similarities to dynorphin A and is an endogenous ligand of the
opioid receptor-like 1 (ORL1) receptor which is a member of
the opioid receptor family (Meunier et al., 1995; Reinscheid et
al., 1995). The ORLI1 receptor does not bind the known
opioids with high affinity and the effects of NCE are not
antagonized by naloxone (Darland ez al., 1998). NCE seems to
have, as yet only in part well-defined, effects on a number of
biological systems, e.g. on the nociceptive system and on the
cardiovascular system (Darland et al., 1998). Thus, when
injected intracerebroventricularly (i.c.v.) or intrathecally (i.t.),
it elicits hyperalgesia and allodynia in mice (Meunier et al.,
1995; Reinscheid et al., 1995; Hara et al., 1997) and reverses
opioid-mediated antinociception (Mogil et al., 1996). In
contrast, in the spinal dorsal horn NCE rather seems to have
an inhibitory effect on nociceptive transmission (Lai et al.,
1997; Liebel et al., 1997; Yamamoto et al., 1997a,b). NCE also
evokes decreases in systemic blood pressure, apparently by
influencing transmitter release from autonomic neurones
supplying heart and resistance vessels (Giuliani et al., 1997).
Nocistatin (NST) is a neuropeptide which is derived from the
same precursor molecule as NCE (Okuda-Ashitaka et al.,
1998). Administered i.t. in mice it antagonizes the hyperalgesia
and allodynia generated by NCE (Minami ef al., 1998; Okuda-
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Ashitaka et al., 1998), although it does not bind to the ORLI1
receptor and is not coupled to the same second messenger
cascade (Okuda-Ashitaka et al., 1998).

Small-diameter primary afferent neurones express opioid
receptors (Smith & Buchan, 1984; Lundberg, 1996). Although
opioids may not necessarily decrease the excitability of the
nociceptive ending to physiological stimuli (Shakhanbeh &
Lynn, 1993) they reduce the release of neuropeptides from
afferent endings resulting in a suppression of neurogenic
inflammation, i.e. antidromic vasodilatation (Lembeck &
Donnerer, 1985; Holzer et al., 1991; Shakhanbeh & Lynn,
1993; Holzer, 1998) and plasma extravasation (Lembeck &
Donnerer, 1985; Holzer et al., 1991; Towler & Brain, 1998).
NCE is also capable of inhibiting neurogenic plasma
extravasation in skin (Helyes er al., 1997). In the isolated
guinea-pig renal pelvis and the rat trachea NCE inhibits the
release of neuropeptides (Giuliani & Maggi, 1996; Nemeth et
al., 1998). Neurogenic plasma extravasation is mainly mediated
by neurokinins whereas small-diameter afferent fibre-induced
vasodilatation is predominantly mediated by calcitonin gene-
related peptide (CGRP) (Lundberg, 1996; Holzer, 1998; Hibler
et al., 1999a). Therefore, the inhibition of plasma extravasation
by NCE does not necessarily imply that antidromic vasodilata-
tion is also reduced by this neuropeptide. Whether NST affects
neurogenic inflammation is unknown.

The purpose of this study was to test (i) whether NCE
inhibits antidromic vasodilatation in hairless skin, (ii) whether
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NST has any effect on antidromic vasodilatation and (iii)
whether NST can reverse the effects elicited by NCE.
Preliminary results have been published recently (Hébler et
al., 1999b).

