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Stress-induced analgesia (SIA) is a key component of the defensive behavioral “fight-or-flight” response.
Although the neural substrates of SIA are incompletely understood, previous studies have implicated the
hypocretin/orexin (Hcrt) and nociceptin/orphanin FQ (N/OFQ) peptidergic systems in the regulation of SIA.
Using immunohistochemistry in brain tissue from wild-type mice, we identified N/OFQ-containing fibers
forming synaptic contacts with Hcrt neurons at both the light and electron microscopic levels. Patch clamp
recordings in GFP-tagged mouse Hcrt neurons revealed that N/OFQ hyperpolarized, decreased input resistance, and blocked the firing of action potentials in Hcrt neurons. N/OFQ postsynaptic effects were consistent
with opening of a G protein–regulated inwardly rectifying K+ (GIRK) channel. N/OFQ also modulated presynaptic release of GABA and glutamate onto Hcrt neurons in mouse hypothalamic slices. Orexin/ataxin-3 mice,
in which the Hcrt neurons degenerate, did not exhibit SIA, although analgesia was induced by i.c.v. administration of Hcrt-1. N/OFQ blocked SIA in wild-type mice, while coadministration of Hcrt-1 overcame N/OFQ
inhibition of SIA. These results establish what is, to our knowledge, a novel interaction between the N/OFQ
and Hcrt systems in which the corticotropin-releasing factor and N/OFQ systems coordinately modulate the
Hcrt neurons to regulate SIA.
Introduction
Stress-induced analgesia (SIA) is a key component of the defensive behavioral response to prepare for fight or flight. Although
an extensive literature has established roles for the hypothalamopituitary axis and corticotropin-releasing factor (CRF), in
particular, as a central mediator of stress, the neural substrates
of SIA are poorly understood.
The hypocretins (Hcrt, also known as orexins) (1, 2), neuropeptides whose cell bodies are restricted to the perifornical and lateral areas of the tuberal hypothalamus (PLH) (3, 4), are primarily
known for involvement in the control of sleep and wakefulness,
energy metabolism, reward, and addiction (5–7). However, the Hcrt
system has also been implicated in nociception, the stress response,
and SIA. The Hcrt-1 peptide is analgesic (8–10), CRF excites Hcrt
cells through the CRF receptor 1 (11), and SIA is reduced in Hcrtnull mutant mice (12).
Nociceptin (N/OFQ; also known as orphanin FQ) (13, 14) is a
neuropeptide that has also been implicated in a number of physiological functions including locomotion, feeding behavior, anxiNonstandard abbreviations used: CRF, corticotropin-releasing factor; EC50, 50%
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ety, memory, pain, and stress responses, particularly SIA (15, 16).
N/OFQ administered centrally can completely block severe SIA
(16). In contrast to Hcrt, N/OFQ cell bodies are widely distributed
throughout the CNS (17).
Exaggerated or prolonged SIA has long been considered to be
detrimental to performance; therefore, SIA must be critically
regulated (18, 19). Because N/OFQ blocks SIA, for which Hcrt is
required, we hypothesized that interaction between these peptidergic systems might be a critical component of SIA regulation.
In this study, we present evidence from anatomical, cellular electrophysiological, and behavioral studies that establishes direct
interaction between the Hcrt and N/OFQ systems. We show that
N/OFQ makes synaptic contacts with Hcrt cells, that the N/OFQ
peptide inhibits the activity of Hcrt cells via pre- and postsynaptic
mechanisms, that Hcrt neurons are essential in the generation of
SIA, and that N/OFQ blocks SIA via inhibition of Hcrt activity.
These results indicate that the Hcrt and N/OFQ systems interact
to coordinately modulate SIA.
Results
Anatomical evidence for N/OFQ innervation of Hcrt neurons. To assess
the potential for interaction between the N/OFQ and Hcrt systems, we first determined whether N/OFQ fibers were present in
the vicinity of Hcrt-synthesizing cell bodies using double-label
immunohistochemistry. N/OFQ-containing fibers and Hcrt
somata were detected on 10-μm sections incubated in anti-N/OFQ
and anti–orexin-B antisera. Using fluorescent light and confocal
microscopy, we observed the presence of N/OFQ-immunoreac-
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Figure 1
N/OFQ-containing fibers innervate Hcrt neurons, and N/OFQ
inhibits Hcrt neuronal activity. (A) Left panel shows confocal
image of N/OFQ-immunoreactive fibers in the vicinity of, and
in putative contact with, Hcrt-immunoreactive neurons in the
PLH of WT mice. N/OFQ (green) fibers are in close proximity to
Hcrt-immunoreactive (red) cells. The arrow indicates the N/OFQ
innervation of an Hcrt cell body. Middle panel shows light micrograph of a light brown immunolabeled Hcrt neuron contacted
by a dark black bouton (arrow) representing immunolabeling for
N/OFQ. Right panel shows electron micrograph taken from ultrathin sections of the same labeled terminal and dendrite shown in
the light micrograph in the middle panel. Black arrow indicates
the N/OFQ-immunolabeled axon terminal in synaptic contact
(red arrowhead) with the dendrite of the Hcrt cell. Scale bars:
10 μm (left and middle panels); 1 μm (right panel). (B) Under
current clamp, bath application of N/OFQ (1 μM) hyperpolarized
Hcrt neurons, decreased input resistance, and blocked spontaneous firing of action potentials. The resting potential of this
cell was –54 mV and was manually adjusted to –60 mV with DC
current. Membrane resistance was monitored using hyperpolarizing current pulses (–0.3 nA, 800 ms) delivered every 5 seconds throughout the experiment. (C) Under voltage-clamp mode
at a Vh of –60 mV, N/OFQ (1 μM) induced an outward current
(–53 pA) in an Hcrt neuron. Notice that the frequency but not the
amplitude of the miniature synaptic currents (inward currents)
recorded in the presence of TTX (0.5 μM) was also reduced.

