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Abstract

The orexin system consists of orexin A/hypocretin 1 and orexin B/hypocretin 2, and OX1 and OX2 

receptors. Our previous electrophysiological study showed that orexin A in the rat ventrolateral 

periaqueductal gray (vlPAG) induced antinociception via an OX1 receptor-initiated and 

endocannabinoid-mediated disinhibition mechanism. Here, we further characterized 

antinociceptive effects of orexins in the mouse vlPAG and investigated whether this mechanism in 

the vlPAG can contribute to stress-induced analgesia (SIA) in mice. Intra-vlPAG (i.pag.) 

microinjection of orexin A in the mouse vlPAG increased the hot-plate latency. This effect was 

mimicked by i.pag. injection of WIN 55,212-2, a CB1 agonist, and antagonized by i.pag. injection 

of the antagonist of OX1 (SB 334867) or CB1 (AM 251), but not OX2 (TCS-OX2-29) or opioid 

(naloxone), receptors. [Ala11, D-Leu15]-orexin B (i.pag.), an OX2 selective agonist, also induced 

antinociception in a mananer blocked by i.pag. injection of TCS-OX2-29, but not SB 334867 or 

AM 251. Mice receiving restraint stress for 30 min showed significantly longer hot-plate latency, 

more c-Fos-expressing orexin neurons in the lateral hypothalamus and higher orexin levels in the 

vlPAG than unrestrained mice. Restraint SIA in mice was prevented by i.pag. or intraperitoneal 

injection of SB 334867 or AM 251, but not TCS-OX2-29 or naloxone. These results suggest that 

during stress, hypothalamic orexin neurons are activated, releasing orexins into the vlPAG to 
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induce analgesia, possibly via the OX1 receptor-initiated, endocannabinoid-mediated disinhibition 

mechanism previously reported. Although activating either OX1 or OX2 receptors in the vlPAG 

can lead to antinociception, only OX1 receptor-initiated antinociception is endocannabinoid-

dependent.
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1. Introduction

Orexin A and orexin B (Sakurai et al., 1998), also known as hypocretin 1 and hypocretin 2 

(de Lecea et al., 1998), are two hypothalamic neuropeptides derived from a precursor 

protein, prepro-hypocretin. Two orexin receptors, OX1 and OX2, have been identified. OX1 

and OX2 receptors are Gq-protein coupled receptors (GqPCRs), with OX2 receptors also 

coupling to additional G-protein pathways (Tsujino and Sakurai, 2009). OX1 and OX2 

receptors dipaly similar affinity for orexin A while OX2 receptors have higher affinity for 

orexin B (Sakurai et al., 1998). Orexin-containing neurons are uniquely localized in the 

lateral and perifornical area of the hypothalamus (de Lecea et al., 1998; Sakurai et al., 1998), 

but send projections widely throughout the brain and spinal cord (Peyron et al., 1998; van 

den Pol, 1999). Thus, the orexin system has been implicated in many brain functions and 

their involvement in the regulation of sleep, metabolic homeostasis and reward have been 

intensively studied (Tsujino and Sakurai, 2009).

While less well-studied, orexins are also antinociceptive. The antinociceptive action of 

orexin A given by i.c.v. or i.v., but not s.c., injection was first noted by Bingham et. al. 
(2001). When given by i.t. injection, orexins also induced antinociception (Cheng et al., 

2003; Mobarakeh et al., 2005). However, orexins are more potent antinoceptive agents when 

administered by i.c.v., rather than i.t., injection, in several pain models (Mobarakeh et al., 

2005), suggesting a significant supraspinal contribution to orexin-induced antinociception 

(Chiou et al., 2010). The midbrain periaqueductal gray (PAG) is a likely supraspinal site of 

orexin antinociception. Orexin-containing fibers (Peyron et al., 1998), and OX1 and OX2 

receptors are densely distributed in the PAG (Marcus et al., 2001), where c-fos expression 

was elevated when orexins were injected i.c.v. (Date et al., 1999).

Stimulating the ventrolateral PAG (vlPAG) results in antinociception (Behbehani et al., 

1990) by activating a descending pain inhibitory pathway. Both opioid and cannabinoid 

systems contribute to the antinociception initiated from the vlPAG, which is enriched with 

opioid and cannabinoid receptors (Tsou et al., 1998; Yaksh et al., 1976). Endocannabinoids 

are particularly involved in the phenomenon of stress-induced analgesia (SIA) initiated in 

the PAG (Hohmann et al., 2005). Previouly we have demonstrated that 2-

arachidonoylglyceraol (2-AG), an endocannabinoid, can be generated after OX1 receptor 

activation in the rat vlPAG and contributes to the antinociceptive effect of intra-vlPAG 

injected orexin A (Ho et al., 2011). That is, orexin A activates postsynaptic OX1 receptors, 

via the GqPCR-coupled phospholipase C (PLC)-diacylglycerol lipase (DAGL) enzymatic 
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pathway, to generate 2-AG that diffuses retrogradely back to activate presynaptic CB1 

receptors on GABAergic terminals and inhibit GABA release in the vlPAG, leading to 

analgesia by increasing descending inhibtion.

Endogenous orexins can play a role in the generation of SIA. During stress, hypothalamic 

orexin neurons are activated (Chang et al., 2007; Furlong et al., 2009; Mobarakeh et al., 

2005; Rachalski et al., 2009; Sakamoto et al., 2004; Webb et al., 2008; Zhu et al., 2002). 

Watanabe et al. (2005) found that footshocks reduced tail flick responses in normal mice but 

not in prepro-orexin knockout mice. Xie and colleagues (Xie et al., 2008) reported that 

restraint stress increased hot-plate nociceptive responses in nomal mice but not in the mice 

with toxin-ablated orexin neurons.