Methods

Experimental procedures have been described in detail recently
(Hédbler er al., 1999a). Briefly, female Wistar rats (Charles
River GmbH, Sulzfeld, Germany) (230—290 g) were anaes-
thetized with pentobarbital sodium i.p. (Nembutal®,
60 mg kg~', additional doses 10 mg kg=' every hour i.v.).
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The adequacy of anaesthesia was judged from the absence of
withdrawal reflexes, gross fluctuations of blood pressure and
heart rate and the absence of longlasting blood pressure effects
upon brief noxious stimuli applied to the skin. Before starting
experimental protocols animals were paralyzed (Pancuronium,
Organon, 1 mg kg~! initially, maintenance with 0.4 mg kg~'
when necessary) and artificially ventilated with O,-enriched
room air (ventilation-pump RUS-1300, FMI, Egelsbach,
Germany). At intervals we let muscular paralysis wear off and
assured that withdrawal reflexes were absent. Blood gases and
blood acid-base status were measured at intervals (ABL 5,
Radiometer, Copenhagen, Denmark). Arterial blood pressure
was continuously recorded in the ventral caudal artery. Rectal
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Figure 1 Cardiovascular effects elicited by single i.v. bolus injections of NCE (A, B) and NST (C, D). NCE (A) but not NST (C)
dose-dependently and transiently decreased mean arterial blood pressure (MAP). Vascular resistance in hairless skin (calculated
from MAP and laser Doppler flow; baseline denoted by broken line) was dose-dependently reduced by NCE (B) but not affected by
NST (D). A vagal contribution to MAP responses was excluded by bilateral vagotomy. The decrease of vascular resistance in (B)
was non-neurogenic because the LST was cut bilaterally. Co on abscissa indicates control. Data (means+s.e.mean) from n=6
animals in both groups, *P<0.05, **P<0.01, ***P<0.001 (paired z-test).
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temperature was kept constant close to 37°C by means of a
servo-controlled heating blanket.

All efforts were made to minimize animal suffering and to
reduce the number of animals used. At the end of the
experiments rats were killed under deep anaesthesia by i.v.
injection of a saturated solution of potassium chloride. All
experiments had been approved by the local animal care
committee of the state administration and were conducted in
accordance with German Federal Law.

All rats were bilaterally vagotomized. Using a retro-
peritoneal approach, both lumbar sympathetic trunks (LST)
together with the white rami L3 were then cut caudally to
ganglion L2 before starting experimental protocols to abolish
on-going vasoconstrictor activity to the hindlimb which was
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verified by a rise in skin temperature and blood flow after the
intervention (Hébler er al., 1997). After a lumbosacral
laminectomy the left dorsal root (DR) L5 was identified, cut
proximally and stimulated electrically with a train of 20 pulses
supramaximal for activating C-fibres (20 V, pulse width
0.5 ms) at a frequency of 1 Hz to induce antidromic
vasodilatation. A pool was formed from skin flaps and the
exposed tissue was covered with warm mineral oil.

Superficial blood flow was measured within the L5
innervation territory on central plantar glabrous skin
(proximal to the pads) of the left hindpaw using a laser
Doppler flowmeter device (MBF3D, Moor Instruments,
Axminster, Devon, U.K.). Flux signals were low pass filtered
with the time constant set to 3 s.
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Figure 2 Strong suppression of antidromic vasodilatation by NCE injected 2 min prior to dorsal root L5 stimulation (20 s, 1 Hz,
supramaximal for C-fibres; stim DR 1 Hz). Compared with control (left panel) NCE substantially inhibited stimulation-induced
vasodilatation at the lowest dose tested (A). At the two higher doses, antidromic vasodilatation was almost totally suppressed (B)
and completely abolished (C). Note that test stimulations were performed during NCE-induced decreases of MAP and cutaneous
vascular resistance. The flow increases after DR stimulation in (B) and (C) (right panels) largely parallel the increase of MAP

towards baseline and therefore are not neurogenic.
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NCE and NST (Bachem, Bubendorf, Switzerland) were
dissolved in physiological saline containing 1 mg ml~' bovine
serum albumin to prevent adsorption of the peptides and given
as single i.v. boluses (0.2 ml) of 1, 10 and 100 nmol kg~' in
ascending order. In six rats, after 7—8 min following NCE
injection, in order to allow blood pressure and flow to return to
baseline, and 5 min after NST injection, antidromic vasodila-
tation was evoked electrically. In another three rats, DR
stimulation was performed 2 min after NCE (1-
100 nmol kg~") and NST (100 nmol kg~"). Control and test
vasodilatations were performed strictly in a paired manner for
each dose of neuropeptide. The test vasodilatation was elicited
10— 15 min after the control stimulation. Between two
successive doses of neuropeptide at least 30 min were allowed
and at least 1 h between the last dose of NCE and the first of
NST, respectively. In four experiments, stimulation-induced
vasodilatation was tested after a 100 nmol kg~' dose of NST
injected 30 s before an equimolar dose of NCE.

Antidromic vasodilatation was quantified by determining
the peak increase of blood flow following stimulation.
Integrated flow responses (area under the curve) were
determined over 1, 2 and 3 min after stimulation. Vascular
resistance in hairless skin was calculated in arbitrary units
from mean arterial pressure (MAP) and blood flow. All
responses were expressed as percentage changes of control flow
and resistance, respectively, averaged within a time period of
60 s before stimulation. Data are expressed as means+s.e.-
mean or means +s.d. as indicated. Statistical significance was
assessed using two-tailed paired #-test and z-test as appropriate.