tive fibers in the vicinity of, and in putative contact with, Hcrtimmunoreactive neurons in the PLH of WT mice (Figure 1A). We
then evaluated whether these 2 systems are synaptically connected
through correlated light and EM analyses. As shown in Figure 1A,
a light brown immunolabeled Hcrt neuron appears to be contacted
by a dark black bouton immunolabeled for N/OFQ. Color photographs and images were taken of Hcrt-immunoreactive cells contacted by putative N/OFQ-immunoreactive axon terminals. Blocks
were trimmed using the color picture of previously identified
cells and boutons as a guide. Ribbons of serial ultrathin sections
were collected on Formvar-coated single-slot grids and examined
under the EM. Figure 1A presents an example of an N/OFQimmunolabeled axon terminal evidently in synaptic contact with
an Hcrt-immunolabeled dendrite.
Electrophysiological evidence for N/OFQ effects on Hcrt neurons. Functional modulation of Hcrt neurons by N/OFQ was evaluated
using whole-cell patch clamp recordings of visually identified
Hcrt neurons from transgenic mice in which EGFP was linked to
the hcrt/orexin promoter (orexin/EGFP mice) (20, 21). (Although
the terms are effectively synonymous, since the use of “hypocretin” [ref. 1] predates that of “orexin” [ref. 2] in the literature,
we will refer to this neuropeptidergic system as “hypocretin,” or
“Hcrt.” To avoid ambiguity, however, we will refer to the mouse
models studied in this paper using the names by which they
were originally described in the literature, viz., orexin/EGFP [refs.
21–23], orexin/yellow cameleon 2.1 [ref. 24], and orexin/ataxin-3
[ref. 25]). Brain slices (250 μm) containing the PLH were prepared, and orexin/EGFP (i.e., Hcrt) neurons were identified under
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fluorescence illumination; the same neuron was visualized using
infrared differential interference contrast microscopy to guide
electrode placement for patch clamp recording.
The electrophysiological characteristics of the Hcrt neurons
recorded were consistent with those reported previously (20):
Vm = –54 ± 0.9 mV, where Vm indicates membrane potential (n = 32).
Bath application of N/OFQ (1 μM for 1 minute) caused a longlasting hyperpolarization (8 ± 2.5 mV, n = 7), decreased input resistance (to 55% ± 8%), and complete blockade of the spontaneous
firing of Hcrt neurons (Figure 1B). Membrane potential and cell
excitability recovered approximately 20 minutes after washout of
N/OFQ. To determine whether N/OFQ directly inhibited Hcrt
neurons, N/OFQ was applied in the presence of tetrodotoxin
(TTX) (0.3 μM) and recorded under voltage-clamp mode at a
holding potential (Vh) of –60 mV. As shown in Figure 1C, N/OFQ
(1 μM) consistently induced outward currents (42 ± 1 pA, n = 3),
indicating a direct postsynaptic effect. N/OFQ-induced outward
currents were associated with a decrease in frequency of miniature
postsynaptic currents (2.7 ± 1.3 Hz in control vs. 1.4 ± 0.9 Hz in
N/OFQ) but not amplitude (50 ± 9 pA in control vs. 55 ± 5 pA in
N/OFQ), suggesting a presynaptic action as well (see below).
Under current-clamp mode, the postsynaptic responses (hyperpolarization and decreased input resistance) to N/OFQ were reversibly blocked by activation of the N/OFQ (NOP) receptor antagonist
SR14148 (26) at 10 μM (Figure 2; n = 9), further confirming mediation by the NOP receptor. Since the N/OFQ-induced hyperpolarization apparently did not differ in the presence or absence of TTX,
we pooled both data sets to construct a concentration-dependent
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Figure 2
N/OFQ directly hyperpolarizes Hcrt neurons in a dose-depenedent
manner. (A) N/OFQ (1 μM) caused hyperpolarization and a decrease
in input resistance in the presence of TTX (0.3 μM), which was used to
block synaptic activity and action potentials in an Hcrt-containing cell.
(B) In the same neuron, the NOP receptor antagonist SR14148 (10 μM)
blocks the N/OFQ-induced hyperpolarization and input resistance
decrease. The blockade was reversible after 20-minute washout of the
antagonist (data not shown). (C) Since the N/OFQ-induced hyperpolarization apparently did not differ in the presence or absence of TTX,
both data sets were pooled to construct a concentration-dependent
response curve using the pharmacologic dose-response model-fitting
function (OriginPro 7.5; OriginLab). The half-maximal effect of N/OFQinduced hyperpolarization (EC50) was calculated at 0.329 μM with a Hill
coefficient of 1.1. Error bars represent SEM.

response curve (Figure 2C). Using a dose-response model (OriginPro 7.5; OriginLab), we determined the half-maximal effect of
N/OFQ-induced hyperpolarization (50% effective concentration
[EC50]) as approximately 0.3 μM with a Hill coefficient of 1.1, suggesting a single binding site.
N/OFQ affects membrane currents and intracellular calcium levels
in Hcrt neurons. We evaluated the current-voltage (I-V) relationship of Hcrt neuronal responses in the presence and absence of
N/OFQ (Figure 3, A and B). The I-V plot indicated a reversal
potential of the N/OFQ-induced response at –108 ± 6 mV (n = 5;
Figure 3C), close to the K+ equilibrium potential (approximately
–110 mV) under our experimental conditions, presumably mediated through activation of G protein–coupled inwardly rectifying K+ (GIRK) channels (27). Together with the data in Figure 2,
these results suggest the presence of functional NOP receptors
on Hcrt cells in the hypothalamus.