We, therefore, examined the hypothesis that orexins released during stress might engage the 

OX1 receptor in the vlPAG, leading to endocannabinoid generation and the estatabishment 

of SIA. In rats, we (Ho et al., 2011) and Azhdari Zarmehri et al (2011) have reported the 

antinociceptive effect of orexin A in the PAG in the hot-plate and formalin tests, 

respectively. In this study, we first reproduced the antinociceptive effect of orexins in the 

mouse vlPAG. Then, we clarified the relative contributions of OX1 and OX2 receptor 

subtypes and the involvement of endocannabinoids in the antinociceptive effect of orexins 

using pharmacological tools, including selective OX1 and OX2 antagonists, SB 334867 

(Smart et al., 2001) and TCS-OX2-29 (Hirose et al., 2003), respectively, a selective OX2 

agonsit, [Ala11, D-Leu15]-orexin B (AL-orexin B) (Asahi et al., 2003), and CB1 agonist and 

antagonist, WIN 55,212-2 (D’Ambra et al., 1992) and AM 251 (Gatley et al., 1996), 

respectively. Finally, we examined if this OX1 receptor-initiated and endocannabinoid-

mediated antinociceptive mechanism contributes to SIA in restrained mice.

2. Materials and Methods

All experiments adhered to the guidelines approved by the Institutional Animal Care and 

Use Committee of College of Medicine, National Taiwan University. Male C57BL/6 mice of 

8–12 weeks were used. They were housed 5 per cage in a holding room with 12:12 light-

dark cycle, 23°C room temperature and food and water ad libitum. On the day of in vivo 
experiments, mice in their homecages were moved to a behavioral room and were 

acclimated there for 1 hour before testing.

2.1. Hot-plate test

Paw withdrawal latencies to thermal stimulation on a hot plate of 50 °C were recorded. The 

withdrawal cut-off time was 60 sec. To monitor the time course of an agonist-induced 

antinocicpeiton, the withdrawal latency was measured before (0 min) and 5, 10, 20, 30, 40, 

50 and 60 min after intra-vlPAG drug administration. The antinociceptive effect was 

expressed as the percentage of maximal possible effect (%MPE): %MPE = 100 × 

(withdrawal latencyafter treatment − withdrawal latencybefore treatment) / 60 sec − withdrawal 

latencybefore treatment). The area under the curve (AUC) of the withdrawal latencies during 

the 60 minute recording period was also calculated. The hot-plate test was always conducted 

in various treatment groups on the same day with the same number (2 or 3) of mice in each 

treatment group as well as a vehicle control group. The antinociceptive effect in each 
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treatment group was normalized to the AUC of the vehicle group from the same day, and is 

summarized in the bar chart of the figures.

2.2. Intra-vlPAG microinjection

Mice were anesthetized with sodium pentobarbital (i.p. 80 mg/kg) and implanted with a 10 

mm-long guide cannula 0.5 mm above the right vlPAG (AP: −4.8 mm, LM: −0.5 mm from 

midline, DV: −4.5 mm, from the skull surface) according to a mouse atlas (Paxinos and 

Watson, 1998). After cannulation, animals were returned to the holding room for at least 7 

days to recover from the surgery.

On the day of behavioral testing, a 30-gauge injection cannula, connected to a 1 μl Hamilton 

syringe, was extended 0.5 mm beyond the tip of guide cannula for injecting the drug 

solution into the vlPAG. A microinfusion pump (KDS311, KD Scientific Inc.) was used to 

deliver the drug solution of 0.1 μl over 2 min. The injection cannula was left at the injection 

site for an additional 3 min to allow for complete diffusion of the injected drug. When a 

receptor antagonist was co-injected with orexin A or AL-orexin B, two fold-concentrated 

drug solutions were prepared to keep the injection volume at 0.1 μl. Specifically, antagonist 

solution, 0.05 μl, was injected followed by 0.05 μl of orexin A or AL-orexin B solution. The 

selection of injected doses was based on our previous study (Ho et al., 2011) with 

modification. To confirm the microinjection site, a 0.4% trypan blue solution was injected 

through the cannula after behavioral tests (Supplementary Figure 1). If the injection site 

confirmed in fixed midbrain slices (30 μm) was outside the vlPAG (offsite injection), no 

antinociceptive effect was observed and the data from that mouse was excluded in 

behavioral analysis. The percentage of offsite injection was less than 7%.

2.3. Restraint stress model

Mice were randomly separated into restrained and control groups. The restrained mouse was 

put into a centrifuge tube (50 c.c.) with several small holes, which kept the mouse from 

overheating, for 30 min. Antagonsits were given by either intraperitoneal (i.p.) injection 15 

min or intra-vlPAG microinjection (i.pag.) 5 min before restraint stress. The hot-plate 

latency in the mouse was measured in this set of experiments before antagonist treatment, 

before restraint and 0, 15 and 30 min after restraint stress. Immunohistorical staining of c-

FOS protein in the lateral hypothalamus (LH) of the mouse was performed 2 hours after 

restraint stress. Orexin A levels in the vlPAG as well as plasma corticosterone levels were 

measured immediately after restraint stress. Unrestrained control mice were held in their 

home cages in the behavioral room for an equivalent 30 min.

