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Purpose: Complex regional pain syndrome type 1 (CRPS ) is an intractable neuropathic pain
syndrome. Chronic post-ischemia pain (CPIP) model is an animal model of CRPS I which is
produced by ischemia-reperfusion (IR) injury of the hind limb. Dexmedetomidine (DEX) is a
selective and potent 0.2 adrenergic receptor agonist with analgesic and protective effects follow-
ing an IR injury. We hypothesized that DEX protects the development of mechanical allodynia
and central sensitization in CRPS 1. Therefore, we evaluated the dose-related protective effect
of DEX in a CPIP model.

Methods: We divided 45 rats into five groups: sham, CPIP, CPIP + DEX 10 pg/kg, CPIP +
DEX 50 pg/kg, and CPIP + DEX 100 pg/kg. Rats in the sham group underwent sham surgery,
and the other rats received CPIP injury. One hour before reperfusion or end of sham surgery,
normal saline was injected into the rats in the sham and CPIP groups, and DEX (designated
dose) was injected into the rats in the other groups. All rats were evaluated for the withdrawal
threshold of both hind paws before surgery and 1, 3, and 7 days after surgery. Phosphorylation
of N-methyl-D-aspartate receptor subunits (pGluN1) and phosphorylation of extracellular signal-
regulated kinases (pERK) in the spinal cord were measured 3 days after surgery.

Results: Administration of DEX before reperfusion showed a significant increase in the with-
drawal threshold in both hind paws and a significant decrease of the expressions of pGluN1 and
pERK in CPIP rats dose dependently (P<0.05).

Conclusion: DEX may inhibit the development of mechanical allodynia and central sensitiza-
tion in CPIP rats.
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Introduction
Complex regional pain syndrome (CRPS) is a chronic pain condition characterized by spon-
taneous pain, hyperalgesia, allodynia, and abnormal vasomotor and sudomotor activities.'
Complex regional pain syndrome type I (CRPS I) usually occurs after fracture, crushing
injury, or soft tissue injury without clinically verified nerve damage. The pathophysiological
mechanisms of CRPS I are multifactorial, such as peripheral and central sensitization, inflam-
mation, altered sympathetic function, and altered somatosensory representation in the brain.
Chronic post-ischemia pain (CPIP) model has been considered an animal model of
CRPS 1.2 Ischemia-reperfusion (IR) injury of a hind limb effectuates the CPIP model
and shows persistent mechanical and cold allodynia without nerve injury. Central sen-
sitization is an amplification of neural signaling by neural plasticity, and an essential
mechanism in persistent pain.* It reduces pain thresholds and increases responses to
noxious stimuli. Phosphorylation of extracellular signal-regulated kinases (pERK) is
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a marker of neural plasticity which acts to mediate central
sensitization and phosphorylation of N-methyl-D-aspartate
(NMDA) receptors in the spinal cord is indicative of central
sensitization.’

Dexmedetomidine (DEX) is a selective and potent o2
adrenergic receptor agonist. It is highly lipid-soluble and readily
crosses the blood—brain barrier following systemic administra-
tion. DEX penetrates the central nervous system after systemic
administration and demonstrates a sedative effect.® It has an
analgesic effect related to its a2 adrenergic receptor binding
properties in inflammatory and neuropathic pain’® and dem-
onstrated an organ-protective effect against IR injury in the
brain, heart, kidney, and skeletal muscle in animal models.®'?

We hypothesized that preventive administration of DEX
before reperfusion could modulate pain and central sensitiza-
tion in CPIP rats via its analgesic and organ-protective effects.
Thus, we evaluated the effect of DEX on the development of
mechanical allodynia and central sensitization in CPIP rats
via changes in hind limb withdrawal thresholds, as well as
the expression of phosphorylated NMDA receptor subunit
1 (pGluN1) and pERK in the spinal cord.

Methods

Animals and experimental protocol

The study protocol was approved by the Kyungpook National
University Institutional Animal Care and Use Committee
(Figure 1). A total of 45 male Sprague Dawley rats (320-340
g) were used (Koatech, Gyeonggi-do, Korea) in this study.

The rats were acclimatized to acryl cages for 7 days before
surgery. All rats were housed at the animal facility under
specific pathogen-free conditions and received care according
to the National Institutes of Health guidelines on laboratory
welfare. Rats were randomly assigned to one of five groups
(n=9): 1) sham, 2) CPIP, 3) CPIP + DEX 10 ug/kg, 4) CPIP
+ DEX 50 pg/kg, and 5) CPIP + DEX 100 pg/kg. Rats in
the sham group underwent sham surgery, and rats in the
other groups underwent the CPIP procedure. All rats were
treated 1 hour before reperfusion or at the end of surgery.
Rats in the vehicle group received normal saline (0.1 cm?)
intraperitoneally. Rats in the CPIP + DEX 10 pg/kg, CPIP +
DEX 50 pg/kg, and CPIP + DEX 100 pg/kg groups received
DEX (Predex®, DEX HCI; Hospira, Lake Forest, IL, USA)
at the designated doses intraperitoneally. We chose the doses
of DEX according to a previous study.'?