Results

NCE induced a dose-dependent transient decrease of systemic
blood pressure (Figure 1A) which returned to baseline within
6—8 min after injection of the neuropeptide. In parallel, there
was a significant decrease of cutaneous vascular resistance
which was also dose-dependent (Figure 1B). Because both LST
were cut this was not due to changes in sympathetic
vasoconstrictor activity.

Stimulation-induced antidromic vasodilatation was inhib-
ited by NCE given i.v. as a single bolus. The inhibition
increased with each logarithmic increment in the dose of the
neuropeptide (Figures 2—4) without changing the overall
shape of antidromic vasodilatation. When the DR was
stimulated 2 min after NCE application (n=3), i.e. while
NCE-induced reductions of MAP and local vascular resistance
were near to maximal, antidromic vasodilatation was totally
abolished at the highest dose and almost totally suppressed
after 10 nmol kg=' (Figure 2B and C). At the lowest dose
tested, stimulation-induced vasodilatation was substantially
and significantly reduced (Figures 2A and 4, Table 1).

When antidromic vasodilatation was evoked 7—8 min after
NCE injection, i.e. after MAP and vascular resistance had
returned to baseline, peak vasodilatation and the flow
responses integrated over 1-3 min after stimulation (area
under the curve) were still significantly reduced compared with
the controls after the two higher doses of NCE (Figures 3B, C
and 4, Table 1). The reduction of stimulation-induced
vasodilatation was no longer significant after the lowest dose
of NCE (Figures 3A and 4, Table 1). About 20 min after the
100 nmol kg~! dose of NCE, antidromic vasodilatation had
fully recovered to control magnitude.

NST in any dose tested did not significantly change MAP
nor vascular resistance in hairless skin (Figure 1C and D).
When elicited 5 min after NST application, antidromic

Effects of nociceptin and nocistatin on antidromic vasodilatation (AVD)

Table 1
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Dorsal root stimulation was performed at different intervals after injection of NCE and NST, respectively (‘time after drug’). Data expressed as mean+s.d., *P<0.05, **P<0.01 paired ¢-test. Baseline
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Figure 3 Dose-dependent suppression of antidromic vasodilatation by NCE injected i.v. The dorsal root LS was stimulated for 20 s
at a frequency of 1 Hz (stim DR 1 Hz) 7—8 min after applying NCE when blood pressure and skin blood flow had returned to
baseline. Stimulation-induced (bar) vasodilator responses from six animals were normalized and averaged (shaded areas are
means +s.e.mean). Compared with the control dilatations (left panels) NCE decreased the magnitude but did not change the shape

of antidromic vasodilatation (right panels).
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Figure 4 Reduction of the peak amplitude of antidromic vasodilata-
tion by NCE and NST (applied 7—-8 min and 5 min, respectively,
before DR LS5 stimulation). NCE dose-dependently reduced peak
vasodilatation, at the highest dose almost by 50%. The inhibition by

vasodilatation was somewhat reduced but not significantly so
and not in a dose-dependent manner (Figures 4 and 5, Table
1). Peak vasodilatation and integrated flow responses over 1—
3 min after stimulation were not significantly smaller than
controls (Table 1). NST (100 nmol kg~'), injected 2 min
before DR stimulation also did not reduce the resulting
vasodilatation (Table 1).

A 100 nmol kg~ bolus of NST, applied shortly before an
equimolar dose of NCE, failed to reverse the inhibition of
stimulation-induced antidromic vasodilatation elicited by
NCE. Thus, peak vasodilatation (Figure 6A), maximum
decrease of cutaneous vascular resistance (Figure 6B) and
maximum decrease of MAP (Figure 6C) after combined

NST was small and non-significant. Co indicates control. Data
(means +s.e.mean) from n=6 animals in both groups. For compar-
ison, the much stronger effect of the lowest NCE dose applied 2 min
before DR stimulation is also shown (data from three rats).
*P<0.05, **P<0.01 (paired r-test).
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Figure 5 Lack of a significant effect on antidromic vasodilatation of NST. Stimulation-induced vasodilator responses from six
animals were normalized and averaged (shaded areas are means+s.e.mean). The dorsal root L5 was stimulated for 20 s at a
frequency of 1 Hz (stim DR 1 Hz) 5 min after applying NST. Compared with the control dilatations (left panels) NST reduced the

magnitude of antidromic vasodilatation only little (right panels).

administration of both peptides were similar to those evoked
by NCE (100 nmol kg~") alone.