2.4. Immunohistochemistry in the LH

Two hours after restraint stress, mice were anesthetized with sodium pentobarbital (i.p. 80 

mg/kg) and then sacrificed by intracardiac perfusion with 4 % paraformaldehyde. After 

perfusion, the whole brain was dissected, post-fixed for 2 days in the same fixative and 

cryoprotected in 30 % sucrose for at least 2 days. Brains were embedded in OCT and cut on 

a cryostat (Leica CM3050 S) for acquiring coronal sections (50 μm) of the entire 

hypothalamus. Double-label immunohistochemistry of c-Fos and orexin A was carried out in 

every fourth serial section (50 μm) along the coronal axis of the hypothalamus. The sections 
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were treated with 1 % NaBH4 in 0.1 M phosphate buffer (PB) for 20 minutes, and then with 

0.5 % H2O2 in PB for 30 minutes. Sections were blocked with 5 % normal goat serum 

(NGS) and 0.2 % TritonX-100 at room temperature for 1 h and then incubated in a cocktail 

of sheep anti-c-Fos (1:2000; ab6167, Abcam, Cambridge, MA) and rabbit anti-orexin A 

(1:1000; H-003-30, Phoenix Pharmaceuticals, Burlingame, CA) antibodies for 48 h. 

Following three washes in PB, sections were reacted with biotinylated anti-rabbit IgG 

antibody (1:200; Vector laboratories, Burlingame, CA) for 2 h, and then with alkaline 

phosphatase conjugated anti-sheep IgG (1: 200; ab6748, Abcam) for 2 h at room 

temperature. Orexin A immunostaining was developed with the use of the avidin-biotin-

peroxidase complex (1:200) and a 3, 3’-diaminobenzidine substrate kit (Vector 

Laboratories). The same sections were then processed for c-Fos immunostaining with 

Vector® Blue kit (Vector Laboratories). Sections were mounted with glycerol onto gelatin-

coated slides. Immunohistochemical control experiments were performed with omission of 

the primary antiserum and staining was absent in all control experiments.

2.5. Stereological analysis

Consecutive sections, 200 μm apart, covering the entire LH were analyzed on one side, left 

or right. All orexin A single-labeled and c-Fos and orexin A double labeled neurons were 

counted by the StereoInvestigator (MicroBrightField, CA) with a 60× objective.

2.6. Enzyme immunoassay (EIA) of orexin A in the vlPAG homogenate

Immediately after restraint stress, the mouse was sacrificed and its brain was immediately 

removed and placed on its dorsal surface in a pre-cooled stainless steel adult mouse brain 

slicer matrix (Roboz Surgical Instrument, Gaithersburg, MD), and sliced into 1 mm-thick 

coronal sections. The slicer matrix was kept in an ice bath throughout the slicing procedure. 

The vlPAG brain tissues were bilaterally punched out with a 0.5 mm-tip Harris Micro-Punch 

tool (Ted Pella Inc, Redding, CA), according to a mouse brain atlas (Franklin and Paxinos, 

1997). Brain tissue samples were then homogenized in ice-cold lysis buffer, by an 

ultrasonicator (VCX 750; Sonics &. Materials, Inc., Newtown, CT) for 2 min. The lysis 

buffer contained 50 mM Tris–HCl pH 7.4, 150 mM NaCl, 1% nonyl 

phenoxypolyethoxylethanol, 1 mM EDTA, 0.25% sodium deoxycholate and phosphatase 

(PhosSTOP, Roche, Germany) and protease (Complete mini, Roche, Germany) inhibitor 

cocktails. The lysates were then homogenized and centrifuged (14000 rpm, 15 min) and 

supernatants were collected. The protein concentration in the supernatant was measured by 

the Bradford method (Bradford, 1976). Orexin A levels in these vlPAG homogenates were 

measured using a commercially available chemiluminescent EIA kit (Cat. No. CEK-003-30, 

Lot No. 604124, Phoenix Pharmaceuticals, Inc., Burlingame, CA).

2.7. Measurement of plasma corticosterone levels

Immediately after restraint stress, the mouse was decapitated and its trunk blood was 

collected in a tube containing 3.8 % sodium citrate. Plasma samples were prepared by 

centrifugation at 1000×g for 15 min. Plasma corticosterone levels were measured by a 

commercial EIA kit (Cat. No. 500655, Lot No. 0418058, Cayman Chemical Co., Ann Arbor, 

MI).
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2.8. Chemicals

Orexin A, AL-orexin B, SB 334867 and TCS-OX2-29 were purchased from Tocris 

Bioscience (Bristol, UK). Naloxone, naltrexone, WIN 55,212-2 and AM 251 were bought 

from Sigma-Aldrich (St. Louis, MO). Morphine sulfate was purchased from Division of 

Controlled Drugs, Food and Drug Administration, Department of Health, Excutive Yuan, 

Taiwan. Orexin A, AL-orexin B, morphine, TCS-OX2-29, naloxone and naltrexone were 

dissolved in normal saline. For i.pag. microinjection, SB 334867, WIN 55,212-2 and AM 

251 were dissolved in dimethylsulfoxide (DMSO). For i.p. injections, SB334867 and AM 

251 were dissolved in a water solution containing 10% (w/v) encapsin and 2% (v/v) DMSO. 

All drugs were prepared at the working concentrations for either i.pag. microinjections or 

i.p. injections. The i.p. injection volume was 10 ml/kg.

2.9. Statistics

Data are expressed as the mean ± S.E.M and the n number indicates the number of the mice 

tested in each group. In the hot-plate test, non-parametric statistical analyses were used. 

Comparisons between two groups were analyzed by Mann-Whitney test and among three 

groups or more by Kruskal-Wallis test with the post hoc Tukey test. Non-parametric repeat 

measures two-way ANOVA with post hoc Bonferroni test was used for the analysis of time 

courses of antinociceptive effects among different groups. One sample t-test was used to 

analyze the percent increment in the AUC. In experiments measuring activated orexin 

neuronal numbers, orexin A levels and corticosterone levels, Student’s t-test was used. 

