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Whole-cell patch clamp recordings were made from rat rostral ventromedial medulla (RVM)
neurons in wvitro to investigate the cellular actions of the opioid-like receptor ORL1 (NOP),
ligand nociceptin/orphanin FQ and other putative prepronociceptin products.

Primary and secondary RVM neurons were identified as responding to the x-opioid receptor
agonist U-69593 (300 nM to 1 uM) and the p- and d-opioid receptor agonist met-enkephalin
(10 pm), respectively. Both primary and secondary RVM neurons responded to nociceptin (3 nM
to 1 uM) with an outward current that reversed polarity at —115 mV in brain slices and with
inhibition of Ca*™* channel currents in acutely isolated cells.

The putative ORL1 antagonist J-113397 (1 uM) produced no change in membrane current and
abolished the outward current produced by nociceptin (100 nM). In contrast, Phe'y(CH,-
NH)GlyQ]—nociceptin—(l—13)NH2 (300 nM to 1 uM) alone produced an outward current and
partially reduced the outward current produced by nociceptin (300 nM) when co-applied.

In brain slices nociceptin (300 nM) reduced the amplitude of evoked GABA , receptor-mediated
inhibitory postsynaptic currents (IPSCs) but not non-NMDA receptor-mediated excitatory
postsynaptic currents (EPSCs).

Met-enkephalin (10 M), but not nociceptin (300 nm), reduced the rate of spontaneous
miniature IPSCs in normal external potassium solution (K 2.5m). In high external
potassium (K* 17.5 mM), nociceptin reduced the rate of miniature IPSCs in the presence (Ca’*
2.4 mM, Mg2+ 1.2 mM) but not in the absence of external calcium (Ca** 0 m, Mg2+ 10 mm, Cd**
10 uM). Nociceptin and met-enkephalin had no effect on the amplitude of miniature IPSCs.

The putative nociceptin precursor products nocistatin (rat prepronociceptingg; s.) and rat
prepronociceptin,s, g had no effect on membrane currents, evoked IPSCs and evoked EPSCs.

These results indicate that nociceptin acts via the ORL1 receptor to directly inhibit both
primary and secondary RVM neurons by activating a potassium conductance and by inhibiting
calcium conductances. In addition, nociceptin inhibits GABA release within the RVM via a
presynaptic Ca**-dependent mechanism. Thus, nociceptin has the potential to exert both
disinhibitory and inhibitory effects on neuronal action potential firing within the RVM.
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The rostral ventromedial medulla (RVM) forms part of a
descending inhibitory network that modulates
nociceptive neurotransmission within the dorsal horn of
the spinal cord and is a major site of the antinociceptive
actions of u-opioids (Fields et al. 1991). u-Opioid receptor
agonists reduce GABAergic influences on primary RVM
neurons, which are thought to represent serotonergic
neurons that project to the spinal dorsal horn (Pan et al.

1990, 1997). In addition, u-opioid receptor agonists
directly hyperpolarise secondary RVM neurons by
increasing a K conductance. These observations have led
to the hypothesis that u-opioids produce analgesia within
the RVM by disinhibiting primary neurons via
(1) inhibition of secondary GABAergic interneurons and
(2) presynaptic inhibition of transmitter release from
GABAergic nerve terminals.
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The heptadecapeptide nociceptin/orphanin FQ is an
endogenous ligand for the opioid-like receptor ORL1
(NOP), which is highly homologous to the cloned u-
(MOP), é- (DOP) and k-opioid receptors (KOP) (Mollereau
et al. 1994; Lachowicz et al. 1995; Meunier et al. 1995;
Reinscheid et al. 1995). While, like opioids, nociceptin
modulates ion channels, synaptic transmission and
second messenger cascades, it also has distinct and
complex effects on analgesia (Calo et al. 2000; Grisel &
Mogil, 2000). Nociceptin is one of a number of putative
peptide products of the prepronociceptin gene that have
been shown to modulate analgesia (Houtani et al. 1996;
Okuda-Ashitaka et al. 1998; Rossi et al. 1998).

In situ hybridization, autoradiographic and immuno-
histochemical studies have demonstrated that the rat
RVM contains high levels of nociceptin, prepronociceptin
(Neal et al. 1999) and the ORL1 receptor (Lachowicz et al.
1995; Anton et al. 1996). Microinjection of nociceptin into
the RVM has no nociceptive/ antinociceptive effect
alone but reduces the antinociception produced by
p-opioids (Heinricher et al. 1997; Pan et al. 2000). A
recent in wvitro study has demonstrated that nociceptin
activates a potassium conductance in all RVM neurons
(Pan et al. 2000). The present study examined the
mechanism of action of nociceptin and other putative
prepronociceptin products on potassium and calcium
conductances and synaptic transmission in RVM neurons
in wvitro.

METHODS

The experimental protocol was approved by the University of
Sydney Animal Care Ethics Committee. Male and female Sprague-
Dawley rats (15-26 days old) were anaesthetised with halothane,
decapitated and coronal brain slices were cut (250 gm) at the level of’
the facial nerve in ice-cold artificial cerebrospinal fluid (ACSF). The
slices were maintained at 34°C in a submerged chamber containing
ACSF equilibrated with 95% O, and 5% CO,. For experiments on
synaptic currents and postsynaptic K™ currents, the slices were then
transferred to a chamber and superfused continuously (2 ml min™")
with ACSF (32 °C) of composition (mm): NaCl 126, KCI 2.5, NaH,PO,
1.4, MgCl, 1.2, CaCl, 2.4, glucose 11 and NaHCO; 25, as previously
described (Vaughan et al. 1999). RVM neurons were visualised in the
triangular midline region dorsal to the pyramidal tracts using infra-
red Nomarski optics on an upright microscope (Olympus BX50).