Animal model

CPIP rats as described by Coderre et al® were used in this
study. We anesthetized rats over a 3-hour period using an
intraperitoneal injection of sodium pentobarbital (Entobar;
Hanlim Pharm, Seoul, Korea). We used pentobarbital 50 mg/
kg to induce anesthesia and 20 mg/kg/h to maintain anesthe-
sia. After that, a Nitrile 70 Durometer O-ring (O-Rings West,
Lynnwood, WA, USA) with a 5.5-mm internal diameter was
placed around the left hind limb just proximal to the ankle
joint and left for 3 hours. We removed the O-ring at the end
of 3 hours, and normal blood flow to the injured limb was
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Figure | Study flow.

Abbreviations: CPIP, chronic post-ischemia pain; DEX, dexmedetomidine; IP, intraperitoneal injection; POD, postoperative day.
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reestablished. Rats in the sham group underwent the anes-
thesia procedure, but a cut O-ring was placed loosely around
the ankle for 3 hours.

Assessment of mechanical allodynia of
hind paws

Mechanical allodynia was assessed 1 hour before surgery
(baseline), and 1, 3, and 7 days after surgery. A researcher
blinded to the treatments conducted all behavioral tests. Rats
were placed in a transparent acrylic cage (23x16x24 cm?®)
with a steel mesh floor and allowed to acclimatize to the
environment for 1 hour per day for 2 days before the experi-
ment, and 30 minutes before the behavior test on the test
day. Withdrawal thresholds to mechanical stimulation were
measured according to the 50% withdrawal response to Von
Frey filaments with logarithmic incremental stiffness (Stoelt-
ing, Wood Dale, IL, USA) using the up-down method."?
Von Frey filaments were pushed vertically to the center of
the plantar surface of the hind limb until the filament bent.
Withdrawal movement, flinching, stamping, or licking of the
hind limb within 10 seconds of the filament application were
considered positive responses. We started with a filament pro-
ducing a force of 2 g; lower-intensity filaments were applied
after each positive response and higher-intensity filaments
were applied after each negative response. The lowest and
highest stimulus intensities were 0.25 and 15 g. If a nega-
tive response occurred at the highest stimulus intensity, or a
positive response occurred at the lowest stimulus intensity,
the value was taken as the cutoff value. Withdrawal responses
were measured at S-minute intervals, alternating between the
right and left paws.

Western blot analysis of pGIuN| and
pERK

We randomly selected three rats from each group before
surgery. The selected rats did not undergo the behavioral
pain test. Three days after surgery, the rats were anesthetized
with an intraperitoneal injection of sodium pentobarbital
and rapidly sacrificed. The L4-6 section of the spinal cord
was rapidly extracted after laminectomy, and the left side of
the spinal cord was frozen in liquid nitrogen. The samples
were dissolved in a tissue lysate buffer containing a protease
inhibitor cocktail tablet (Hoffman-La Roche Ltd., Basel,
Switzerland). Proteins were quantified from supernatants
using Bradford dye assays (Bio-Rad Laboratories Inc., Her-
cules, CA, USA). Protein samples were heated at 100°C for
5 minutes and loaded onto a 10% SDS-polyacrylamide gel
before being transferred onto a nitrocellulose membrane.

The membrane was blocked in 3% nonfat milk with Tris-
buffered saline (50 mM Tris pH 7.4 and 10 mM NaCl) at room
temperature for 1 hour and the blots were incubated with
an anti-phospho-NR1 antibody (1:1,000, Ser897, ABN99;
EMD Millipore, Billerica, MA, USA), anti-pERK antibody
(1:1,000, SC-7383; Santa Cruz Biotechnology Inc., Dal-
las, TX, USA), and anti B-actin antibody (1:5,000, B-actin,
SC-47778; Santa Cruz Biotechnology Inc.) at 4°C overnight.
After washing with Tris-buffered saline (50 mM Tris pH 7.4
and 10 mM NacCl), the membrane was incubated with horse-
radish peroxidase-conjugated secondary anti-mouse antibody
(1:10,000, SC-2031; Santa Cruz Biotechnology Inc.) for 1
hour at room temperature and developed in enhanced chemi-
luminescence solution for 1 minute. The blots were exposed
to autoradiographic film. The densities of the protein blots
were quantified using LabWorks 4.5 software (Ultra-Violet
Products Ltd, Cambridge, UK).