Discussion

The results of the present study show that NCE (orphanin
FQ), the endogenous ligand of the ORL1-receptor, applied i.v.
inhibits small-diameter afferent fibre-mediated antidromic
vasodilatation in rat hairless skin and relaxes cutaneous blood
vessels by a non-neurogenic mechanism. However, the
profound inhibition of antidromic vasodilatation 2 min after
NCE injection was greatly attenuated 5 min later indicating
that the NCE effects are rather short-lived. In contrast, NST,
which when administered i.t. has been shown to be a functional
antagonist of NCE because it was capable of reversing a
number of central NCE effects (Minami et al., 1998; Nicol et

al., 1998; Okuda-Ashitaka er al., 1998), produced only a small,
non-significant, inhibition of antidromic vasodilatation and
had no significant effects on blood pressure and vascular
resistance in the cutaneous bed. Furthermore, NST was not
capable of antagonizing the NCE effects observed in the
present study. These observations suggest that (i) NCE acting
via ORLI receptors on the peripheral endings of thin afferents
has considerable anti-inflammatory potency and might be
useful for the treatment of inflammation, (ii) NCE effects on
antidromic vasodilatation, systemic blood pressure and blood
vessels are similar to those exerted by opioids (Lembeck &
Donnerer, 1985; Holzer et al., 1991; Shakhanbeh & Lynn,
1993; Champion et al., 1997b; Czapla et al., 1998; Holzer,
1998) and (iii)) NST, at the level of the peripheral afferent
ending, is not an effective antagonist of NCE. Although NCE
had a considerable potency at low doses, it is doubtful whether
the effects of NCE observed in the present study play any role
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Figure 6 Effect of NST on NCE-induced changes of antidromic
vasodilatation, skin vascular resistance and blood pressure. DR L5
was stimulated 7-8 min after injection of NCE. NST
(100 nmol kg~ ") applied 30 s before NCE (100 nmol kg~") did not
significantly affect NCE-mediated suppression of stimulation-induced
vasodilatation (expressed relative to the controls, P>0.05, z-test) (A)
nor the maximum decrease of vascular resistance (relative to baseline)
after NCE (P>0.05) (B) nor the decrease of systemic blood pressure
(relative to baseline pressure) due to NCE (P>0.05) (C). Data
(means+s.e.mean) from n=4 animals receiving NST and NCE (open
columns) and n=6 animals (shaded columns) receiving only NCE.

under physiological conditions. In humans, NCE appears in
the plasma but only at a concentration of about 10 pg ml™"
(Brooks et al., 1998). However, during peripheral inflamma-
tion NCE is upregulated in related dorsal root ganglia (Andoh
et al., 1997). Under this condition NCE, after axonal transport
into the periphery, may be released in the vicinity of nociceptor
endings and inhibit neurogenic vasodilatation.

These results complement those reported by Helyes et al.
(1997) who found that NCE inhibited neurogenic plasma
extravasation, the other component of neurogenic inflamma-
tion, in rat skin in vivo. However, although substance P (SP)
and/or neurokinin A and calcitonin gene-related peptide
(CGRP) are involved in both plasma extravasation and
antidromic vasodilatation (Hdbler et al., 1999a) it is
predominantly SP which mediates plasma extravasation
whereas CGRP plays the major role in antidromic
vasodilatation (Lundberg, 1996; Holzer, 1998). The present
results together with those of Helyes er al. (1997) therefore
suggest that NCE suppresses neurokinin and CGRP release
from small-diameter afferent endings in skin. This is
consistent with previous evidence from in vitro experiments
showing that NCE inhibits the release of both SP and
CGRP from capsaicin sensitive nerve fibres supplying
guinea-pig and rat airways (Fischer et al., 1998; Nemeth et
al., 1998; Shah et al., 1998) and guinea-pig atrium and renal
pelvis (Giuliani & Maggi, 1996; 1997). Thus NCE in general
appears to attenuate the efferent function of small-diameter
afferent nerve fibres, at least when they are activated
electrically. There is evidence that NCE does not attenuate
neuropeptide release due to the activation of capsaicin
receptors (Shah et al, 1998) indicating that voltage
dependent Ca?" channels, but not the capsaicin-controlled
cation channel may be the target of NCE (Connor et al.,
1996; Knoflach et al., 1996). Our and previous results, which
indicate inhibition of neuropeptide release by NCE, are in
contrast to a recent report presenting evidence that NCE
injected into the plantar skin of mice induced the release of

SP. This in turn elicited a flexor reflex, which was
interpreted as indicative of pain (Inoue et al., 1998).