For experiments on postsynaptic K™ currents, a potassium
gluconate-based internal solution was used that contained (mm):
potassium gluconate 95, KCI 30, NaCl 15, MgCl, 2, Hepes 10, EGTA
11, MgATP 2 and NaGTP 0.25. For experiments on synaptic
currents, a CsCl-based internal solution was used that contained
(mn): CsCl 140, EGTA 10, Hepes 5, CaCl, 2 and MgATP 2 (pH 7.3,
osmolarity 270—290 mosmol 17'). Voltage clamp recordings (holding
potential —60 mV) were made in the whole-cell configuration using
an Axopatch 200B (Axon Instruments, Foster City, CA, USA) with
patch clamp electrodes (2-5 M£2). Series resistance (< 20 M) was
compensated by 80% and continuously monitored during
experiments. Liquid junction potentials of —12 mV for potassium
gluconate-based and —4 mV for CsCl-based internal solutions were
corrected. Postsynaptic K* current recordings were filtered (100 Hz
low-pass filter) and sampled (200 Hz) for off-line analysis
(Axograph 4, Axon Instruments). Inhibitory and excitatory
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postsynaptic currents (IPSCs and EPSCs) were filtered (1 and 2 kHz
low-pass filter) and sampled (5 and 10 kHz) for on-line and later off-
line analysis (Axograph 4). Electrically evoked IPSCs and EPSCs
were elicited in neurons via bipolar tungsten stimulating electrodes
placed 100-500 gm from the recording electrode (0.05-0.1 Hz
stimuli: 5-70 V, 20—400 us). Spontaneous miniature IPSCs and
EPSCs (mIPSCs and mEPSCs) were obtained in neurons in the
presence of TTX (0.3 uM). mIPSCs and mEPSCs above a preset
threshold (4—6 standard deviations above baseline noise) were
automatically detected by a sliding template algorithm (Axograph 4),
then manually checked off-line. mIPSCs and mEPSCs were counted
in 12 s epochs every 15 s to construct plots of event rate versus time.

For experiments on postsynaptic Ca’" currents, cells were dissociated
as previously described (Connor & Christie, 1998). Slices were
transferred to a dissociation buffer of composition (mM): Na,SO, 82,
K,S0, 30, Hepes 10, MgCl, 5 and glucose 10, containing 20 units ml™
papain, pH 7.3 and incubated for 2—3 min at 35°C. The slices were
then placed in fresh dissociation buffer containing 1 mg ml™" bovine
serum albumin (BSA) and 1 mg ml™" trypsin inhibitor, and the RVM
was subdissected out by cutting from just lateral to each pyramid to
the midline half-way up the slice with a fine tungsten wire. Cells
were dissociated from the slices by gentle trituration, plated onto
plastic culture dishes and kept at room temperature in dissociation
buffer. Whole-cell patch clamp recordings of currents through Ca**
channels were made at room temperature (22—24°C). Immediately
prior to recording, dishes of cells were superfused with a buffer of
composition (my): NaCl 140, KCI 2.5, CaCl, 2.5, MgCl, 1.5, Hepes 10
and glucose 10, pH 7.3, in order to wash off the dissociation buffer.
For calcium channel current recordings (I,), cells were perfused in
solution containing (mM): tetraethylammonium chloride 140, BaCl, 2,
MgCl; 1, CsCl 2.5, Hepes 10 and glucose 10, pH 7.3. Whole-cell patch
clamp recordings were made with an intracellular solution containing
(mm): CsC1 130, MgATP 5, Na,GTP 0.2, EGTA 10, CaCl, 2, NaCl 5 and
Hepes 10, pH 7.3. Series resistance (~3 M{2) was compensated by
80 % and continuously monitored during experiments. Leak current
was subtracted on line using a P/8 protocol; typically the leak
conductance was of the order of 100 pS. I, evoked by stepping the
membrane potential from a holding potential of =90 mV was filtered
(2 kHz low-pass filter) and sampled (5-10 kHz) for later analysis
(pCLAMP, Axograph 3, Axon Instruments). Cells were exposed to
drugs via a series of flow pipes positioned above the cells. The
inhibition by drugs was quantified by measuring the current
amplitude isochronically with the peak of the control I,.