Statistical analysis

Data are presented as the mean + standard error of the mean
and were analyzed using SPSS Statistics for Windows, ver-
sion 21.0 (IBM Corporation, Armonk, NY, USA). Data were
verified for normality using Shapiro—Wilk tests. Statistical
analyses for differences in changes over time in multiple
groups were performed using two-way ANOVA with one
repeated factor (time), followed by Tukey’s test for post
hoc analyses. Between-group differences were tested using
one-way ANOVA (when comparing more than two groups)
followed by Tukey’s test for post hoc analyses. For all tests,
a two-tailed P<0.05 was considered indicative of statistically
significant difference.

Results

Hind paw mechanical allodynia

We evaluated the neuropathic behavior of CPIP rats and inves-
tigated whether DEX can modulate neuropathic behavior by
measuring mechanical withdrawal thresholds. The mechani-
cal withdrawal thresholds for both hind paws at baseline did
not differ between the groups. Rats in the sham group did
not show significant changes in the mechanical withdrawal
thresholds in both hind paws over the 7-day study period. For
rats in the CPIP + DEX 50 pg/kg and CPIP + DEX 100 pg/
kg groups, the withdrawal thresholds after reperfusion of the
ipsilateral hind limbs were significantly decreased compared
to those in the sham group over the 7-day study period, but
the withdrawal thresholds of the contralateral hind limbs
showed no significant changes compared to those in the sham
group. Rats in the CPIP and CPIP + DEX 10 pg/kg groups
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showed significant decreases of the withdrawal thresholds of
both hind paws over the 7-day study period when compared
to baseline values. Rats in the CPIP + DEX 50 pg/kg and
CPIP + DEX 100 pg/kg groups showed significantly higher
withdrawal thresholds in both hind paws over the 7-day study
period when compared to the vehicle group (Figure 2).

vehicle groups showed significant increases of pGluN1 and
PERK expression in the ipsilateral spinal cord when com-
pared to rats in the sham group. Rats in the CPIP + DEX 50
ng/kg and CPIP + DEX 100 ug/kg groups showed significant
reductions of pGluN1 and pERK expression in the ipsilateral
spinal cord compared to the vehicle group (Figure 3).

Discussion

We successfully reproduced the CPIP model by inducing
mechanical allodynia in both hind paws and demonstrated
that administration of DEX before reperfusion in CPIP rats

Measurement of pGIuN| and pERK

To evaluate the extent of central sensitization and the alleviat-
ing effect of DEX on central sensitization in CPIP rats, we
analyzed pGluN1 and pERK in the spinal cord. Rats in the

Contralateral

Ipsilateral

-
o
s

*x o

L2 LET ok

-
N
L

-
N
N

10

-
o
L

Withdrawal threshold (g)
o]

Withdrawal threshold (g)
o

6 6
44 44 7
2 24
0 0
Baseline POD 1 POD 3 POD 7 Baseline POD 1 POD 3 POD 7
-# Sham -&- Vehicle -4~ DEX 10 pg/kg - DEX 50 pg/kg -o- DEX 100 ng/kg

Figure 2 Mechanical allodynia of ipsilateral (left) and contralateral (right) hind limbs assessed using a Von Frey filament.

Notes: Compared with the sham group, the vehicle, DEX 10 pg/kg, DEX 50 pg/kg, and DEX 100 pg/kg groups showed significantly decreased withdrawal thresholds for 7
days after surgery. In each group, testing began with nine animals per group; three were killed for Western blot at POD 3 and the remaining six continued with behavioral
testing until POD 7. The sham group was treated with saline (I mL, IP) | hour before the end of anesthesia. The vehicle group was treated with saline (I mL, IP) | hour
before reperfusion. The DEX 10 pg/kg, DEX 50 ug/kg, and DEX 100 ug/kg groups were treated with 10, 50, and 100 pg/kg of DEX | hour before reperfusion, respectively.
Withdrawal thresholds were assessed | hour before anesthesia (baseline), and POD |, POD 3, and POD 7 after surgery. Data are expressed as mean * standard error
of the mean. *Indicates significant difference from the sham group. **Indicates significant difference from the vehicle group. P<0.05 was considered statistically significant.
Abbreviations: DEX, dexmedetomidine; IP, intraperitoneal injection; POD, postoperative day.
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attenuated the development of mechanical hyperalgesia
and central sensitization by inhibition of the extracellular
signal-regulated kinase (ERK) signaling pathway and NMDA
receptors.