NST which was capable of reversing the hyperalgesia due to
NCE applied i.c.v. or i.t. in mice (Okuda-Ashitaka ez al., 1998)
was not an effective antagonist of NCE in preventing the
inhibition of antidromic vasodilatation. This is in line with the
observation that NST did not bind to the ORLI receptor nor
did it affect the NCE-induced decrease of intracellular cyclic
AMP (Okuda-Ashitaka ez al., 1998). Thus it appears that NST
does not interfere with small-diameter afferents in the
periphery.

Our results confirm earlier findings showing that NCE has
profound cardiovascular effects (Champion & Kadowitz, 1997;
Champion et al., 1997a; Czapla et al., 1997b; Giuliani et al.,
1997). It has been shown that the decrease in systemic arterial
pressure is the consequence of two component responses, (i) a
bradycardia mediated by both the vagus and the cardiac
sympathetic nerves and (ii) a decrease of peripheral vascular
resistance probably mediated by inhibition of transmitter
release from sympathetic vasoconstrictor fibres (Giuliani ef al.,
1997; Bucher, 1998). Elimination of the neurogenic influence
by vagotomy and intravenous guanethidine abolished the
NCE-induced MAP decrease (Giuliani et al., 1997). Since NCE
has been localized to brainstem regions which are involved in
the regulation of central autonomic functions (Darland e? al.,
1998), NCE may also play a role during on-going regulation of
blood pressure. Thus, micro-injection of NCE into the rostral
ventolateral medulla (Chu er al.,, 1998), where ‘pre-sympa-
thetic’ neurones are located, decreased blood pressure and
heart rate in rats. However, since NCE applied i.v. is unlikely
to cross the blood brain barrier this mechanism does not
account for the MAP decrease in the present study.

We studied whether in addition to the effects brought
about by the autonomic nervous system there is also a non-
neurogenic vasodilator effect by NCE in the cutaneous
vascular bed. To this end we eliminated on-going
sympathetic vasoconstrictor activity by sectioning the LST
bilaterally. Despite sympathetic denervation we saw a
considerable dose-dependent decrease of vascular resistance
suggesting that NCE has also a direct vasorelaxant effect in
blood vessels supplying hairless skin. This observation is
consistent with previous reports showing that NCE induced
vasodilatation in the denervated rat hindlimb (Czapla et al.,
1997a) and relaxation of phenylephrine-precontracted rings
of various cat arteries in vitro (Gumusel et al., 1997). This
direct relaxant effect of NCE may be mediated by the
blockade of voltage-dependent Ca®* channels in vascular
smooth muscle, in analogy to the blockade of similar
channels in neurones. Another possibility may be that the
vascular endothelium expresses ORLI1 receptors whose
activation may increase the production of nitric oxide
(NO) resulting in vasodilatation. There is evidence that this
mechanism is used by opioids (Stefano et al., 1995;
Champion & Kadowitz, 1998; Wilderman & Armstead,
1998). However, recent evidence suggests that NCE is a
vasodilator independent of endothelial NO (Champion et
al., 1998).

In conclusion, the present study shows that NCE is an
effective inhibitor of small-diameter afferent fibre-mediated
vasodilatation and may thus be useful as an anti-inflammatory
agent. NCE has also profound depressant cardiovascular
effects part of which seem to be mediated by a non-neurogenic
action on smooth muscle. NST, which was shown recently to
block some anti-opioid effects of NCE was almost totally
ineffective in influencing antidromic vasodilatation and blood
pressure. It also did not reverse NCE effects on antidromic
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vasodilatation, blood pressure and local vascular resistance
and thus does not seem to be a functional antagonist of NCE
neither at the peripheral endings of small-diameter primary
afferents nor at cutaneous blood vessels.
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