Stock solutions of all drugs were diluted to working concentrations
using ACSF immediately before use and applied by superfusion.
Nociceptin (Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-
Lys-Leu-Ala-Asn-Gln) and nocistatin (rat prepronociceptings s,
mPNP-3-8P, Glu-Val-Glu-Gln-Lys-GIn-Leu-Gln) were obtained
from Auspep (Parkville, Victoria, Australia). Rat prepro-
nociceptingsy_jg; (mouse prepronocicepting_g;, Phe-Ser-Glu-Phe-
Met-Arg-Gln-Tyr-Leu-Val-Leu-Ser-Met-Glu-Ser-Ser-Glu-Arg-Arg-
Arg-Thr-Leu-His-GIn-Asn-Gly-Asn-Val) was made by solid phase
synthesis by Research Genetics (Huntsville, AL, USA). Met-
enkephalin  (methionine-enkephalin), bicuculline methiodide,
strychnine hydrochloride, BSA and trypsin inhibitor (Type II-O)
were obtained from Sigma (Sydney, Australia). CTAP (D-Phe-Cys-
Tyr-D-Trp-Arg-Pen-Thr-NH,) was from Phoenix Pharmaceuticals
(Mountain View, CA, USA). CNQX (6-cyano-7-nitroquinoxaline-2,3-
dione disodium salt) was from Tocris Cookson (Bristol, UK).
Naloxone hydrochloride, nor-BNI (nor-binaltorphimine dihydro-
chloride) and U-69593 were from Research Biochemicals Inc. (Natick,
MA, USA). Tetrodotoxin (TTX) was from Alomone Laboratories
(Jerusalem, Israel). Papain was from Worthington Biochemical
Corporation (Frechold, NJ, USA). Phe-y-nociceptin (Phe'y(CH,-
NH)Gly*]-nociceptin-(1-13)NH,) was provided by Dr R. Guerrini
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(University of Ferrara, Italy). J-113397 (1-[(3R,4R)-1-cyclo-
octylmethyl-3-hydroxymethyl-4-piperidyl]-3-ethyl-1,3-dihydro-
2H-benzimidazol-2-one) was provided by Banyu Pharmaceutical Co.
Ltd (Tokyo, Japan). CGP-55845A was from Novartis. All pooled data
are expressed as means + S.EM. Unless otherwise stated, all
statistical comparisons were made using Student’s paired { test.

RESULTS

Nociceptin acts via the ORL1 receptor to increase a
potassium current in all RVM neurons

In brain slices, RVM neurons were classified as being
either primary or secondary cells on the basis of their
postsynaptic responses to p-opioid and/or k-opioid
receptor activation (Pan et al. 2000). In primary neurons,
superfusion of the selective k-opioid receptor agonist
U-69593 (300 nM to 1 uM) produced an outward current
(48 £ 6 pA, n=13) that was abolished by addition of the
k-opioid receptor antagonist norBNI (300 nM, n=38,
Fig. 14). The selective p-opioid receptor agonist DAMGO
(1-3 uM) and the p- and §-opioid receptor agonist met-
enkephalin (10 g™, Fig. 14) produced no change in
membrane current in primary neurons (1 + 1 pA, n = 13).
In secondary neurons, met-enkephalin (10 gM) produced
an outward current (72 + 8 pA, n =31, Fig. 1 B) that was
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abolished by naloxone (1 uM, n=11) or the p-opioid
receptor antagonist CTAP (1 uM, n = 5). U-69593 (300 nM
to 1 uM) had no effect on membrane currents in the
secondary neurons tested (0 4+ 1 pA, n=28, Fig. 1B).
Nociceptin (300 nM) produced an outward current in all
primary (102 4 13 pA, n=10, Fig. 14) and secondary
neurons tested (100 £+ 10 pA, n = 30, Fig. 1B).

The outward current produced by nociceptin was
concentration dependent with a pEC;, of 7.8 £+ 0.1 (Fig. 2)
and a Hill slope for the curve of 1.2+ 0.2. At
concentrations of 300 nM and above the outward current
produced by nociceptin partly desensitised following the
peak outward current. The outward current produced by
nociceptin (100 nM, 51 + 6 pA) was abolished by the
addition of the putative ORL1 antagonist J-113397
(1 pM, 1 +2pA, n=9, Fig. 34). The outward current
produced by met-enkephalin (10 M) was similar in the
absence (28 + 5 pA) and presence (32 + 7 pA) of J-113397
(1 g™, n =5, Fig. 34). J-113397 (1 uM) alone produced no
change in membrane current (0 + 2 pA, n=4). Another
putative ORL1 ligand Phe-y-nociceptin (300 nd)
produced an outward current of 71 4+ 24 pA (n=25,
Fig. 3B). Application of Phe-y-nociceptin (1 xM) in the
continued presence of mnociceptin (300 nM) reversibly

A
Primary Neuron
20
norBNI
ME u69 I Nocic PA
| | | 5 min
B
Secondary Neuron
Nalx I 10
ME U6 mm Nstat ppOFQ Nocic
| | | | | pA

5 min

Figure 1. Nociceptin produces an outward current in both primary and secondary RVM neurons
A, U-69593 (U69, 300 nM) produced a nor-BNT (300 nM)-sensitive outward current and met-enkephalin
(ME, 10 gM) produced no currents in a primary neuron. B, met-enkephalin but not U-69593 produced an
outward current in a secondary neuron. Nociceptin (Nocic, 300 nM) produced an outward current in both
primary (4) and secondary (B) neurons. Nocistatin (Nstat, 1 gM) and prepronociceptings s (ppOFQ,
300 nM) produced no currents in the secondary neuron (B). Nalx, naloxone (1 uM).
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Table 1. Effects of a depolarising conditioning step on
nociceptin modulation of Iz, in RVM neurons

