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Background: Repeated administration of opioid analgesics for pain treatment can
produce paradoxical hyperalgesia via peripheral and/or central mechanisms. Thus,
this study investigated whether spinally (centrally) administered orexin A attenuates
opioid-induced hyperalgesia (OIH).

Methods: [D-Ala®, N-Me-Phe®, Gly®-ol]-enkephalin (DAMGO), a selective p-opioid
receptor agonist, was used to induce mechanical hypersensitivity and was admin-
istered intradermally (4 times, 1-hour intervals) on the rat hind paw dorsum. To de-
termine whether post- or pretreatments with spinal orexin A, dynorphin A, and anti-
dynorphin A were effective in OIH, the drugs were injected through an intrathecal
catheter whose tip was positioned dorsally at the L3 segment of the spinal cord (5
ug for all). Mechanical hypersensitivity was assessed using von Frey monofilaments.
Results: Repeated intradermal injections of DAMGO resulted in mechanical hyper-
sensitivity in rats, lasting more than 8 days. Although the first intrathecal treatment
of orexin A on the 6th day after DAMGO exposure did not show any significant effect
on the mechanical threshold, the second (on the 8th day) significantly attenuated
the DAMGO-induced mechanical hypersensitivity, which disappeared when the
type 1 orexin receptor (OX1R) was blocked. However, intrathecal administration of
dynorphin or an anti-dynorphin antibody (dynorphin antagonists) had no effect on
DAMGO-induced hypersensitivity. Lastly, pretreatment with orexin A, dynorphin, or
anti-dynorphin did not prevent DAMGO-induced mechanical hypersensitivity.
Conclusions: Spinal orexin A attenuates mechanical hyperalgesia induced by re-
petitive intradermal injections of DAMGO through OX1R. These data suggest that
OIH can be potentially treated by activating the orexin A-OX1R pathway in the spinal
dorsal horn.

Key Words: Analgesics, Opioid; Dynorphins; Enkephalin, Ala(2)-MePhe(4)-Gly(5)-;
Hyperalgesia; Orexins; Orexin Receptors; Pain; Spinal Cord Dorsal Horn.

INTRODUCTION

Opioid analgesics are used to effectively treat chronic
pain. However, repeated administration of opioids can

induce paradoxical progressive hyperalgesia, a phenom-
enon referred to as opioid-induced hyperalgesia (OIH) [1].
This type of hyperalgesia is currently a key obstacle, with
opioid tolerance and dependence, in the use of opioids
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for the treatment of chronic pain. Despite accumulating
evidence, the underlying mechanisms of OIH are still not
fully understood [2,3]. However, among the mechanisms
proposed to date, the involvement of spinal glutamate is
suggested to be especially important [2]. The initial down-
regulation of glutamate transporters by chronic morphine
administration increased the level of glutamate in the spi-
nal dorsal horn due to the decrease in glutamate uptake [4].
This increased glutamate level induces neurotoxicity via
activation of the NMDA receptor, an ionotropic glutamate
receptor [4], potentially decreasing the number of inhibi-
tory GABAergic neurons in the spinal dorsal horn [5]. An-
other suggested mechanism is that continuous infusions
of p-opioid receptor (MOR) agonists increase spinal levels
of dynorphin [6], causing spinal release of pro-nociceptive
neuropeptides such as calcitonin gene-related peptide
(CGRP) from peptidergic primary afferent fibers [7]. Both
mechanisms of OIH introduced here are related to sensi-
tizing changes in spinal dorsal horn neurons.

Although the neuropeptides orexins are known as regu-
lators of wakefulness and feeding behaviors [8-10], there
has been some indication that orexins have an ability to
modulate spinal neurotransmission and neuronal excit-
ability. Particularly, orexin A—a type of orexin—decreases
excitatory synaptic transmission and neuronal excitability
in the spinal dorsal horn [11]. Additionally, the mainte-
nance of long-term depression—a long-lasting decrease
in excitatory synaptic strength involving the potential
alleviation of pain hypersensitivity [12]—requires the acti-
vation of orexin receptors OX1 and OX2 [13]. According to
these electrophysiological data, orexins have been shown
to have analgesic effects on neuropathic pain induced by
diabetic neuropathy or experimental peripheral nerve
ligation [14,15]. Contrastingly, orexinergic neurons, whose
cell bodies are located in the hypothalamus and axon
fibers are terminated in the spinal dorsal horn, contain
dynorphin [16].