Because N/OFQ has been shown to inhibit voltage-gated Ca2+
channels in other brain regions, we sought to determine its effect
on intracellular Ca2+ levels in Hcrt neurons using 2 approaches.
First, under conditions that block voltage-gated Na+ and K+ channels, depolarizing the membrane from a Vh of –60 mV to +20 mV
evoked a high-voltage–activated Ca2+ current. N/OFQ (1 μM)
inhibited the Ca2+ current to 88% ± 4.5% of control (P = 0.008, n = 7;
Figure 3D). The residual current was completely blocked by Cd2+,
confirming that it was a Ca2+ current. Second, we used transgenic
mice (orexin/YC2.1) in which Hcrt neurons specifically express
the yellow cameleon calcium-sensing protein (24). Ca2+ imaging
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of Hcrt neurons from these mice revealed that N/OFQ inhibited
intracellular Ca2+ concentration in 18 of 28 of the Hcrt neurons
tested (Figure 3E); this effect was concentration dependent, with
an EC50 of approximately 50 nM (Figure 3F).
N/OFQ inhibits Hcrt neurons by presynaptic and postsynaptic mechanisms. We next tested the effect of N/OFQ on spontaneous excitatory postsynaptic currents (sEPSCs) and spontaneous inhibitory
postsynaptic currents (sIPSCs) under voltage-clamp mode. GABAA
receptors were blocked with 50 μM bicuculline and 100 μM
picrotoxin to pharmacologically isolate sEPSCs. Under voltage clamp with Vh = –60 mV, the mean frequency of sEPSCs was
6.0 ± 1.5 Hz (n = 4). We found that N/OFQ (1 μM) decreased the frequency of sEPSCs to 69% ± 5.3% of control values (n = 4; P < 0.01),
with little effect on the amplitude of these events (Figure 4). Partial recovery was observed after washout of N/OFQ.
In a separate set of cells, we recorded the frequency and amplitude of sIPSCs in the presence of NMDA and α-amino-3-hydroxy5-methyl-4-isoxazolepropionic acid (AMPA) receptor antagonists
dl -2-amino-5-phosphonopentanoic acid (AP-5) (40 μM) and
6,7-dinitroquinoxaline-2,3-dione (DNQX) (40 μM), respectively,
to block excitatory synaptic transmission (Figure 5). Under these
conditions, the mean frequency of sIPSCs recorded from Hcrt neurons was 2.3 ± 0.5 Hz (n = 4). Bath application of 1 μM N/OFQ also
significantly inhibited the frequency of sIPSCs to 48% ± 7.7% (n = 4;
P < 0.05) but had no effect on the amplitude of these events. In
some cells, the frequency of synaptic events recovered after prolonged washout of the peptide.
To determine whether N/OFQ acts directly at presynaptic
terminals to decrease the probability of glutamate and GABA
release, we examined the effects of NOP receptor activation on
the frequency and amplitude of miniature EPSCs (mEPSCs) and
IPSCs (mIPSCs). mEPSCs and mIPSCs were recorded in voltage clamp at a Vh of –60 mV. mEPSCs were pharmacologically
isolated by adding bicuculline (20 μM), picrotoxin (100 μM),
and TTX (0.5 μM) to the external solution. Under these conditions, the mean frequency of mEPSCs was 0.58 ± 0.08 Hz (n = 8).
Bath application of N/OFQ (1 μM) significantly decreased the
frequency of mEPSCs to 54% ± 7.1% of control (P = 0.002); the
amplitude of these events was not significantly altered by NOP
receptor activation (Figure 6A). mIPSCs were isolated by adding DNQX (40 μM), AP-5 (40 μM), and TTX (0.5 μM) to the
external solution. Under these conditions, the mean frequency of mIPSCs was 0.36 ± 0.07 Hz (n = 8). Bath application of
N/OFQ (1 μM) decreased the frequency of mIPSCs to 72% ± 22%
of control (P = 0.02; Figure 6B), without a significant effect on
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Figure 3
N/OFQ modulates membrane currents and depresses intracellular Ca2+
levels. (A–C) N/OFQ activates a K +
conductance. The I-V relationship of
neuronal responses in the presence
(B) and absence (A) of N/OFQ (1 μM)
indicates a reversal potential of –98 mV
(C), which is close to the K + equilibrium potential (approximately –110 mV)
under our experimental conditions.
Before N/OFQ application, membrane
potential was adjusted to a resting level
of –60 mV by DC current injection. (D)
N/OFQ inhibits Ca2+ currents. From a
Vh of –60 mV, membrane voltage was
stepped to +20 mV, which elicited an
inward current. N/OFQ (1 μM) inhibited this current. Partial recovery was
obtained after washout of N/OFQ, and
the recovered current was completely
blocked by Cd 2+ (200 μM, data not
shown). (E) N/OFQ depresses cytoplasmic Ca2+ in Hcrt neurons. Representative trace demonstrating the effect of
N/OFQ on Ca2+ fluorescence in transgenic orexin/YC2.1 mice in which Hcrt
neurons express the calcium-sensing
protein yellow cameleon 2.1. Ca 2+
imaging from these mice revealed that
N/OFQ inhibited approximately 65%
of Hcrt neurons tested (18 of 28). (F)
Concentration-dependent depression
of cytoplasmic Ca2+ in Hcrt neurons
induced by N/OFQ (mean ± SEM;
n = 6–13 cells per concentration).

mIPSC amplitude. These results suggest that NOP activation
can presynaptically decrease the release of both glutamate and
GABA onto Hcrt neurons in the PLH.