Control Nociceptin

With conditioning step

Ratio T2:T1 amplitude 1.00+0.03 1.74 + 0.13**

0-95 % risetime of T'1 (ms) 1.5+01 6.5 + 0.9**

0-95% risetime of T2 (ms) 1.4+4+0.1 1.6 +0.1*f
Without conditioning step

Ratio T2:T1 amplitude 0.98 + 0.01 1.0+ 0.01

0-95% risetime of T1 (ms) 1.7+ 0.2 71+ 0.3%*

0-95 % risetime of T2 (ms) 1.7+ 0.1 6.9 + 0.4 **

RVM neurons were stepped twice from —90 to 0 mV, with or
without an 80 ms conditioning step to +60 mV preceding the
second step (see Fig. 5). T1 is the first test step, T2 the second test
step. Cells were exposed to 100 nM nociceptin. * P < 0.05 between
control and nociceptin conditions (paired ¢ test); ** P < 0.005
between control and nociceptin conditions (paired ¢ test);
T P <0.0005 between T1 and T2 in the same condition (unpaired
[ test).

reduced the outward current caused by nociceptin to
46 + 4% of the value before application of Phe-y-
nociceptin (n =4, Fig. 3B). The outward current
produced by nociceptin (300 nM) was unaffected by
naloxone (1 uM, n = 15; not shown).

The resting membrane conductance showed inward
rectification with slope conductances of 7.1 + 1.0 and
15.4 + 2.5 nS when measured between —60 and —90 mV
and between —110 and —130 mV, respectively (n = 12).
Nociceptin increased the slope conductances to 8.7 £ 1.2
and 17.5 4+ 2.8 nS, when measured over the same
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Figure 2. Nociceptin-induced outward currents
and inhibition of Ca®" channel currents are dose
dependent

Concentration—response relationships of nociceptin-
induced outward currents (I in brain slices, @) and
inhibition of Ca** channel currents (I, in isolated
cells, O) in RVM neurons. Each point shows the mean
(£ s.E.M.) of responses of several different neurons
(n=5-29). A logistic function was fitted to
determine the pECs.
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potentials (n=12). The nociceptin-induced current
reversed polarity at =115 + 3 mV (n = 12).

Nociceptin inhibits calcium currents in all RVM
neurons

When acutely isolated RVM neurons were stepped from a
holding potential of —90 mV inward currents in most
cells began to activate at about —40 mV and were
invariably greatest at membrane potentials between —10
and 0 mV. The peak inward current was 148 + 7 pA pF™'
(n = 42). The inward current could be abolished by Cd**
(30 uM, n =8, data not shown), suggesting that it was
being carried by Ba** through calcium channels (). In
most RVM neurons tested, superfusion of high
concentrations of the u-opioid receptor agonist DAMGO
and/or the k-opioid receptor agonist U-69593 inhibited
the peak I, evoked by stepping the membrane potential

A

ME 10uM
|

Nocic 100nM
B

ME 10pM  ———sss—— 10
J-113397 1 uM oA

5 min

Phe-y-nocic 300nM Phe-y-nocic 1uM
' —— 20
Nocic 300nM pA
5 min

Figure 3. J-113397 behaves as a pure antagonist
and Phe-y-nociceptin behaves as a partial agonist
at the ORL1 receptor in RVM neurons

A, application of nociceptin (Nocic, 100 nM) produced
an outward current that was abolished after addition
of J-113397 (1 uM). Met-enkephalin (ME, 10 xM)
produced a similar current before and after addition
of J-113397. B, application of Phe-w-nociceptin (Phe-
w-nocic, 300 nM) produced an outward current.
Subsequent application of nociceptin (300 n)
produced an outward current that was partially
antagonised by the addition of Phe-y-nociceptin

(1 gM). A and B are from different neurons.
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from —90 to 0 mV every 30 s (Fig. 44). An inhibition of
greater than 10% of the peak current, which recovered
after washout, was considered significant. U-69593 (1 uM)
inhibited I, in 9 of 26 neurons tested, by an average of
22 + 4%. DAMGO (3 gM) inhibited I, in 12 of 25 neurons
tested, by an average of 34 +4%. In 1 of 25 neurons,
both DAMGO (3 un) and U-69593 (1 uM) significantly
inhibited I, while in 4 of 25 neurons neither DAMGO nor
U-69593 significantly inhibited Iy,. Nociceptin produced
an inhibition of the peak inward Iy, in all RVM neurons
examined (n = 36, Fig. 4). The maximum inhibition of the
peak Iz, by nociceptin was about 50 %. Nociceptin
inhibition of I, was dose dependent with a pEC;, of
8.7+ 0.2 (Fig. 2) and a Hill slope of 0.8+ 0.1. The
inhibition of Iz, by nociceptin was apparent when the
current was evoked at range of membrane potentials
(n = 6, data not shown).