Differences were considered significant if p < 0.05.

3. Results

3.1. Intra-vlPAG microinjection of orexin A reduced hot-plate nociceptive responses in 
mice.

When given by i.pag. microinjection, orexin A, at 0.01–1 nmol, increased the withdrawal 

latency in the mouse hot-plate test in a time- (F7,128 = 10.36, p<0.001, two-way ANOVA, 

Figure 1A) and dose-dependent (F4,128 = 59.29, p<0.001, two-way ANOVA, Figure 1A) 

manner. When the i.pag. dose of orexin A was increased to 3 nmol, the spontaneous 

locomotor activity of mice was slightly decreased. Thus, the maximal achievable 

antinociceptive effect without motor impairment was produced by 1 nmol orexin A, reaching 

75% MPE at 5 min after injection, and then decreasing by 20 min to around 40% MPE, and 

persisted at that level for 60 min (Figure 1A, filled circles). The maximal effect induced by 1 

nmol orexin A was comparable to that produced by morphine in the vlPAG, at the dose (13 

nmol) that has been reported to be an effective antinociceptive dose in the PAG of C57 mice 

(Nunes-de-Souza et al., 1991), while the effect of morphine lasted longer (Figure 1A, 1C).

3.2. AL-orexin B was also antinociceptive but was 3-fold less potent than orexin A.

Effects of AL-orexin B at 0.3, 1, 3 and 10 nmol on the mouse hot-plate latency were 

examined. AL-orexin B displayed a significant antinociceptive effect at 1 and 3 nmol 

(Figure 1B, 1C). As described above, i.pag. orexin A at higher doses impaired motor 

activity, it is not feasible to compare the antinoicicpetive ED50s between orexin A and AL-

Lee et al. Page 6

Neuropharmacology. Author manuscript; available in PMC 2021 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



orexin B. However, comparing their doses producing comparative antinociceptive effects, it 

seems that AL-orexin B is less potent than orexin A. The AUC increment (1774 ± 155 % of 

control) induced by 3 nmol AL-orexin B was comparable to that (2018 ± 202 % of control) 

produced by 1 nmol orexin A (Figure 1C) (p = 0.3441, Mann-Whitney test). Thus, AL-

orexin B was about 3-fold less potent than orexin A. AL-orexin B (3 nmol) also produced 

antinociceptive effect immediately (5 min) after injection, however, its effect decayed faster 

than that produced by orexin A (1 nmol) (Figure 1B vs. Figure 1A).

3.3. The effect of orexin A was mediated through OX1, but not OX2, receptors.

SB 334867 (i.pag., 15 nmol) when co-injected with orexin A into the vlPAG, completely 

abolished the effect of 0.1 nmol orexin A, but with 1 nmol orexin A a residual analgesic 

effect remained (2nd paired columns, Figure 1D). On the other hand, TCS-OX2-29 (i.pag., 

30 nmol), an OX2 receptor selective antagonist (Hirose et al., 2003), did not affect the effect 

of orexin A at 0.1 nmol and slightly, though insignificantly, reduced its effect at 1 nmol 

(Figure 1D). Neither SB 334867 nor TCS-OX2-29 per se changed the hot-plate latency 

(Figure 1D).

3.4. The effect of AL-orexin B was mediated by OX2 receptors and, at higher doses, also 
by OX1 receptors.

SB-334867 (15 nmol) did not affect the antinociceptive effect of 1 nmol AL-orexin B, but 

significantly reduced the effect of 3 nmol AL-orexin B (Figure 1D). TCS-OX2-29 (30 nmol) 

effectively antagonized effects of AL-orexin B at both 1 and 3 nmol (Figure 1D).

3.5. The opioid system was not involved in the antinociceptive effects of orexin A and AL-
orexin B

Opioid receptors and endorphins are enriched in the vlPAG (Guo et al., 2004). To elucidate 

if orexins induce antinociception indirectly by activating the opioid system, the effect of 

naloxone on orexin antiociception was examined. Neither the antinociceptive effect of 

orexin A nor that of AL-orexin B was affected by naloxone at the dose (5 nmol) that 

effectively antagonized morphine-induced antinociception (Figure 2). Naloxone per se did 

not change the hot-plate latency (Figure 2).

3.6. The antinociceptive effect of orexin A, but not AL-orexin B, was inhibited by a CB1 
antagonist and mimicked by a CB1 agonist.

In previous study, we found that, an endocannabinoid (2-AG) can be generated after OX1 

receptor activation via Gq-protein-coupled phospholipase C (PLC) and subsequent 

diacylglyceral lipase (DAGL) activation, and this endocannabinoid-mediated inhibition of 

GABAergic transmission in the vlPAG contributes to the antinociceptive effect of intra-

vlPAG orexin A in rats (Ho et al., 2011). Here, we examined whether endocannabinoids also 

play a role in the antinociceptive effects of intra-vlPAG injected orexin A and AL-orexin B 

in mice. Intra-vlPAG microinjection of WIN 55,212-2 (30–100 nmol), a CB1 receptor 

agonist, reduced the hot-plate nociceptive response in mice (Figure 3). The efficacy of WIN 

55,212-2 at 100 nmol, however, was less than that of orexin A (1 nmol) or AL-orexin B (3 

nmol) (Figure 3). AM 251, a CB1 antagonist, at a dose (30 nmol) that effectively 
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antagonized WIN 55,212-2-induced antinociception, completely abolished the 

antinociceptive effect of 0.1 nmol orexin A and significantly reduced the effect of 1 nmol 

orexin A (Figure 3). The effect of AL-orexin B at 3 nmol was not significantly affected by 

AM 251 (Figure 3). AM 251 per se had no effect on the hot-plate latency (Figure 3).