A critical role for Hcrt neurons in SIA. To determine a functional role
in vivo for a N/OFQ-Hcrt interaction, we investigated a behavior
for which these 2 neuropeptides have been demonstrated to exhibit inverse actions: SIA. Previous studies had identified the Hcrt system as part of the CRF-mediated stress response (11) and showed
that SIA is reduced in prepro-hcrt KO mice (12). To confirm the
involvement of Hcrt in SIA, we used orexin/ataxin-3 mice, a transgenic strain in which the Hcrt cells degenerate postnatally and are
completely lost by adulthood (25). We first verified that our colony
of orexin/ataxin-3 mice showed greatly reduced levels of prepro-hcrt
mRNA at the age of 10–13 weeks (P < 0.01; t = 16.15, degrees of
freedom [df] = 9; Supplemental Figure 1A; supplemental material
available online with this article; doi:10.1172/JCI35115DS1). To
confirm the behavioral phenotype described previously in these
mice (25), we measured overall activity and immobility using
infrared video recordings. Episodes of “behavioral arrests” and
complete immobility were apparent in some recordings; their
occurrence and duration were determined by visual inspection
of recordings by an experimenter blind to the genotypes. During
2474
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the first 2 hours of the dark period, orexin/ataxin-3 mice displayed
13 ± 2.9 (n = 6) immobile episodes compared with 1.8 ± 0.8 (n = 6) immobile episodes in WT mice from the same breeding colony (P < 0.05)
and spent significantly more time in the immobile state than WT
mice (Supplemental Figure 1B).
Having established a phenotype indicative of severe Hcrt neuron
loss within our colony, we next assessed whether orexin/ataxin-3
and WT mice differed in baseline thermal pain threshold. Using
the conventional hot-plate and tail-flick tests, the thermal pain
threshold did not differ between these 2 genotypes in either test
(Supplemental Figure 1, C and D), consistent with previous observations in prepro-hcrt KO mice (12).
To investigate the necessity for an intact Hcrt system in SIA,
we used restraint immobilization as the stressor to induce SIA
in orexin/ataxin-3 mice and WT littermates. Individual mice were
immobilized within a plastic syringe (35 or 50 ml in proportion
to body weight) for 30 minutes, and the hot-plate test (52°C) was
performed within 1 minute after termination of the restraint.
Restrained WT, but not ataxin, mice exhibited acute SIA (Figure
7A), as indicated by a significant increase in hind-paw withdrawal
latency compared with control unrestrained mice kept in their
home cage for 30 minutes prior to testing (P < 0.01; F5,25 = 3.88).
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Figure 4
N/OFQ significantly decreases the frequency, but not the amplitude, of sEPSCs
in Hcrt neurons. (A) Representative traces demonstrating the effect of N/OFQ
on sEPSCs (left). Average sEPSCs
from the same cell in the presence and
absence of N/OFQ (1 μM, right). (B)
Cumulative probability distributions of
inter-event interval and amplitude for
the cell shown in A. (C) Average effect
of N/OFQ on sEPSC frequency and
amplitude (n = 4). Cells were voltage
clamped at –60 mV using a CsCl internal solution. Error bars represent SEM.
*P < 0.05.

Since under our experimental conditions, SIA was evident in the
hot-plate but not the tail-flick test (data not shown; P > 0.05), we
focused on the hot-plate test in this study. The hot-plate pain
test likely involves higher nociceptive transmission, whereas the
tail-flick response to a focused thermal stimulus directed to the
tail appears to be an involuntary spinally mediated reflex (28).
Hind-paw withdrawal latency in the hot-plate test returned to
baseline levels 30 minutes after the termination of stress, indicating cessation of SIA (Figure 7A). Hot-plate latency for the ataxin
mice remained at basal levels, indicating the absence of SIA in
this strain. Thus, in all subsequent SIA tests, we report the time
point immediately after termination of restraint or the analogous
time point for unrestrained control mice. As shown in Figure 7B,
restraint caused a 50% ± 19% (n = 8) increase in hind-paw withdrawal latency in WT but not in orexin/ataxin-3 mice. Two-way ANOVA
with genotype (WT vs. ataxin) and treatment (restrained vs. unrestrained) as grouping variables revealed a significant genotype X
treatment interaction (P < 0.02; F1,26 = 7.421). Fisher’s protected
least significant difference test (PLSD) indicated that the latency
was significantly greater in restrained WT mice than in WT mice
not subjected to restraint (P < 0.05); no such effect was observed in
orexin/ataxin-3 mice (P > 0.4), indicating that the development of
SIA is critically dependent on an intact Hcrt system.
We further evaluated whether an abrupt increase in Hcrt signaling by i.c.v. administration of exogenous Hcrt-1 was sufficient to produce an acute analgesic response in orexin/ataxin-3
animals. Orexin/ataxin-3 mice were assigned to 1 of 4 groups
(n = 13–14/group): i.c.v. vehicle/control; i.c.v. vehicle/restrained;
The Journal of Clinical Investigation

i.c.v. Hcrt-1 (1.5 nmol/mouse)/control; and i.c.v. Hcrt-1
(1.5 nmol/mouse)/restrained. As indicated in Figure 7C, there
was a significant antinociceptive effect of i.c.v. Hcrt-1 treatment
(P < 0.05; F1,50 = 4.348) with no effect of restraint in orexin/ataxin-3
mice. Consistent with noninjected restrained orexin/ataxin-3
mice (Figure 7B), SIA was absent in orexin/ataxin-3 mice following restraint. However, exogenous Hcrt-1 caused significant
analgesia, apparently mimicking SIA.