The inhibition of I, by nociceptin was characterised by a
significant slowing of the activation of Iy, and could be

A u69 Nocic DAMGO
1uM  1nM 3uM
27 = -
30 nM
......
o000 o®
i ® 2 e .oo
s °
(nA) ®ee °
[
1 ®
°
o®
0= 1 T T T T T T
0 4 Time (min) 12
B

Nocic 30 nM

Control/Wash

5ms

Figure 4. Nociceptin inhibits Iy, in RVM neurons
A, time plot of the peak amplitude of I, during the
application of U-69593 (U69, 1 uM), nociceptin (Nocic,
1 or 30 nM) and DAMGO (3 uM). B, example raw
current traces of Iy,. I, was elicited by repetitively
stepping the membrane potential of an RVM neuron
from —90 to 0 mV every 30 s. 4 and B are taken
from one neuron.
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attenuated by a strong positive depolarising step shortly
before the test step (Table 1, Fig. 54). In these
experiments cells were stepped twice to 0 mV, with an
80 ms depolarising step to +60 mV between the test
steps. In control conditions, amplitudes of the first (T1)
and second (T2) test steps were not different (Fig. 54 and
B). In the presence of nociceptin (100 nM), T1 was
inhibited by 53 + 3% while T2 was inhibited by
21 + 3%, which is significantly less than the inhibition of

A

..
-

Control

Control

500
pPA

10 ms

Figure 5. Nociceptin inhibition of I, in RVM
neurons is relieved by a positive prepulse

RVM neurons were voltage clamped at —90 mV and
stepped twice to a test potential of —10 mV, with

90 ms between the test pulses. In 4 an 80 ms positive
step to +60 mV was applied to the cell immediately
after the first test pulse and the cell was returned to
—90 mV 10 ms before the second test pulse. In B the
cell was held at =90 mV for the 90 ms between test
pulses. The resulting raw current traces for steps in
the absence and presence of nociceptin (Nocic, 100 nM)
are shown. The dashed line represents the zero
current line because the complex step protocol leak
subtraction was not used. A section of the trace
between test pulses has been removed for clarity.

A and B are taken from different neurons.
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T1 (P<0.0002, unpaired ¢ test, n = 6). Superfusion of
nociceptin caused a 4-fold increase in the 0-95 % risetime
of T1 but only a small change in the 0-95 % risetime of T2
(Table 1). If there was no step to +60 mV between T1 and
T2, there was no difference in the amount by which
nociceptin inhibited T1 and T2 (56 +2 ws. 55+ 2%,
P=0.65, unpaired ¢ test, n=06), nor was there any
difference in the nociceptin-induced slowing of the
risetime between T1 and T2 (Table 1, Fig. 5B).

Nociceptin inhibits GABAergic but not glutamatergic
synaptic transmission

Electrical stimulation in the presence of CNQX (3 uM)and
strychnine (3 uM) evoked IPSCs in RVM neurons that
were abolished by the GABA, antagonist bicuculline
(30 M) or picrotoxin (100 uM). The neurons could not be
readily classified as being either primary or secondary
cells because experiments were carried out using Cs*-
filled, GTP-free pipettes to block agonist activation of
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postsynaptic K* currents. Superfusion of nociceptin
(300 nM) had a variable effect on the amplitude of evoked
IPSCs. The mean amplitude of evoked IPSCs was reduced
by 37 + 5% in the presence of nociceptin (range 6—62 %,
P=0.003, n=11) and slowly recovered after washout
(85 + 4% of control, P=0.007 for nociceptin vs. wash,
n=9, Fig. 64 and B). In these neurons, met-enkephalin
(10 pM) reduced the amplitude of evoked IPSCs by an
average of 62+ 7% (range 38-79%) and this was
abolished by naloxone (1 gM, 86 + 3% of control, n = 5).
There was no correlation between the percentage
inhibition of evoked IPSCs produced by nociceptin and
met-enkephalin (P=0.7, n=25, Spearman’s rank
correlation coefficient).

Electrical stimulation in the presence of strychnine (3 uM)
and bicuculline (30 M) or picrotoxin (100 uM) evoked
EPSCs in RVM neurons that were abolished by the non-
NMDA glutamate receptor antagonist CNQX (3 uM).
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B |
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Figure 6. Nociceptin inhibits evoked but not miniature GABAergic synaptic currents in RVM

neurons

A, time course of the amplitude of evoked IPSCs (eIPSC Ampl) during application of nociceptin (Nocic,
300 nM), then TTX (300 nM). Each point is the mean of 3 consecutive evoked IPSCs. B, averaged raw traces
of evoked IPSCs from before (Control), during (Nocic) and after (Wash) application of nociceptin, then
after addition of TTX (average of 10—-20 IPSCs). C; time course of mIPSC rate in the presence of TTX
(300 nm) during superfusion of nociceptin (300 nM), then met-enkephalin (ME, 10 M) and addition of
naloxone (Nalx, 1 #M), then bicuculline (Bicuc, 30 uM). D, averaged raw traces of mIPSCs before (Control)
and during superfusion of nociceptin and met-enkephalin. A—D are taken from one neuron in the presence

of CNQX (3 uM) and strychnine (3 uM).
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Superfusion of nociceptin (300 nM) had no significant
effect on the amplitude of evoked EPSCs (Fig. 7). The
mean amplitude of evoked EPSCs was reduced by
13+ 2% in the presence of nociceptin (range 3—17 %,
P =0.01, n=10) but did not significantly recover after
washout (94 + 4% of control, P= 0.2 for nociceptin wvs.
wash, n=9). In these neurons, baclofen (10 uM) reduced
the amplitude of evoked EPSCs by an average of
72 + 7% and this was abolished by the GABAj receptor
antagonist CGP-55845A (1 uM, n =5, Fig. 7).