3.7. Restraint stress induced SIA in a manner blocked by CB1 and OX1 antagonists.

Xie et al. (2008) have reported that a 30 min-restraint stress SIA was diminished in mice 

with toxin-ablated orexin neurons, suggesting this SIA is orexin-dependent. First, we 

validated this restraint SIA model in our mice. Indeed, mice receiving a 30 min-restraint 

stress showed significantly longer withdrawal latency in the hot-plate test, as compared with 

the unrestrained group (21.12 ± 2.9 vs. 2.8 ± 1.4 %MPE, p<0.01) (Figure 4). The 

antinociceptive effect induced by restraint stress was significantly prevented by i.p. injection 

of 15 mg/kg SB 334867 (Figure 4A) or 1.1 mg/kg AM 251 (Figure 4B), while neither SB 

334867 nor AM 251 affected hot-plate latencies in unrestrained control mice. This restraint 

SIA was unaffected by i.p. injection of 1 mg/kg naloxone (Figure 4C). Since naloxone is 

quickly metabolized (Berkowitz, 1976), we further examined the effect of a long-acting 

opioid receptor antagonist, naltrexone. Similarly, i.p. injection of 1 mg/kg naltrexone also 

had no effect on SIA (Figure 4D).

The restraint SIA was also abolished by i.pag. microinjection of SB 334867 (15 nmol, 

Figure 5A) or AM 251 (30 nmol, Figure 5B), but not TCS-OX2-29 (30 nmol, Figure 5C). 

These receptor antagonists had no effect per se in unrestrained control mice. These results 

suggest that during restraint stress, OX1, but not OX2, receptors in the vlPAG are activated 

by endogenous orexins to reduce the hot-plate nociceptive response in restrained mice via 

CB1 receptors. Interestingly, the antinociceptive effect induced by restraint stress (21.1% ± 

2.9% MPE, Figure 5) was much smaller than that (61.7% ± 9.1% MPE, Figure 1A) 

produced by direct microinjection of orexin A (0.1 nmol) into the vlPAG.

3.8. Restraint stress increased c-Fos positive LH orexin neurons.

The c-fos gene, an immediate early gene, is believed to be transcribed when neurons are 

strongly activated (Sagar et al., 1988). Expression of c-Fos protein in activated neurons can 

be measured 2 hours after neuronal activation. According to a previous study (Johnson et al., 

2010), activated orexin neurons can be revealed by the presence of double-immunoreactivity 

of c-Fos and orexin in the same neuron, i.e. c-Fos immunoreactivity in the nucleus and 

orexin immunoreactivity in the cytosol. Figure 6 shows that the number of c-Fos-expressing 

orexin neurons, revealed by the double-immunolabeled neurons (arrows in Figure 6A, 6B), 

in LH sections were markedly increased in the restrained group, as compared to the 

unrestrained control group. Most orexin neurons in the control group were free of c-Fos 

staining (arrow heads in Figure 6A). The percentage of orexin neurons double-

immunolabeled with c-Fos was significantly higher in the restrained group than in the 

control group (Figure 6C), while the total number of orexin neurons was not different 

between two groups (Figure 6D).
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3.9. Restraint stress elevated the orexin A level in the vlPAG and the plasma 
corticosterone level.

The average orexin A level in vlPAG homogenates isolated from restrained mice was 

significantly higher than that from unrestrained mice (Figure 7A). Additionally, the plasma 

levels of corticosterone, a stress hormone, in restrained mice were significantly elevated, as 

compared with control mice (Figure 7B). Interestingly, SB 334867 (i.p., 15 mg/kg), although 

abolishing restraint SIA, did not affect the restraint stress-induced elevation in corticosterone 

levels (Figure 7B).

4. Discussion

In this study, we demonstrated that activation of the OX1 receptor in the vlPAG of mice can 

initiate an endocannabinoid-CB1 receptor-mediated analgesia, as we observed in rats (Ho et 

al., 2011). Activation of the OX2 receptor in the vlPAG is also antinociceptive but this 

antinociceptive effect is CB1 receptor-independent. The OX1 receptor-initiated, 

endocannabinoid-mediated disinhibition mechanism in the vlPAG revealed in our previous 

study (Ho et al., 2011) may contribute to the antinociceptive effect induced not only by 

i.pag. injected orexin A in mice but also, more importantly, by endogenous orexins released 

from the LH during restraint stress. To the best of our knowledge, this is the first study 

revealing the contribution of a sequential activation of orexin and endocannabinoid systems 

in SIA.

4.1. The vlPAG is the site of supraspinal antinociceptive action of orexins

Orexin A and orexin B given by i.c.v. injection have been reported to be antinociceptive in 

several animal models of pain (Chiou et al., 2010). The current study suggests the vlPAG is 

an important supraspinal action site for orexin-induced antinociception in mice, in 

agreement with our previous finding in rats (Ho et al., 2011). Azhdari Zarmehri et al. (2011) 

also demonstrated that intra-PAG microinjection of orexin A produced an OX1-receptor 

mediated antinociception in the rat formalin test.