Allodynia in CPIP rats develops from the day of
reperfusion and peaks on the third day after reperfusion.
It persists for 4 weeks. Activation of pGluNI in CPIP
rats also peaks on the third day after reperfusion.’® In our
study, mechanical allodynia and activation of pGluN1 and
pERK reduced in the group that was administered >50 pg/
kg of DEX. However, we did not find any significant dif-
ferences between 50 pg/kg and 100 pg/kg of DEX. This
result suggests that 50 pg/kg of DEX is enough to prevent
mechanical allodynia and central sensitization in CPIP rats.
Contralateral allodynia in CPIP rats is evidence of central
sensitization and less severe than ipsilateral allodynia.' In
our study, we observed less severity of contralateral allo-
dynia in all the CPIP rats and no differences in mechanical
allodynia between the sham group and >50 pg/kg of DEX-
injected CPIP groups.

Prolonged ischemia and reintroduction of oxygenated
blood into the ischemic limb causes IR injury. IR injury
is a complex phenomenon including intracellular injury
processes and inflammatory responses after prolonged
ischemia.'’ Ischemia causes energy depletion, cell damage,
accumulation of toxic metabolites, elevation of tissue acidity,
and activation of phospholipase and lysozymes.'¢ Reperfu-
sion worsens the injury by inducing cellular infiltration and
generating ROS."7 IR injury produces local inflammatory
processes, which increases proinflammatory cytokines, such
as tumor necrosis factor-o, (TNF-o) and IL-1f and causes
apoptosis, endothelial cell dysfunction, and necrosis.!® Per-
sistent inflammation after IR injury may activate nociceptors
in the muscle, periosteum, and skin. Inflammatory stimuli
can activate the ERK signaling pathway in the spinal cord,
and the activated ERK signaling pathway contributes to
persistent hypersensitivity.'” Activation of nociceptors of the
ischemic limb may also lead to central sensitization. Central
sensitization manifests as pain hypersensitivities such as
spontaneous pain, allodynia, and hyperalgesia.* Upregulated
pGluN1 expression is the evidence of central sensitization,
and enhanced pGluN1 expression correlates with the devel-
opment of painful symptoms.?

DEX attenuates nociceptive stimuli and inhibits noci-
ceptive transmission. It inhibits glial cell activation and the
release of substance P and calcitonin gene-related peptide
from the spinal cord; the latter initiates central sensitiza-
tion to pain signals.?! The antinociceptive effect of DEX

could suppress the development of mechanical allodynia,
activation of NMDA receptors, and the ERKs signaling
pathway.?>?* DEX protects organs from IR injury. Several
mechanisms of the protective effect against IR injury of
DEX have been explored. First, DEX inhibits catecholamine
release in the plasma by activating o2 receptors.® Decreased
production of catecholamine prevents overproduction of free
radicals. Inhibition of free radical production by DEX may
prevent IR injury.?* Second, DEX decreases ROS produc-
tion by blocking xanthine oxidases.” Inhibition of xanthine
oxidase scavenges ROS and prevents the development of
mechanical allodynia and central sensitization.!® Third, DEX
may act as a direct and indirect antioxidant. Antioxidants
scavenge peroxynitrite, inhibit oxidative stress-induced IR
injury, and alleviate developments of mechanical allodynia
in CPIP rats.?® Fourth, DEX has an anti-inflammatory effect.
It decreases inflammatory responses as much as methylpred-
nisolone in spinal cord injury and inflammatory cytokines
(TNF-o and IL-6) after IR injury.?” Our results suggested that
the protective effect against IR injury and antinociceptive
effect of DEX could suppress the development of mechani-
cal allodynia, activation of NMDA receptors, and the ERK
signaling pathway.

There are some limitations to this study. First, we injected
DEX 1 hour before reperfusion. In the skeletal muscle IR
injury model, DEX was injected 1 hour before ischemia
reduced IR injury.!! Thus, we presumed that 1 hour before
reperfusion was the ideal injection time; however, further stud-
ies are required to evaluate the ideal injection time to prevent
allodynia and central sensitization in a rat CPIP model. Sec-
ond, we did not find the exact mechanisms of DEX to reduce
allodynia and central sensitization. Third, we did not examine
the contralateral spinal cord. Changes of the ipsilateral spinal
cord showed DEX could inhibit central sensitization, but the
changes of contralateral spinal cord could give more informa-
tion to support our results. Fourth, we used small numbers of
spinal cord specimens. It would be an apparent weakness of
this study. However, spinal cord samples showed significant
results despite using limited numbers of samples.

In conclusion, our study demonstrates that DEX admin-
istration 1 hour before reperfusion significantly suppresses
the development of mechanical allodynia in a CPIP rat model
in a dose-dependent manner. This result may be due to the
reduction of IR injury-related damage and the antinocicep-
tive effect of DEX. These findings suggest that pretreatment
with DEX may be a practical approach for the prevention and
attenuation of ischemic and inflammatory pain conditions,
including CRPS.
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