In this study, we investigated whether the spinal ac-
tion of orexin A can alleviate or prevent abnormal pain
hypersensitivity, mimicking OIH, which is induced and
maintained by repeated intradermal injections of [D-Ala’,
N-Me-Phe’, Gly’-ol]-enkephalin (DAMGO) in rats [17]. The
involvement of spinal dynorphin is tested to determine
whether an increase or decrease in spinal dynorphin lev-
els can affect DAMGO-induced hypersensitivity.

MATERIALS AND METHODS
1. Animals

All experimental procedures were approved by the Insti-
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tutional Animal Care and Use Committee of the Keimy-
ung University Dongsan Hospital (approval number: KM-
2019-26R2). Sprague-Dawley rats (male, 200-300 g; Hana
Trading Company, Busan, Korea) were placed in a room
(24°C -26°C) with an artificial 12-hour day-night light cycle
and water and food provided ad libitum. The number of
animals and their suffering were minimized. The rats
were randomized into each group. Drugs injected on the
dorsum of the hind paw of the rat or through an intrathe-
cal catheter were blinded to an experimenter which tested
mechanical hypersensitivity with von Frey filaments.

2. Intrathecal catheter insertion surgery

Under isoflurane anesthesia (2.5% isoflurane with 2 L/min
100% 0O,), a polyethylene catheter (PE-10) was surgically
inserted, through the atlanto-occipital membrane, in the
lumbar (L) subarachnoid space of each rat, and the tip of
the catheter was dorsally positioned around the L1-3 spi-
nal segment [18]. After the surgery, the rats were allowed to
recover for 1 week. During the one week-recovery period,
the rats, which revealed limitation of paw movement or
mechanical hypersensitivity, were excluded.

3. Mechanical sensitivity test with von Frey filaments

Allrats with an intrathecal catheter were habituated for 2-3
days before the test day. On the test day, a rat was placed
on the elevated wire grid and, after 1 hour of additional
habituation, the mechanical threshold was measured
as the force (g) of the lowest von Frey monofilament that
evoked a brisk paw withdrawal response (the initial and
maximal monofilament forces of 0.4 g and 30 g, respec-
tively; the force of 30 g was assigned when the subjected
rat responding negatively at the application of the 26 g-
monofilament). The tip of the von Frey monofilament was
applied to the middle portion of the plantar surface of the
hind paws separately until the filament bent for approxi-
mately 2 seconds. Two withdrawal responses from five tri-
als was considered positive [5,19].

4. Opioid-induced hypersensitivity in rats

DAMGQO, a selective MOR agonist, was used to induce me-
chanical hypersensitivity [17]. DAMGO solution (solvent:
normal saline containing 0.9% NaCl) was administered
intradermally on the dorsum of the rat hind paw a total of
four times (1-hour intervals; 1 pg/uL; volume, 5 pL each),
using a 30-gauge hypodermic needle adapted to a 50 pL
Hamilton syringe. Mechanical thresholds were measured
30 minutes before and 1 hour after the 4th administration,
and then at the 4th, 6th, or 8th days after DAMGO expo-
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sure. In a prior study, standard deviation of the von Frey
threshold was 7.56 g on the 6th day, and the effect size of
the von Frey test was 13. Therefore, it is estimated that at
least 6 rats per group of the sample size are required for
proper comparisons in this experiment [20].

5. Drugs administered through the intrathecal
catheter

Orexin A, SB674042, and dynorphin A were purchased
from Tocris Bioscience (Bristol, UK), and the anti-dynor-
phin A antibody was purchased from Abcam (Cambridge,
UK). SB674042 was dissolved in dimethyl sulfoxide (DMSO)
and the final solution contained 6% DMSO. The remaining
samples were dissolved in saline solution. The amount of
intrathecally administered drug was 5 pg in a volume of
5 pL and all PE-10 tubes were flushed with 10 pL of saline
[21-24]. All drugs were injected 30 minutes before the von
Frey tests.

6. Data analysis

Data are expressed as the threshold (mean + SEM; n, num-
ber of rats) measured by the mechanical force (g) of the
von Frey filaments. To compare the mechanical thresh-
olds after repeated intradermal injections of DAMGO to
the baseline, one- or two-way repeated-measures ANOVA
was performed. The Wilcoxon signed-rank test was used
to identify the effects of intrathecal administration. Differ-
ences were considered statistically significant at P < 0.05.

RESULTS

A total of 104 rats were used in this experiment. For cath-
eter insertion, 91 rats were subjected to the surgery, and
10 rats (out of 91) were excluded for further investigation
because of neurological signs, such as paw movement lim-
itation, after intrathecal catheter insertion. Others were
randomly allocated to each group.