N/OFQ-mediated inhibition of SIA is restored by Hcrt treatment. N/OFQ is
known to inhibit SIA (16), although the neuronal pathways that mediate N/OFQ effects on SIA are still poorly understood. Since N/OFQ
inhibits SIA and Hcrt appears to be necessary for SIA (Figure 7, B
and C), we hypothesized that acute suppression of Hcrt signaling
was the mechanism by which N/OFQ inhibited SIA and, therefore, i.c.v. coadministration of Hcrt should restore SIA in WT mice
treated with N/OFQ. To test this hypothesis, we assessed the effects,
separately and in combination, of i.c.v., Hcrt-1, and N/OFQ on SIA
in WT mice. Figure 7D illustrates the results obtained when Hcrt-1
(1.5 nmol/mouse) or vehicle was injected i.c.v. in WT mice that had
either been subjected to restraint or not. Two-way ANOVA with condition (restrained vs. unrestrained) and peptide treatment (Hcrt-1
vs. vehicle) as grouping variables revealed a significant effect of
restraint (P < 0.03; F1,28 = 5.903), indicating that SIA was robust after
acute i.c.v. vehicle injection. Unlike in orexin/ataxin-3 mice (Figure
7C), exogenous Hcrt-1 at 1.5 nmol/mouse did not produce a significant increase in hind-paw withdrawal latency in either restrained or
unrestrained WT mice (Figure 7D), suggesting that restraint stress
may induce maximal activation of the endogenous Hcrt system.
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Figure 5
N/OFQ significantly decreases the frequency, but not the amplitude, of sIPSCs
in Hcrt neurons. (A) Representative traces demonstrating the effect of N/OFQ on
sIPSCs (left). Average sIPSCs from the
same cell in the presence and absence of
N/OFQ (1 μM, right). (B) Cumulative probability distributions for inter-event interval
and amplitude for the cell shown in A. (C)
Average effect of N/OFQ on sIPSC frequency and amplitude (n = 4). Cells were
voltage clamped at –60 mV using a KCl
internal solution. Error bars represent
SEM. *P < 0.05.

To directly test the hypothesis that Hcrt and N/OFQ interact in
the regulation of SIA, we assessed the effects of i.c.v. Hcrt-1 and
N/OFQ on SIA in WT mice. We initially evaluated 2 doses of N/OFQ
in WT mice and found that N/OFQ at both 1 nmol/mouse and
3 nmol/mouse, administered i.c.v. immediately prior to restraint,
produced complete blockade of SIA (data not shown). Thus, in
subsequent tests, the lower dose of N/OFQ (1 nmol/mouse) was
used and consistently produced blockade of SIA (Figure 7E). In
unrestrained mice, N/OFQ (1 nmol/mouse) had no effect on
hot-plate latency in the presence or absence of Hcrt-1. However,
when Hcrt-1 (1.5 nmol/mouse) was coadministered with N/OFQ
(1.0 nmol/mouse) to restrained WT mice, paw withdrawal latency
was not significantly different than in mice administered vehicle
prior to restraint (Figure 7E). Thus, Hcrt-1 treatment “rescued”
the inhibition of SIA by N/OFQ.
Discussion
The results presented above demonstrate that N/OFQ fibers make
synaptic contacts with Hcrt neurons (Figure 1) and that N/OFQ
inhibits the activity of Hcrt neurons both directly by opening
GIRK channels (Figures 1–3) and through indirect presynaptic
mechanisms (Figures 4–6). At a systems level, we found that Hcrt
neurons are essential for the production of SIA (Figure 7, A and
B). Hcrt replacement can mimic SIA, which is otherwise absent in
orexin/ataxin-3 mice (Figure 7C), probably by activating the same
downstream pathway as stress. Finally, N/OFQ inhibits SIA in WT
mice, which can be recovered by coadministration of Hcrt (Figure
2476
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7E). Taken together, these results suggest that Hcrt neurons are
a critical component for the production of SIA and that the wellestablished N/OFQ blockade of SIA is likely mediated through
inhibition of Hcrt neuronal activity.
Although there are fewer than 5,000 Hcrt cells in the rodent
(4) and about 70,000 cells in the human (29) brain, the widespread anatomical nature of Hcrt-containing fiber projections
suggests that this system might serve multiple functions (4). Initially thought to be involved in food-intake regulation, the Hcrt
system is now widely recognized as a central neurotransmitter
system in the maintenance of wakefulness (5, 7). Defects in this
system, either presynaptically or postsynaptically, result in the
sleep disorder narcolepsy in both humans (29, 30) and animals
(25, 31–33). Converging lines of evidence also indicate roles for
the Hcrt system in energy metabolism (21, 25), cardiovascular
control, reproductive and stress hormone secretion (34), reward
and addiction (6, 35–37), and modulation of pain transmission by
activating inhibitory pathways (12).
In contrast to the Hcrt system, N/OFQ mRNA and immunoreactive cell bodies are widely distributed throughout the CNS
(17) as is the NOP receptor (38). Using both fluorescent light and
confocal microscopy, N/OFQ-containing fibers were localized in
the vicinity of Hcrt-synthesizing cell bodies using double-label
immunohistochemistry (Figure 1A). Correlated light and EM
analyses identified N/OFQ-immunolabeled boutons in contact
with Hcrt-immunolabeled neurons and N/OFQ-immunolabeled
axon terminals in synaptic contact with Hcrt-immunolabeled
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Figure 6
N/OFQ reduces the frequency of both mEPSCs
and mIPSCs. (A) Representative traces showing mEPSCs in the presence and absence of
N/OFQ (1 μM) and bar graphs summarizing
the effects on mEPSC frequency and amplitude (mean ± SEM; n = 8). (B) Representative traces showing mIPSCs in the presence
and absence of N/OFQ (1 μM) and bar graphs
summarizing the effects on mIPSC frequency
and amplitude (mean ± SEM; n = 8). *P < 0.05,
**P < 0.01.

dendrites (Figure 1A). The origin(s) of the N/OFQ input to the
Hcrt cells is unclear at this time and, given the number of potential
N/OFQ sources (17), would be difficult to identify.