In addition to the PAG (Azhdari Zarmehri et al., 2011; Chiou et al., 2010; Ho et al., 2011), 

orexin A was recently reported to reduce the nociceptive response in the formalin-

inflammed rat when given at several brain regions, including the rostral ventromedial 

medulla (Azhdari-Zarmehri et al., 2014), paragigantocellularis lateralis (Erami et al., 2012) 

and locus ceoleus (Mohammad-Pour Kargar et al., 2015). The ventral tegmental acrea and 

nucleus accumbens were also reported to be inovolved in the antinociception induced by 

stimulating the lateral hypothalamus (Azhdari-Zarmehri et al., 2013; Sadeghi et al., 2013). 

Orexins are potent neuronal stimulators and could inevitably activate those brain regions 

when given by local injection. It remains to be elucidated whether endogenous orexins under 

certain physiological or pathological conditions can be released to produce antinociception 

in these brain regions.
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4.2. The antinociceptive effect of orexin A is mediated through OX1, but not OX2 or opioid 
receptors.

Orexin A-induced antinociception in the mouse vlPAG is mainly mediated by OX1, but not 

OX2, receptors since it was significantly prevented by i.pag. SB 334867, but not TCS-

OX2-29. A significant residual effect of orexin A at a higher dose, 1 nmol, in the presence of 

15 nmol SB 334867 (2nd grouped-columns in Figure 1D) might be resulted from its effect on 

the receptor other than OX1 since the dose ratio of SB 334867 to orexin A (15:1) is much 

higher than their Kd ratio (3: 1) at OX1 receptors (Smart et al., 2001). The contribution of 

OX2 receptor in this effect of orexin A cannot be ruled out since TCS-OX2-29 also tended 

to reduce it (2nd grouped-columns in Figure 1D). The ineffectiveness of both OX1 and OX2 

antagonists alone suggests that endogenous orexins might not be operative in the vlPAG in 

this hot-plate acute pain model. However, endogenous orexins do play a role in SIA (see 

below).

4.3. The antinociceptive effect of AL-orexin B is mainly mediated through OX2 receptors 
unless at higher doses.

AL-Orexin B was reported to be 400 times more selective at OX2 receptors than at OX1 

receptors (Asahi et al., 2003). The finding that TCS-OX2-29 significantly antagonized the 

antinociceptive effect of AL-orexin B suggests that activating the OX2 receptor in the vlPAG 

is also nociceptive and the effect of AL-orexin B is mainly mediated by OX2 receptors. 

However, at a higher dose (3 nmol), the effect of AL-orexin B was partially reduced by SB 

334867, suggesting that OX1 receptors also contribute the antinociceptive effect of AL-

orexin B at a higher dose.

4.4. Antinociceptive effects of orexins are opioid-independent.

Although endogenous opioids are enriched in the vlPAG and play an important role in the 

antinociception initiated in this region, the antinociceptive effect of neither orexin A nor AL-

orexin B was antagonized by naloxone at a dose that effectively antagonized the effect of 

morphine (Figure 2). This suggests that the antinociceptive effect of orexins in the vlPAG is 

opioid-independent.

4.5. Activation of OX1, but not OX2, receptors in the vlPG initiates an endocannabinoid-
CB1 receptor-mediated analgesia.

We have previously demonstrated that activation of the OX1 receptor in rat PAG slices 

initiates the synthesis of 2-AG, an endocannabinoid, via a Gq-PLC-DAGL signaling cacade 

to inhibit GABAergic transmission. This endocannabinoid-mediated disinhibition 

mechanism in the vlPAG contributes to the antinociceptive effect of intra-vlPAG orexin A in 

rats (Ho et al., 2011). Endocannabinoids can be synthesized on demand and reduce 

nociceptive responses (Maione et al., 2006; Walker et al., 1999). In this study, the finding 

that the antinociceptive effect of orexin A was markedly reduced by a CB1 antagonist and 

mimicked by a CB1 agonist suggests that this OX1 receptor-initiated endocannabinoid-

mediated mechanism also plays a role in orexin A-induced antinociception in mice. The 

possibility that AM 251 directly block OX1 receptors can be excluded by our previously 
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finding that AM 251 did not affect OX1 receptor-mediated membrane depolarization 

induced by orexin A (Ho et al., 2011).

Interestingly, the antinociceptive effect of AL-orexin B was not significantly affected by AM 

251, suggesting the OX2 receptor-mediated antinociception in the vlPAG is independent of 

the endocannabinoid-CB1 receptor system. With a higher dose of orexin A (1 nmol), a 

significant residual antinociceptive effect was observed in the presence of AM 251 (2nd 

paired-columns in Figure 3). This could be an effect independent of OX1 receptors, as the 

result observed in Figure 1D (2nd grouped-columns), and could possibly be mediated by 

OX2 receptors. It could also be an OX1 receptor-mediated, but endocannabinoid-

independent effect of orexin A, such as postsynaptic OX1 receptor-mediated depolarization 

(Ho et al., 2011).

4.6. Restraint stress activates LH orexin neurons and produces analgesia through the 
OX1 receptor-initiated endocannabinoid-CB1 signaling in the vlPAG.

The findings that i.pag. microinjection of either SB 334867 or AM 251 prevented restraint 

SIA suggest that, during restraint stress, endogenous orexins are released and produce 

analgesia through the OX1 receptor-initiated endocannabinoid-CB1 signaling in the vlPAG. 

Orexins are very likely released from neurons originating in the LH since restraint stress 

increased the number of activated LH orexin neurons (Figure 6). This restraint SIA in mice 

is opioid-independent since neither naloxone nor naltexone affected it while it is mediated 

through OX1 and CB1 receptors, and possibly involves 2-AG in the vlPAG (Ho et al., 2011). 