A previous study showed that a form of OIH could be
induced by repeated intradermal injection of DAMGO [17],
we used the same protocol to induce a mechanical hy-
persensitivity by repetitively activating peripheral MORs.
For evaluation of mechanical allodynia, two groups were
investigated. A total of thirteen rats were used for behav-
ior tests after injection. DAMGO solution (concentration,
1 ug/uL; volume, 5 pL, n = 7) was injected intradermally
into the dorsum of the rat hind paws a total of four times
at 1 hour-intervals. One hour after the final injection the
mechanical threshold, measured on the plantar surface
of the hind paw, decreased significantly compared to the
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Fig. 1. Repeated exposure to [D-Ala’, N-Me-Phe®, Gly*-ol]-enkephalin
(DAMGO) induced mechanical hypersensitivity in rats. Repetitive intra-
dermal injection (4 times, at 1-hour intervals) of DAMGO (5 pg/5 L) into
the hind paw dorsum significantly decreased mechanical threshold mea-
sured by von Frey filament test (g) on the day of and 4 and 6 days after
injection. The error bars indicate SEM. **P < 0.01 vs. saline control; P <
0.05 and P < 0.01 vs. baseline (i.e., before the DAMGO injection).

control saline group (n = 6) (P < 0.01; Fig. 1), indicating an
induced mechanical hypersensitivity in the hind paw after
repeated DAMGO exposure. DAMGO-induced mechanical
hypersensitivity lasted at least a week, since the decreased
mechanical threshold was observed in the same hind
paw at both 4 and 6 days after the repeated DAMGO injec-
tions (P < 0.01 vs. saline group; P < 0.05 or 0.01 vs. baseline
threshold before the DAMGO exposure; Fig. 1).

It has been suggested that OIH is accompanied by sensi-
tization of spinal neurons [2]. Contrastingly, we previously
observed that orexin A diminishes excitatory transmis-
sion in the dorsal horn of the spinal cord [11] and mediates
long-term depression of excitatory synaptic transmission
via OX1, a type 1 orexin receptor [13]. Therefore, we intra-
thecally applied orexin A to determine whether its action
on excitatory synaptic transmission in the spinal dorsal
horn alleviated DAMGO-induced hypersensitivity. In this
experiment, two rats were excluded due to limitation of
hind paw movement after intrathecal catheter insertion.
Other rats were divided into five groups for injections of
saline (n = 6), orexin A (n = 7), 6% DMSO (n = 6), orexin A
with SB674042, an OX1 antagonist (n = 6), and SB674042
alone (n = 6). After confirmation of mechanical hypersen-
sitivity on the 4th day after repeated intradermal exposure
to DAMGO, orexin A (concentration, 1 ug/pL; volume, 5
pL) was administered through a pre-inserted intrathecal
catheter positioned dorsally at the L3 level of the spinal
cord. Although the first intrathecal treatment of orexin A
on the 6th day following repeated DAMGO exposure did
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Fig. 2. Spinal orexin A attenuated [D-Ala®, N-Me-Phe*, Gly>-ol]-enkephalin
(DAMGO)-induced mechanical hypersensitivity. Intrathecal administration
of orexin A (5 ug/5 L, i.t.) normalized the mechanical hypersensitivity
that was developed on the day of and lasted until 8 days after repetitive
intradermal injection (4 times, at 1-hour intervals) of DAMGO on the rat
hind paw dorsum, although the first intrathecal administration of orexin
A (6 days post DAMGO) had no effect. The effect of orexin A was inhibited
by SB674042 (5 ng/5 ul), the OX1 receptor antagonist. The error bars
indicate SEM. *P < 0.05 vs. baseline of each group; P < 0.05 vs. the
thresholds (g) of other four groups at 8 days after intradermal DAMGO
injection. An experimental scheme above the histogram is shown with
the number of rats used vs. the number of rats subjected with catheter
insertion (n = 31/33). OX1: type 1 orexin, DMSO: dimethyl sulfoxide.

not show any significant effect on the mechanical thresh-
old, the second treatment on the 8th day resulted in a sig-
nificant recovery of the DAMGO-induced mechanical hy-
persensitivity, whereas the intrathecal administration of
saline and 6% DMSO did not affect the mechanical hyper-
sensitivity developed by DAMGO exposure (Fig. 2; P < 0.01
vs. intrathecal saline or 6% DMSO groups). Furthermore,
recovery by intrathecal orexin A administration from
DAMGO-induced mechanical hypersensitivity was pre-
vented by co-administration of orexin A with SB674042, an
OX1 antagonist (Fig. 2).