Since the original description, the Hcrt peptides have been
known to be excitatory (1). Excitatory effects of Hcrt peptides
have since been demonstrated in many brain regions by multiple
laboratories. Hcrt modulation of synaptic transmission by both
presynaptic and postsynaptic mechanisms suggests that Hcrt can
have a potent neuromodulatory effect on a variety of physiological systems in the CNS. In contrast, N/OFQ has been shown to
hyperpolarize postsynaptic neurons by activating K+ conductance
in a variety of types of neurons. In the dentate gyrus, N/OFQ activates different types of K+ currents, including GIRK, M current,
and large-conductance Ca2+-activated K+ currents (BK) (39), and
inhibits L-, N-, and P/Q-type calcium channels (40, 41). In the
present study, N/OFQ caused a long-lasting hyperpolarization
and decreased input resistance; it also blocked the spontaneous
firing of action potentials of Hcrt neurons (Figure 1, B and C).
The I-V relationship of Hcrt neuronal responses in the presence
and absence of N/OFQ is consistent with the actions of N/OFQ
being mediated through activation of GIRK channels (Figure 3C).
The Journal of Clinical Investigation

N/OFQ also inhibited high-voltage–activated Ca2+currents (Figure 3D) and decreased cytoplasmic Ca2+ in Hcrt neurons in a concentration-dependent manner (Figure 3, E and F); both of these
actions may contribute to inhibition of Hcrt neurons. N/OFQ
(1 μM) decreased the frequency of both sEPSC/sIPSCs and mEPSC/
mIPSCs with little effect on the amplitude of these events (Figures
4–6). These observations suggest that N/OFQ inhibition of Hcrt
neurons is through both pre- and postsynaptic mechanisms.
Several lines of evidence suggest a role for the Hcrt system in
nociceptive processing. Localization of Hcrt fibers to the hypothalamus, thalamus, and periaqueductal gray is consistent with
a role in sensory processing (3, 4). Robust Hcrt projections exist
from the hypothalamus to lamina I of the spinal cord (42), and
Hcrt modulates nociceptive pathways (43). Behavioral studies
show that Hcrt-1 is analgesic when given i.c.v. or i.v., but not s.c.,
in mouse and rat models of nociception and hyperalgesia (8–10).
The efficacy of Hcrt-1 was similar to that of morphine in the hotplate test and the carrageenan-induced thermal hyperalgesia test.
Hcrt-1–induced analgesic effects were confirmed, and involvement
of the opiate system was ruled out because Hcrt-1 analgesia was
blocked by the Hcrt receptor (HcrtR) antagonist SB-334867 but
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Figure 7
Inverse modulation of SIA by the Hcrt and N/OFQ systems. (A) SIA
occurs in WT but not orexin/ataxin mice. From –30 to 0 minutes, mice
(n = 8) were restrained; this was followed immediately by a hot-plate
test at 0 minutes and again at 30 and 60 minutes following restraint.
(B) SIA occurs in WT but not in orexin/ataxin-3 mice. Post-hoc tests
revealed a significant increase in hot-plate latency in WT mice after
30 minutes of restraint stress (P < 0.05) but not in orexin/ataxin-3
mice. (C) Hcrt-1 administration produced acute analgesia. Hcrt-1
(1.5 nmol/mouse, i.c.v.) caused acute analgesia in both unrestrained
and restrained animals compared with vehicle groups (P ≤ 0.05), mimicking SIA in orexin/ataxin-3 mice. (D) SIA occurs in WT mice subjected to i.c.v. injections. WT mice (n = 8 per group) were subjected to
30-minute restraint immediately after i.c.v. injection of either vehicle or
Hcrt-1. (E) N/OFQ blocks SIA, and coapplication of Hcrt-1 with N/OFQ
restores it in WT mice. WT mice (n = 8 per group) were subjected
to 30-minute restraint immediately after i.c.v. injection of vehicle
alone, vehicle plus N/OFQ, or a combination of the 2 neuropeptides.
N/OFQ (1 nmol/mouse) inhibited SIA compared with vehicle restraint
(P = 0.044) to a latency that was no different (P = 0.503) than in the
unrestrained i.c.v. vehicle-injected WT mice shown in D. Coadministration of Hcrt-1 (1.5 nmol/mouse) with N/OFQ (1 nmol/mouse) restored
SIA relative to vehicle/unrestrained mice (P = 0.026). Significance of
differences compared with vehicle/unrestrained WT mice was determined by Fisher’s protected least significant difference test. *P < 0.05
compared with respective controls. Error bars represent SEM.

not by naloxone (8–10). HcrtR antagonists had no effect in baseline acute nociceptive tests but, under inflammatory conditions,
were prohyperalgesic, suggesting a tonic inhibitory Hcrt drive
under these conditions (8). We demonstrated a deficit in SIA in
orexin/ataxin-3 mice, even though these transgenic mice display
normal baseline thermal pain threshold and adequate analgesic
response to exogenously applied Hcrt-1 (Figure 7, B and C), consistent with previous results determined in prepro-orexin null mice
(12). Together, these results suggest that stressors such as immobilization, foot shock, and chemical-induced inflammatory pain can
activate Hcrt neurons and pain inhibitory pathways (12).
Although the initial studies of N/OFQ suggested that it was pronociceptive, since i.c.v. N/OFQ resulted in a decrease in hot-plate
escape jumping latency (13) and a decrease in tail-flick latency
(14), it was later demonstrated that i.c.v. N/OFQ blocked stressinduced as well as opioid-mediated antinociception (44) and, like
Hcrt, probably has no effect on baseline thermal pain threshold
(45). The NOP receptor and N/OFQ precursor protein mRNA has
been demonstrated in pain-processing pathways (17, 38), but the
physiological actions of N/OFQ seem to be quite complicated.