Nociceptin inhibits GABAergic synaptic transmission
via a presynaptic Ca’*-dependent process

To determine whether nociceptin inhibits GABA,
receptor-mediated synaptic transmission by a
presynaptic reduction in the probability of GABA release
or by a reduction in postsynaptic GABA, receptor
sensitivity, we examined the effect of nociceptin on
spontaneous mIPSCs. In the presence of CNQX (3 uM),
strychnine (3 M) and TTX (300 nM), mIPSCs were
readily observed that were blocked by picrotoxin (100 gM)
or bicuculline (30 xM, Fig. 6C). This concentration of TTX
prevented Na*-dependent evoked TPSCs (Fig. 64 and B).
Superfusion of nociceptin (300 nM) had no significant
effect on the rate (5 + 8% reduction, P= 0.7), amplitude
(0 + 5% reduction, P=0.9) and kinetics of mIPSCs
(n=9, Fig. 6C and D). In two of these neurons,
nociceptin produced a reduction in evoked IPSC
amplitude prior to addition of TTX (Fig. 64 and B).
Superfusion of met-enkephalin (10 xM) reduced the mean
rate (50 + 7%, P=0.001) but not the mean amplitude
(7+ 7%, P=0.07) of mIPSCs in these neurons (n=75,
Fig. 6C and D).

The inhibition of evoked IPSCs in RVM neurons may
have been due to presynaptic inhibition of voltage-
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dependent calcium currents that were activated during
action potential-evoked release but were inactive during
Na® channel-independent (TTX-resistant) spontaneous
release. We therefore examined the effect of nociceptin
(300 n) on spontaneous mIPSCs during tonic activation
of voltage-dependent calcium currents by increasing the
external concentration of potassium (K* increased from
2.5 to 17.5 mM). In high potassium normal calcium
solutions (Ca™ 2.4 mm, Mg™ 1.2 mm), superfusion of
nociceptin reduced the rate of mIPSCs by 52+ 4%
(P=0.005, n =12, Fig. 84). In contrast, nociceptin had
no effect on the rate of mIPSCs (2 + 9% inhibition,
P=0.2, n=06) in high potassium, calcium-free solutions
(Ca™ 0 mm, Mg™ 10 mm, Cd** 10 um, Fig. 84). Nociceptin
had no effect on the amplitude of mIPSCs in both normal
calcium and calcium-free high potassium solutions (pooled
1+ 3% decrease, P=0.8, n=18, Fig. 8B). In high
potassium solutions, the mIPSC rate in normal calcium
solutions was 360 + 90 % of that in calcium-free external
solutions (n = 5, Fig. 84).

Other nociceptin precursors have no actions on RVM
neurons

In brain slices, superfusion of nocistatin (1—3 uM)
produced no change in membrane current in either
primary (0 +1pA, n=06) or secondary neurons
(0 £ 1 pA, n=9, Fig. 1B). The outward current produced
by nociceptin (300 nM) was similar in the absence
(106 + 13 pA, n=16) and presence of nocistatin (1 uM,
110 £ 26 pA, n=7). In addition, superfusion of
prepronociceptings, g (1—3 M) produced no change in
membrane current in either primary (1 £ 1 pA, n=6) or
secondary neurons (0 + 1 pA, n =8, Fig. 1 B). Superfusion
of nocistatin (300 nM to 1 #M) also had no significant effect
(P> 0.3, n=6) on the amplitude of evoked IPSCs
(6 + 7% reduction) or evoked EPSCs (1 + 4% reduction,
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Figure 7. Nociceptin has no effect on evoked glutamatergic synaptic currents in RVM neurons

A, time course of the amplitude of evoked EPSCs during application of nociceptin (Nocic, 300 nm),
nocistatin (Nstat, 1 M), prepronociceptings i (ppOFQ, 300 nM), baclofen (Bacl, 10 gM) and addition of
CGP-55845A (CGP, 1 um), then CNQX (3 uM). B, averaged raw traces of evoked EPSCs prior to (Control)
and in the presence of nociceptin, baclofen and CNQX (average of 5-10 EPSCs). 4 and B are taken from
one neuron in the presence of picrotoxin (100 xM) and strychnine (3 uM).
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Fig. 7). Similarly, superfusion of prepronociceptins,_g
(300 nM to 1 M) had no significant effect (P> 0.05, n = 6)
on the amplitude of evoked IPSCs (3 + 5% reduction) or
evoked EPSCs (4 + 4 % reduction, Fig. 7).

In acutely isolated RVM neurons nocistatin did not
inhibit I, in any RVM neuron tested, nor did it affect the
inhibition of I, by a subsequent co-superfusion of
nociceptin. In the presence of nocistatin (10 uM) Iy, was
100 £+ 1 % of control (n = 8); subsequent co-application of
nociceptin (3 nM) inhibited I, by 28 + 7%, which is similar
to the inhibition of Iz, by nociceptin alone (30 + 4%,
n==06). In addition, prepronociceptins,_g; did not
modulate Iy, in any RVM neuron tested; Iy, was 99 + 1%
of control in the presence of prepronociceptins,_ig (1 pM,
n="7).