Contrastingly, OIH increases spinal dynorphin levels,
further contributing to the pronociceptive process in the
spinal cord [2]. To investigate the potential role of dynor-
phin in DAMGO-induced hypersensitivity, the authors
intrathecally administered either dynorphin or anti-dyn-
orphin antibodies after the development of mechanical
hypersensitivity. In this experiment, five rats were exclud-
ed due to limitation of paw movement after intrathecal
catheter insertion. Three treatment groups were allocated
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Fig. 3. Spinal dynorphin or preventing spinal endogenous dynorphin
signals had no effect on the [D-Ala®, N-Me-Phe*, Gly®-ol]-enkephalin
(DAMGO)-induced mechanical hypersensitivity. The mechanical hyper-
sensitivity induced by repetitive intradermal injection of DAMGO (4 times,
at 1-hour intervals) was not affected by intrathecal administration (i.t.) of
dynorphin (5 pg/5 ul) or antiserum to dynorphin (5 pug/5 ulL) at 6 and 8
days after the DAMGO exposure. The error bars indicate SEM. *P < 0.05
vs. baseline. An experimental scheme above the histogram is shown with
the number of rats used vs. the number of rats subjected with catheter
insertion (n = 18/23).

for the effects of dynorphin, anti-dynorphin, and saline (6
rats in each group). Although the 2nd intrathecal admin-
istration of dynorphin (5 pg/5 pL) slightly decreased the
mechanical hypersensitivity (P > 0.05, compared to before
DAMGO injection; Fig. 3) overall, dynorphin or anti-dyn-
orphin antibodies had no effect on the DAMGO-induced
mechanical hypersensitivity (Fig. 3).

Furthermore, we investigated whether spinal orexin
A, and dynorphin and anti-dynorphin antibodies pre-
vented the development of DAMGO-induced mechanical
hypersensitivity. Three rats were excluded due to limita-
tion of hind paw movement. Each group included eight
rats for the testing. For these preemptive effects, orexin
A, and dynorphin and anti-dynorphin antibodies were
intrathecally administered before intradermal injection of
DAMGO at a concentration of 1 pg/1 pL (volume, 5 pL). As
shown in Fig. 4, none of the pretreatments had an effect on
the DAMGO-induced hypersensitivity.

DISCUSSION

In this study, it was shown that repetitive intradermal
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Fig. 4. Pre-dosing of orexin A or dynorphin did not prevent the induc-
tion of mechanical hypersensitivity by repeated exposure of [D-Ala®, N-
Me-Phe’, Gly*-ol}-enkephalin (DAMGO). The mechanical hypersensitivity
was induced by four times of repetitive intradermal injection of DAMGO
(hourly). Orexin A (5 pg/5 L), dynorphin (5 pug/5 pL), antiserum to dyn-
orphin (5 pg/5 uL), or saline were intrathecally administered just before
the DAMGO exposure. The error bars indicate SEM. **P < 0.01 vs. base-
line mechanical sensitivity before DAMGO exposure. An experimental
scheme above the histogram is shown with the number of rats used vs.
the number of rats subjected with catheter insertion (n = 32/35). i.t.:
intrathecal administration.

injection of DAMGO, a MOR agonist, induced mechani-
cal hypersensitivity in rats that lasted for at least eight
days. The induced hypersensitivity was normalized by
intrathecally administered orexin A, on the 8th day after
induction, but not on the 6th day after induction. The re-
lief of hypersensitivity by orexin A is mediated by its type
1 receptor, OX1. However, neither dynorphin supplemen-
tation nor scavenging affected the mechanical DAMGO-
induced hypersensitivity. Moreover, the induction of
mechanical hypersensitivity was neither prevented by the
spinal pretreatments of orexin A or dynorphin nor depen-
dent of the spinal action of dynorphin. Despite the lack of
understanding of the underlying mechanism, our results
suggest that spinal (i.e., central) orexin A can reverse the
mechanical hypersensitivity induced by repetitive periph-
eral stimulation of the MOR.