Many of its activities, including its antiopiate action, appear to be
region and assay specific. Although antiopioid when injected i.c.v.,
N/OFQ can be analgesic in the spinal cord (46, 47) and an effective analgesic when injected intrathecally in chronic-pain models
2478
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(48). The relative activities of N/OFQ agonists and antagonists
in chronic-pain models are not clear since both N/OFQ and the
potent and selective NOP antagonist SB-612111 have been reported to show antihyperalgesic activity (48, 49).
To explore the mechanism underlying the N/OFQ effect on SIA,
we extended our in vitro studies to in vivo behavioral analysis.
Since N/OFQ-containing fibers contact Hcrt cell bodies and NOP
receptor activation leads to attenuation of Hcrt neuron activity, it
follows that NOP receptor activation might lead to concomitant
attenuation of Hcrt-mediated physiological actions. This suggestion is consistent with known examples of differential modulation
of behavior and cellular physiology by these 2 systems, including
their respective induction and attenuation of SIA. Excitatory signals mediated by the Hcrt system not only play a crucial role in the
stability of arousal and alertness but also contribute to the stress
response (11) and therefore, potentially, to SIA (50). The Hcrt system is thus implicated in anxiogenesis which, under pathological
conditions, leads to addiction (35–37). In contrast, N/OFQ consistently produces inhibitory effects on neuronal activity, attenuates stress responses, and depresses SIA (16, 40, 41). In the present
study, not only did we confirm the necessity of a functional Hcrt
system for the generation of SIA (Figure 7B) and the attenuation of
SIA by i.c.v. administration of N/OFQ but, more importantly, this
suppression of SIA was restored by simultaneous i.c.v. administration of Hcrt-1 (Figure 7E). Since Hcrt does not directly antagonize
N/OFQ, these results suggest that exogenous Hcrt triggers downstream neurotransmitter systems (such as serotonin, histamine,
and possibly the opioid system) that participate in the generation
of SIA (16). In orexin/ataxin-3 mice in which the Hcrt neurons
have degenerated, little if any Hcrt exists to trigger downstream
systems to thereby generate SIA. Conversely, exogenously applied
Hcrt-1 is able to activate pain inhibitory pathways, manifested by
an increase in hot-plate latency in orexin/ataxin-3 mice, whether the
animals were stressed or not (Figure 7C). Considering the anatomical, electrophysiological, and behavioral data, these results suggest
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that N/OFQ acts by depressing endogenous Hcrt release to block
SIA rather than by inhibiting the downstream analgesic effect of
stress. Due to N/OFQ’s multiple sites of action, it is possible that
i.c.v. administration of N/OFQ leads to inhibition of additional
neuronal pathways that also manifest in an attenuation of SIA.
Additional studies with local injections of N/OFQ into the PLH
will clarify the precise effects of N/OFQ on the Hcrt system with
respect to SIA and other actions.
In conclusion, the results from a combination of anatomical,
cellular electrophysiological, and behavioral studies establish
a previously unrecognized interaction between the Hcrt and
N/OFQ systems. Behavioral studies conducted in both WT and
orexin/ataxin-3 mice indicate that the Hcrt system is involved in
the development of SIA and that interaction between N/OFQ and
Hcrt systems can provide “fine tuning” of this adaptive behavior. Because the Hcrt neurons are so highly localized and since
virtually every Hcrt cell was potently inhibited by N/OFQ, these
studies also suggest that N/OFQ and potentially small molecule
agonists of NOP receptors are likely to modulate a variety of Hcrtmediated actions including sleep/wake, stress, reward, and addiction. The interaction between these systems may also be relevant
to dysfunctional conditions resulting from excessive stress such
as anxiety and posttraumatic stress disorder.
Methods
Experimental animals. Mouse studies were approved by the SRI International Institutional Animal Care and Use Committee and performed in
conformance with the US Public Health Service Guidelines on Care and
Use of Animals in Research. The orexin/EGFP and orexin/ataxin-3 mice were
from breeding colonies at SRI International; the orexin/YC2.1 mice were
maintained at the University of Tsukuba. Mice of both sexes were used for
in vitro studies; only male mice were used for behavioral studies. Transgenic mice were backcrossed onto a C57BL/6 background for at least 10
generations and maintained on this isogenic background. Mice were group
housed with free access to food and water under a 12-hour light/12-hour
dark cycle for at least 2 weeks before use in an experiment.
Perfusion/fixation. Mice were euthanized with Beuthanasia-D (0.5–1 ml/kg,
i.p.; 390 mg/ml pentobarbitone, 50 mg/ml phenytoin; Schering-Plough),
followed by transcardial perfusion of 10 ml 0.9% saline and then 30 ml 4%
paraformaldehyde in 0.1 M phosphate buffer (PB). Brains were removed,
equilibrated in ascending sucrose solutions (10%, 20%, and 30% in PB), sectioned at 40 μm on a freezing microtome for light microscopy or 10 μm
on a cryostat for confocal microscopy, and the sections collected in PB
containing 0.1% sodium azide.
Immunohistochemistry. Brain sections (10 μm) were treated with 0.3%
H2O2 to quench endogenous peroxidases and then incubated overnight in
primary anti-N/OFQ (1:5,000; RA10106, anti-FGGFTGARKSARKLANQ,
Neuromics) and anti-orexin-B (1:5,000; sc-8071, Santa Cruz Biotechnology
Inc.) antisera at 4°C with agitation. Sections were incubated in blocking
buffer for 1 hour, followed by a 2-hour incubation at room temperature
in secondary antisera (Alexa Fluor 546 donkey anti-goat [1:750] and 488
donkey anti-rabbit [1:500]; Molecular Probes, Invitrogen). As a negative
control, additional sections were treated similarly, but the primary antibody was omitted. Preadsorption with the N/OFQ peptide FGGFTGARKSARKLANQ was used as a positive control and blocked all specific staining
as also found by others (51). Although the exact peptide sequence used as
an immunogen to produce the orexin-B antiserum has not been disclosed
by the manufacturer, this antiserum has also been characterized previously
(52). Following immunohistochemistry procedures, sections were mounted onto slides (Superfrost Plus; Fisher Scientific), air-dried, dehydrated in
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ethanol, cleared in xylenes, and coverslipped. Brain sections were examined
under light microscopy (DM5000B; Leica) equipped for fluorescence and
a confocal microscope (Nikon ×60 PlanApo [1.40 oil] objective, 3.0 iris setting on a Bio-Rad MRC 1024).