DISCUSSION

This study demonstrates that the endogenous ORL1
(NOP) receptor ligand nociceptin/orphanin FQ has both
pre- and postsynaptic inhibitory actions on neurons of
the rat RVM. Nociceptin increased a potassium
conductance and inhibited calcium channel conductances
in both primary and secondary RVM neurons. Nociceptin
also inhibited GABAergic synaptic transmission within
the RVM via a presynaptic calcium-dependent mechanism.
The other putative peptide products of the prepro-
nociceptin gene, nocistatin (rat prepronociceptins; s2)
and rat prepronociceptins g, had no effect on RVM
neurons.

Nociceptin activated a potassium current in both
k-opioid-responding primary and g-opioid-responding
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secondary RVM neurons, as reported previously (Pan et
al. 2000). While previous studies have measured a
potassium current to define primary and secondary
neurons (Pan et al. 1990, 1997, 2000), the present study
extends this functional description to include calcium
channel currents. The differences in the proportion of u-
to k-responding neurons measured by potassium (8:1) and
calcium currents (4:3) may have been due to sampling
differences between whole-cell recordings from brain
slices and acutely dissociated neurons.

Nociceptin is likely to have acted via ORL1 receptors and
not other opioid receptors within the RVM. The action of
nociceptin was unaffected by the opioid receptor
antagonist naloxone and was abolished by the recently
described ORL1 antagonist J-113397 (Kawamoto et al.
1999; Bigoni et al. 2000; Corboz et al. 2000; Ozaki et al.
2000a,b). In contrast, the action of met-enkephalin was
unaffected by J-113397 and was abolished by naloxone.
The peptide analogue Phe-y-nociceptin acted as a partial
antagonist at the ORL1 receptor. Phe-y-nociceptin has
been reported to behave as either a partial antagonist or a
pure antagonist in various assays of putative ORL1
function (Calo et al. 2000). These differences are likely to
be due to variations in receptor reserve and
receptor—effector coupling for ORL1. The potency of
nociceptin in RVM neurons was similar to that previously
reported in RVM (Pan et al. 2000) and other brain regions
(Knoflach et al. 1996; Vaughan & Christie, 1996;
Vaughan et al. 1997q; Connor & Christie, 1998; Meis &
Pape, 1998; Wagner et al. 1998; Allen et al. 1999; Chiou,
1999; Connor et al. 1999; Emmerson & Miller, 1999; Pu et
al. 1999). The differences in potency for calcium and
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Figure 8. Nociceptin inhibition of GABAergic synaptic currents is dependent on presynaptic

calcium entry

A, time course of mIPSC rate during superfusion of nociceptin (Nocic, 300 nM) in a high K*-containing
solution. The external solution was initially Ca** free (0 mm Ca™, 10 mm Mg™, 10 um Cd**) and then
switched to a normal Ca™ solution (2.4 my Ca™, 1.2 mm Mg™, 0 gy Cd*). The mean mIPSC rate
before/during nociceptin application was 0.24/0.23 Hz in Ca’*-free and 2.7/1.4 Hz in normal Ca’™*

solutions. Picrotoxin (Picro, 100 M) was added at the end of the experiment. B, averaged raw traces of
mIPSCs before (Control) and during superfusion of nociceptin in the high K*, normal Ca** solution. 4 and
B are taken from one neuron in the presence of high K* (17.5 mum), CNQX (3 uM), strychnine (3 M) and

TTX (300 n).
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potassium conductances (ECj, 2 and 16 nM, respectively)
in RVM may reflect stronger coupling of the ORL1
receptor previously
demonstrated for the g-opioid receptor in acutely isolated
neonatal locus coeruleus neurons (Ingram et al. 1997).

to calcium conductances, as

The outward current produced by nociceptin in RVM
neurons within brain slices was the result of an increase in
an inwardly rectifying potassium conductance (K), as
has been demonstrated in RVM (Pan et al. 2000) and other
brain regions (Connor et al. 1996; Vaughan & Christie,
1996; Lee et al. 1997; Vaughan et al. 1997 a; Meis & Pape,
1998; Wagner et al. 1998; Allen et al. 1999; Chiou, 1999;
Emmerson & Miller, 1999). Nociceptin produced an
increase in conductance that was greater at more negative
potentials. The current produced by nociceptin had a
reversal potential similar to the Nernst potential
predicted for a potassium conductance (—106 mV).

The inhibition of barium current through calcium
channels (Ip,) in acutely isolated RVM neurons by
nociceptin was probably mediated by activation of
heterotrimeric guanine nucleotide binding proteins
(G-proteins). Similar G-protein-mediated inhibition of
high voltage-activated I, by nociceptin has been
demonstrated within other regions of the nervous system
(Knoflach et al. 1996; Abdulla et al. 1997; Connor &
Christie, 1998; Connor et al. 1999). In the present study
the inhibition of I, by nociceptin was evident across a
range of membrane potentials and was associated with a
slowing of the activation of evoked currents, all
characteristic features of the ubiquitous G-protein fy-
subunit-mediated pathway for inhibition of I, (Herlitze
et al. 1996; Ikeda, 1996). Further, inhibition of Iy, by
nociceptin was significantly reduced by a depolarising
prepulse, which is thought to reflect a voltage-dependent
dissociation of G-protein fy-subunits from the calcium
channels (Herlitze et al. 1996; Tkeda, 1996; Zamponi &
Snutch, 1998). Inhibition of calcium channels by nociceptin
is functionally important as this process may be involved
in its presynaptic inhibitory effects on GABA, receptor-
mediated synaptic transmission (see below).