Interestingly, Hohmann et al. (2005) reported that a 3-min continuous foot shock in rats 

induced an SIA mediated by both anandamide and 2-AG via CB1 receptors in the 

dorsalateral PAG. The reason for this discrepancy is unclear, but is not due to species 

difference. We found orexin A was ineffective if intentionally injected in the dorsalateral 

PAG of rats (Ho et al., 2011). It seems that OX1 receptor-mediated analgesia within the 

vlPAG involves only 2-AG. The stress condition in our study (restraint) is also different from 

that (foot shock) used in the study of Hohmann et al. (2005). Stress-induced orexins could 

induce analgesia via 2-AG synthesis either directly in vlPAG projection neurons (Ho et al., 

2011) or indirectly by increasing mGluR5-mediated glutamatergic transmission (Gregg et 

al., 2012), after OX1 receptor activation.

It has been reported that orexin neurons in the LH can be activated by restraint stress in 

hamsters (Webb et al., 2008), mice (Rachalski et al., 2009) and rats (Sakamoto et al., 2004) 

as well as by other stress conditions (Chang et al., 2007; Mobarakeh et al., 2005; Sakamoto 

et al., 2004; Zhu et al., 2002). We also found that restraint stress markedly increased the 

number of activated LH orexin neurons (Figure 6) and orexin A levels in the vlPAG (Figure 

7A). Interestingly, the maximal antinociceptive effect induced by restraint stress, in terms of 

%MPE, was much less than that produced by intra-vlPAG injected 0.1 nmol orexin A 

(Figures 4, 5 vs. Figure 1A). This suggests that a limited amount of orexins were released 

during restraint stress; however this amount is sufficient to elicit SIA. Restraint stress also 

activates the hypothalamic-pituitary-adrenal (HPA) axis, reflected by elevated corticosterone 

levels in restrained mice, in a manner unaffected by SB 334867 (Figure 7B). This suggests 

that restraint stress activates the HPA axis is not downstream of OX1 receptor activation. 
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Recently, Gerashchenko et al. (2011) found that nociceptin inhibited hypothalamic orexin 

neurons in the perifonical area, leading to inhibition of restraint SIA in rats. This can explain 

the pronociceptive effect induced by nociceptin if given by i.c.v. injection, when animals 

were under stress (Grisel et al., 1996). It remains to be elucidated if the pronociceptive effect 

of nociceptin can be blocked by enhancindg 2-AG signaling via inhibibiting its degreadation 

enzyme, monoacylglycerol lipase.

In summary, our results suggest that during stress, hypothalamic orexin neurons are 

activated, releasing orexins to activate the OX1 receptor in the vlPAG and induce analgesia 

likely via a disinhibition mechasnim in the vlPAG mediated by 2-AG.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

2-AG 2-arachidonoylglycerol

AL-orexin B [Ala11, D-Leu15]orexin-B

AM 251 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-

piperidinyl-1H-pyrazole −3-carboxamide

AUC area under the curve

CB1 receptor cannabinoid 1 receptor

TCS-OX2-29 (2S)-1-(3,4-dihydro-6,7-dimethoxy-2(1H)-

isoquinolinyl)-3,3-dimethyl-2-[(4-

pyridinylmethyl)amino]-1-butanone hydrochloride

DAG diacylglycerol

DAGL diacylglycerol lipase

GqPCR Gq-protein coupled receptor

i.pag. intra-vlPAG microinjection

MPE maximal possible effect

OX1 receptor orexin 1 receptor
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OX2 receptor orexin 2 receptor

PLC phospholipase C

SB 334867 1-(2-Methyylbenzoxanzol-6-yl)-3-[1,5]naphthyridin-4-yl-

urea hydrochloride

SIA stress-induced analgesia

vlPAG ventrolateral periaqueductal gray

WIN 55,212-2 R)-(+)-[2,3-Dihydro-5-methyl-3-(4-

morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-

yl]-1-naphthalenylmethanone mesylate
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Figure 1. Antinociceptive effects of intra-vlPAG (i.pag.) microinjection of orexin A, [Ala11, D-
Leu15]-orexin B (AL-orexin B) and morphine and their interactions with OX1, OX2 and opioid 
receptor antagonists in the mouse hot-plate test.
(A-B) Time courses of antinociceptive effects of 0.01–1 nmol orexin A (A), 0.3–3 nmol AL-

orexin B (B), and 13 nmol morphine. The antinociceptive effect is expressed as percentage 

of the maximal possible effect (MPE): %MPE = 100% × (withdrawal latencyafter treatment - 

withdrawal latencybefore treatment) / 60 sec - withdrawal latencybefore treatment). Data are the 

average antinociceptive effect in each treatment group at the same time point. **p < 0.01, 

***p < 0.001 vs. the vehicle group (Repeat measures two-way ANOVA with post hoc 
Bonferroni test). (C) Antinociceptive effects of 0.01–1 nmol orexin A, 0.3–3 nmol AL-

orexin B and 13 nmol morphine. (D) Antinociceptive effects of 15 nmol SB 334867 (SB, an 
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OX1 antagonist) and 30 nmol TCX-OX2-29 (OX2-29, an OX2 antagonist) alone or in 

combination with 0.1–1 nmol orexin A or 1–3 nmol AL-orexin B. In each group of bars, 

mice with the same number (2 or 3) in each treatment group as well as a vehicle group 

received the hot-plate test on the same day. The ordinate is the antinociceptive effect 

expressed as the percent increment of the area under the curve (AUC) of the withdrawal 

latencies during the 60 min-recording period in each treatment group after normalized to the 

AUC of the respective vehicle-treated group. The numbers in the parentheses include all 

mice in each group that were tested. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the vehicle 

group, i.e. zero increment in AUC (one sample t-test); #p < 0.05, ##p < 0.01, ###p < 0.001 vs. 