A previous study demonstrated that repetitive intrader-
mal injection of DAMGO produced mechanical hyper-
sensitivity, which lasted for at least 4 hours but was not
observed after one week [17]. However, an intradermal
injection of prostaglandin E, at the same site injected
with DAMGO caused the reappearance of mechanical
hypersensitivity after more than one week, a phenom-
enon called “type II hyperalgesic priming” [25]. This study
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postulated the occurrence of neuroplastic changes in pe-
ripheral nociceptors following repeated DAMGO exposure
[17]. Contrastingly, our present study observed mechanical
hypersensitivity that lasted for more than a week following
repeated DAMGO exposure (up to 8 days). This difference
may be due to the test method, as we used an ascend-
ing stimulus method utilizing von Frey monofilament [5]
whereas the other study used the Randall-Selitto test [17].
Both methods measure mechanical thresholds but would
differ in the type or number of activated nociceptive/
non-nociceptive fibers [19]; thus, the ascending stimulus
method used in this study may be able to detect mechani-
cal hypersensitivity several days after repeated DAMGO
exposure.

In this study, DAMGO-induced hypersensitivity due to
repeated exposure was normalized, but not prevented, by
spinal activation of the orexin A-OX1 receptor pathway.
Neurons of the lateral hypothalamus and perifornical
area produce the neuropeptide orexin A [26,27], and their
axons project to various regions of the brain, including
the spinal dorsal horn [28,29], while the OX1 receptor—
which has a high affinity for orexin A—is expressed in the
gray matter of the spinal cord [30,31] and dorsal root gan-
glion (DRG) [31]. Orexin A alters nociceptive modulation
by inhibiting Ca** influx through L-type Ca*" channels in
the DRG [32]. Furthermore, activation of the orexin A-OX1
receptor pathway reduces A/C fiber-mediated excitatory
synaptic transmission and contributes to the induction
of long-term depression in the spinal dorsal horn [11,13].
Therefore, it is conceivable that the orexin A-OX1 recep-
tor pathway modulates the spinal transmission of pain
signals generated by peripheral repetitive activation of the
MOR. Particularly, it would be far more effective if the ac-
tivation of the orexin A-OX1 receptor pathway modulated
TRPV1-positive C fiber-mediated synaptic transmission,
because DAMGO induces late-onset long-term potentia-
tion in laminae I and II neurons that resemble OIH [33].
However, it should be mentioned that orexin A also has an
analgesic effect on other types of persistent pain. Notably,
intrathecally administered orexin A has been reported to
have an analgesic effect in the hot plate test and reduces
the number of laminae I and II neurons with Fos-like im-
munoreactivity in the spinal dorsal horn [8]. Besides the
potential analgesic mechanisms of orexin A mentioned
above, a study showed that persistent pain and a certain
stressful condition activate orexinergic neurons and in-
hibit pain transmission [34]. Furthermore, it seems that,
in stressful conditions, orexin expression is increased and
leads to elevation of animal performance and inhibition of
nociceptive signals [35]. Thus, the effect of the intrathecal
administration of orexin A would be additive to the effect
by the orexin A-mediated analgesic mechanism activated
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by repeated exposure to DAMGO. This hypothesis needs
to be further tested.

The mechanism underlying persistent mechanical hy-
persensitivity caused by repeated intradermal exposure
to DAMGO in this study is unclear. One suggested mecha-
nism is the downregulation of glutamate transporters and
activation of NMDA receptors in the spinal dorsal horn [4].
Recently, another possible mechanism that has gained at-
tention is the increased spinal level of dynorphin because
it causes spinal release of CGRP [7] and activates spinal
bradykinin receptors [36]. Likewise, in neuropathic pain
models such as L5/L6 spinal nerve ligation or chronic con-
striction injury of the sciatic nerve, dynorphin is elevated
in the cerebrospinal fluid [21,37]. Consistent with these
neurochemical studies, hyperalgesia after intrathecal
morphine infusion was reversed by dynorphin A antise-
rum [38]. Contrastingly, our results revealed a little an-
algesic effect on DAMGO-induced hypersensitivity since
neither the intrathecal dynorphin nor anti-dynorphin
antibody reversed or prevented the resulting hypersensi-
tivity. This is similar to a previous study that reported that
intrathecal orexin A antiserum itself had no effect in both
the formalin and hot plate tests but did abolish the analge-
sic effect of orexin A on these tests [39].

In conclusion, this study revealed that spinal orexin A
reverses peripheral DAMGO-induced mechanical hyper-
sensitivity; however, this treatment does not prevent its
induction. Although other studies have suggested promi-
nent roles of spinal dynorphin in OIH, our study did not
find any role of dynorphin A in the spinal dorsal horn in
the DAMGO-induced hypersensitivity. Overall, although
this study does not provide mechanisms for the orexin A’s
effectiveness on the DAMGO-induced hypersensitivity in
the rats, it suggests in the first time that the OIH, which
limits the use of opioids in the treatment of chronic pain,
can be treated by spinal administration of orexin A or OX1
agonists.
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