Nociceptin inhibited evoked IPSCs as previously
demonstrated for wg-opioids and CB1 cannabinoids in
RVM (Pan et al. 1990; Vaughan et al. 1999). u-Opioids
and CB1 cannabinoids inhibit GABAergic synaptic
transmission in RVM via a presynaptic mechanism
because they reduce the rate of spontaneous mIPSCs and
have no effect on their amplitude (Vaughan et al. 1999).
In the present study, nociceptin had no effect on the rate
or amplitude of spontaneous mIPSCs in RVM, unlike
previous studies on mIPSCs in the periaqueductal grey
(PAG) (Vaughan et al. 1997a) and on mEPSCs in the
spinal cord (Liebel et al. 1997). However, nociceptin
reduced the rate of mIPSCs at elevated external
potassium concentrations (which activates voltage-
dependent calcium channels) and this inhibition was
abolished by blockade of calcium entry. While the
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functional significance of calcium channel modulation by
nociceptin is not well established, these observations
suggest that nociceptin inhibits transmitter release from
GABAergic terminals in RVM by reducing presynaptic
calcium entry. Thus nociceptin differs from u-opioids and
CB1 cannabinoids, both of which are associated with
calcium-independent presynaptic processes in RVM and

PAG (Vaughan et al. 19975, 1999, 2000).

The precursor polypeptide for nociceptin, prepronociceptin,
encodes up to four additional peptides (Houtani et al
1996; Mollereau et al. 1996; Nothacker et al. 1996).
Nocistatin (rat prepronociceptinys_;s»), which lies upstream
of nociceptin, reduces the hyperalgesia and allodynia
produced by nociceptin (Minami et al. 1998; Okuda-
Ashitaka et al. 1998; Yamamoto & Sakashita, 1999; Zhao et
al. 1999). The 28 amino acids carboxy-terminal to the
nociceptin sequence (rat prepronociceptins_g), unlike
nocistatin, are strictly conserved across several species
(Houtani et al. 1996; Mollereau et al. 1996; Nothacker et
al. 1996; Okuda-Ashitaka et al. 1998). A fragment
comprising the first 17 amino acids of rat prepro-
nociceptin,s, 15 produces naloxone-sensitive analgesia in
mice (Rossi et al. 1998). In the present study, nocistatin
and rat prepronociceptins, g had no direct effects on the
membrane properties and GABAergic and glutamatergic
synaptic transmission in RVM neurons. In addition,
nocistatin did not prevent the effects of a subsequent co-
application of nociceptin. These results are consistent
with the previously reported lack of effect of nocistatin
and rat prepronociceptin,s, g, on nociceptin binding to
ORL1 (Nothacker et al. 1996; Okuda-Ashitaka et al.
1998). However, these results differ from those obtained
from the spinal cord where nociceptin and nocistatin have
functionally opposing actions of inhibiting glutamatergic
and GABAergic synaptic transmission, respectively
(Zeilhofer et al. 2000). These findings suggest that the
modulation of analgesia by nocistatin and prepro-
nociceptings,_g; does not occur within the RVM, at least
via the cellular mechanisms described in the present
study.

Microinjection of u-opioids and CB1 cannabinoids but not
nociceptin and k-opioids into RVM produces analgesia
(Heinricher et al. 1997; Pan et al. 1997; Meng et al. 1998).
However, microinjection of nociceptin (Heinricher et al.
1997) and k-opioids (Pan et al. 1997) into RVM reduces the
analgesic actions of u-opioids. While the role of primary
and secondary RVM neurons in the descending anti-
nociceptive actions of opioids has not been fully resolved,
both u-opioid and CB1 cannabinoid antinociception in
RVM are associated with inhibition of on-cell activity and
disinhibition of off-cell activity (which display increased
and decreased action potential activity with tail-flick
responses, respectively; Fields et al. 1991; Meng et al.
1998). In contrast, microinjection of nociceptin into RVM
inhibits action potential activity of both on- and off-cells
(Heinricher et al. 1997) and k-opioid microinjection inhibits
action potential activity of off-cells (Pan et al. 1997).
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The present study suggests that the cellular actions of
nociceptin are even more complex than a generalised
inhibition of descending analgesic pathways, as suggested
recently (Grisel & Mogil, 2000). The actions of nociceptin
only partly overlap those of u-opioids, k-opioids and CB1
cannabinoids (Pan et al. 1990, 1997; Vaughan et al. 1999,
2000). Nociceptin activates a potassium current and
inhibits calcium channel currents in both primary and
secondary RVM neurons, which respond to - and u-
opioids, respectively. In contrast, CB1 cannabinoids have
no postsynaptic actions in RVM. Like x-opioids and CB1
cannabinoids, nociceptin inhibits GABA, receptor-
mediated synaptic transmission in RVM neurons
(disinhibition); however, the present findings indicate
that this occurs via a different presynaptic mechanism.
The differences in the cellular actions of nociceptin,
k-opioids, u-opioids and CB1 cannabinoids suggest that
their effects within RVM are likely to be dependent upon
a complex balance between on- and off-cell activity.
Further differences in the actions of these agents are
likely to appear when the balance of RVM activity is
altered by stress, during chronic drug treatment and in
chronic pain states.
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