the group treated with orexin A or AL-orexin B only (Mann-Whitney test). The same data 

presentation and statistical analysis apply to Figures 2–3.
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Figure 2. Antinociceptive effects of orexin A and AL-orexin B in the vlPAG were opioid-
independent.
Antinociceptive effects of 5 nmol naloxone (an opioid receptor antagonist) alone or in 

combination with 0.1 nmol orexin A, 1 nmol AL-orexin B, or 13 nmol morphine. The data 

presentation and statistics are the same as in Figure 1D. *p < 0.05, ***p < 0.001 vs. the 

vehicle group, #p < 0.05 vs. the group treated with the agonist only.
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Figure 3. The antinociceptive effect of orexin A, but not AL-orexin B, was mediated by 
endocannabinoid-CB1 receptor signaling in the vlPAG.
Antinociceptive effects of 30 nmol AM 251 (a CB1 antagonist) alone or in combination with 

0.1–1 nmol orexin A, 3 nmol AL-orexin B, or 30–100 nmol WIN 55,212-2, a CB1 agonist. 

The data presentation and statistics are the same as in Figure 1D. *p < 0.05, ***p < 0.001 

vs. the vehicle group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the group treated with the 

agonist only, §§p < 0.01 vs. the group treated with 1 nmol orexin A only.
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Figure 4. OX1 and CB1, but not opioid, receptor antagonists inhibited restraint stress-induced 
analgesia (SIA) in mice.
Restraint stress was induced by placing the mouse into a 50 ml perforated centrifuge tube for 

30 min. The control group remained in their home cages. Effects of ip. injection of 15 mg/kg 

SB 334867 (an OX1 antagonist) (A), 1.1 mg/kg AM 251 (a CB1R antagonist) (B), 1 mg/kg 

naloxone (C) (an opioid receptor antagonist) and 1 mg/kg naltrexone (a long-acting opioid 

receptor antagonist) (D), and their respective vehicles on the hot-plate test in restrained and 

control mice. The ordinate is the antinociceptive effect in various groups, expressed as 

%MPE as described in Figure 1A, B. Note that a significant antinociceptive effect was 

induced in restrained mice, an SIA phenomenon, which was blocked by SB 334867 or AM 

251, but not by naloxone or naltrexone. All drugs or vehicles were given by i.p. injection 15 

min (arrows) before restraint stress (thick bars). **p < 0.01 vs. the control unrestrained 

group, #p < 0.05, ##p < 0.01 vs. the vehicle group, at time 0 (Two way ANOVA with post 
hoc Tukey test) (n = 6).
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Figure 5. The OX1 and CB1, but not OX2 receptor, antagonist given by i.pag. microinjection 
inhibited restraint SIA in mice.
Effects of i.pag. microinjection of 15 nomol SB 33486 (A), 30 nmol TCS-OX2-29 (OX2-29) 

(B) and 30 nmol AM 251 (C), and their respective vehicles on the hot-plate test in restrained 

and control mice. The ordinate is the antinociceptive effect in various groups, expressed as 

%MPE as described in Figure 1A, B. All drugs and vehicles were given by i.pag. 

microinjection 5 min (arrows) before restraint stress (thick bars). **p < 0.01 vs. the control 

unrestrained group, #p < 0.05, ##p < 0.01 vs. the vehicle group, at time 0 (Two way ANOVA 

with post hoc Tukey test) (n = 6).
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Figure 6. Restraint stress increased the number of c-Fos-expressing orexin neurons in the lateral 
hypothalamus (LH).
Double immunolabeling of c-Fos protein and orexin A in LH neurons was conducted in 

tissues harvested 2 hours after termination of restraint stress from mice subjected to a 30 

min-restraint stress (Stress) or from unrestrained control mice (Control). (A-B) A 

representitive LH section taken from control (A) or restrained (B) mice. Orexin A was 

labeled by DAB in brown color and c-Fos was labeled by Vector Blue in blue gray color. 

Note that there were more double immunolabeled neurons (arrows) in the stress group as 

compared to the control group, in which most orexin A-immunoreactive neurons were free 

of c-Fos staining (arrowheads). Calibration bar: 50 μm. (C-D) The percentage of orexin A 

neurons expressing c-Fos (C) and the total number of orexin A-immunoreactive neurons (D) 

in both groups (n = 3). The number of orexin A- and c-Fos-immunoreactive neurons was 

calculated using StereoInvestigator from a series of 50 μm-think sections taken every 200 

μm along the coronal axis of a mouse hemi-hypothalamus. **p < 0.01 vs. the Control group 

(Student’s t test).
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Figure 7. Restraint stress increased the orexin A level in the vlPAG homogenate and the plasma 
corticosterone level.
(A) Orexin A levels in vlPAG homogenates of restrained and control unrestrained mice. 

Brain tissues containing the vlPAG were punched and homogenized from restrained mice 

immediately after a 30 min-restraint stress or from unrestrained control mice. Orexin A 

levels in vlPAG homogenates were measured by an EIA kit (Phoenix Pharmaceuticals, Inc.), 

n = 4. (B) Corticosterone levels of restrained and control mice treated with SB 334867 or its 

vehicle. Corticosterone levels in plasma samples that were collected in restrained mice 

immediately after restraint stress or from unrestrained control mice and measured by an EIA 

kit (Cayman Chemical Co.), n = 5. SB 334867 (15 mg/kg) was given by i.p. injection 15 min 

before implementing restraint stress. *p < 0.05, **p < 0.01 vs. the Control group (Student’s t 
test).
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