EM. Brain sections first were immunostained for N/OFQ with rabbit polyclonal antiserum against N/OFQ (1:1,000; Neuromics), incubated in donkey anti-rabbit IgG, avidin-biotin complex (ABC) (VECTASTAIN ABC Systems; Vector Laboratories), and then visualized with a
modified version of the nickel-diaminobenzidine (Ni-DAB) reaction as
described (11). The sections were further incubated in goat anti-Hcrt
antiserum (1:1,000; Phoenix Pharmaceuticals Inc.) for 24 hours at 4°C,
followed by secondary antibody (donkey anti-goat IgG diluted 1:50 in
PB) and goat peroxidase-antiperoxidase (PAP) (1:100 in PB). The tissue-bound peroxidase was visualized by a light brown DAB reaction.
After immunostaining, the sections were thoroughly rinsed in PB and
processed for correlated EM. Color photographs and images were taken
of Hcrt-immunoreactive cells contacted by putative N/OFQ-immunoreactive axon terminals. Blocks were trimmed using the color picture
of previously identified cells and boutons as a guide. Ribbons of serial
ultrathin sections were collected on Formvar-coated single slot grids and
examined under EM as previously described (11).
Hypothalamic slice preparation. Orexin/EGFP mice (2–5 weeks old) and
orexin/YC2.1 mice (3–8 weeks of age) from both sexes were used. Hypothalamic slice preparation and recording conditions followed the procedures
described previously (20).
Electrophysiologic recordings. The procedures used for patch clamp recording of Hcrt neurons, including isolation of sEPSCs, sIPSCs, mEPSCs, and
mIPSCs, have been described previously (20). The frequency of sEPSCs
or sIPSCs was measured using pCLAMP (v. 9.2; Molecular Devices); only
those events with amplitudes greater than 10 pA were used. Frequency and
amplitudes were calculated as a mean of an 180-second recording period.
Ca2+ imaging of Hcrt neurons. Optical recordings of hypothalamic slices
taken from orexin/YC2.1 mice were performed on a fluorescence microscope (BX51WI; Olympus) equipped with a cooled CCD camera (Cascade
650; Roper Scientific) controlled by MetaFluor 5.0.7 software (Universal
Imaging), as described previously (24).
TaqMan PCR analyses. Hcrt mRNA levels in orexin/ataxin-3 and
WT mice were quantified using real-time fluorescence detection as
described previously (53).
Video assessment of immobility in orexin/ataxin-3 mice. Mice were individually
housed for at least 1 week prior to video recording. Immediately prior to
lights off on the day of observation, mice were taken from the colony room
to an adjacent room in which one infrared camera was positioned directly
above the cage and another positioned to the side of the cage. Food and
water were provided in dishes on the cage floor throughout the recording. Video data were collected beginning at the onset of darkness and were
scored by a trained observer who was blind to treatment and genotype. The
observer documented the times of onset and offset of any “sleep” episodes
(episodes ≥5 seconds when the mouse was in a prone position in its nesting
area and did not exhibit any detectable purposeful movements) or “cataplexy” (an immediate transition from an active waking state characterized
by locomotion, eating, or rearing to a complete loss of muscle tone lasting at least 5 seconds). Since an unequivocal definition of cataplexy would
require simultaneous measurement of EEG and electromyogram (which
was not done in the present study), we conservatively report here immobility time and the frequency of cataplexy-like events during the first 2 hours
of the dark phase for mice of both genotypes.
i.c.v. injections. Animals that received i.c.v. injections were lightly anesthetized with isoflurane and received a unilateral injection (2.0 mm
caudal and 2.0 mm lateral with respect to bregma and –2.5 mm ventral
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from the skull surface). Drugs were injected in a volume of 2 μl. Thirty
minutes after i.c.v. injections, animals fully recovered from anesthesia
were tested for hot-plate and/or tail-flick latencies, either with or without restraint stress.
Hot-plate test. All behavioral assessments were conducted between
Zeitgeber time 2 (ZT2) and ZT12 (ZT0 = light on) under normal room
lighting by an experimenter blind to genotype or experimental treatment. Orexin/ataxin-3 mice and control WT mice used in these studies
did not differ in body weight. Control animals were either littermates or
age-matched mice derived from the same breeding colony that had been
derived by backcrossing transgenics into the B6 strain over more than 10
generations. Animals were placed on a 52°C hot plate (Hot-Plate Analgesia Meter; Columbus Instruments) and the latency to hind-paw licking
or fanning was recorded. For SIA evaluation, to avoid any potential stress
induced by repetitive thermal pain measures, only 1 measurement was
made at a given time point for each subject. A 60-second cut-off latency
was used to avoid tissue damage.
Tail-flick test. Tail-flick assays were performed immediately after hot-plate
assays. Acute nociception was assessed using an analgesia instrument
(Stoelting) that uses radiant heat. During testing, a focused beam of light
was applied to the lower half of the animal’s tail, and light intensity was set
to provide a baseline tail-flick latency of approximately 4 seconds in WT
mice. A 15-second cutoff was used to prevent tissue damage.
Statistics. All data are presented as mean ± SEM. For behavioral studies,
we tested for group differences using a 2-way ANOVA, with one factor
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