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Background: Although the Eph receptor plays an important role in the development of

neuropathic pain following nerve injury, there has been no evidence of the participation of

the ephrin A4 receptor (EphA4) in the development of trigeminal neuropathic pain. The

present study investigated the role of EphA4 in central nociceptive processing in rats with

inferior alveolar nerve injury.

Materials and Methods: Male Sprague-Dawley rats were used in all our experiments. A rat

model for trigeminal neuropathic pain was produced using malpositioned dental implants. The

left mandibular second molar was extracted under anesthesia, followed by the placement of

a miniature dental implant to injure the inferior alveolar nerve.

Results: Our current findings show that nerve injury induced by malpositioned dental implants

evokes significant mechanical allodynia and up-regulation of EphA4 expression in the ipsilateral

trigeminal subnucleus caudalis. Although daily treatment with EphA4-Fc, an EphA4 antagonist,

did not produce prolonged anti-allodynic effects after the chronic neuropathic pain had been

already established, an early treatment protocol with repeated EphA4-Fc administration signifi-

cantly attenuated mechanical allodynia before initiation of chronic neuropathic pain. Finally, we

confirmed the participation of the central EphA4 pathway in the development of trigeminal

neuropathic pain by reducing EphA4 expression using EphA4 siRNA. This suppression of

EphA4 produced significantly prolonged anti-allodynic effects.

Conclusion: These results suggest that early blockade of central EphA4 signaling provides

a new therapeutic target for the treatment of trigeminal neuropathic pain.
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Introduction
It has been well established that ephrin (Eph) receptors, which comprise one of the

largest receptor tyrosine kinase families, participate in the regulation of synaptic

formation through neuron–neuron and/or neuron–astrocyte interactions in the central

nervous system.1–3 Multiple Eph receptors and ephrins have been found to be upregu-

lated at injury sites after nerve injury.4 In particular, the ephrin A4 receptor (EphA4)

was expressed in the reactive astrocytes in mice and human brain tissue after spinal

cord hemisection5,6 and traumatic brain injury,7 respectively. Moreover, deleting or

blocking EphA4 in mice or rats with spinal cord injury promoted axonal regeneration

and functional recovery.6,8,9 This suggests that EphA4 plays an important role in axonal

reorganization and synaptic plasticity after neuronal damage, and targeting EphA4

could be a promising means of promoting functional recovery following neural injury.

Recent studies have demonstrated that Eph receptor-mediated cross-talk is involved

in the central nociceptive processing associated with sensory abnormalities in
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persistent pain states. Mechanical allodynia in rats with bone

cancer is significantly alleviated by the intrathecal adminis-

tration of an EphB1 receptor antagonist.10 Furthermore,

intrathecal application of EphB-receptor antagonists inhibits

the induction and maintenance of nerve injury-induced ther-

mal hyperalgesia and mechanical allodynia,11,12 as well as

formalin-induced inflammatory pain.12,13 However, there has

been no evidence of the participation of EphA4 in the devel-

opment of trigeminal neuropathic pain.

In the present study, we investigated the hypothesis

that changes in EphA4 expression play an important role

in the modulation of neuropathic pain following nerve

injury. We examined the changes in EphA4 expression in

the ipsilateral trigeminal subnucleus caudalis of rats surgi-

cally inflicted with inferior alveolar nerve injury. We also

evaluated the anti-nociceptive effects of blocking the

EphA4 pathway in rats with trigeminal neuropathic pain.

Finally, we confirmed the participation of EphA4 signaling

in the development of trigeminal neuropathic pain after

reducing EphA4 expression using EphA4 siRNA.

Materials and Methods
Animals
Male Sprague-Dawley rats, weighing 200–230 g, were used

in all experiments. The animals were maintained in

a temperature-controlled room (23 ± 1 °C) on a 12:12-hour

light-dark cycle. Food and water were freely available. All

procedures involving the use of animals were approved by

the Institutional Care and Use Committee of the School of

Dentistry, Kyungpook National University (No. 20180108).

Animal experiments were also carried out in accordance with

the ethical guidelines for the evaluation of experimental pain

in conscious animals established by the International

Association for the Study of Pain. All experiments were

performed in a blind manner.

Animal Model for Trigeminal Neuropathic

Pain
Rats were anesthetized with a mixed solution of ketamine

(40 mg/kg, intraperitoneal (ip)) and xylazine (4 mg/kg, ip).

Under anesthesia, the left mandibular second molar was

extracted, and a miniature dental implant (diameter, 1 mm;

length, 4 mm; donated by Megagen, Gyengsan, Korea)

was placed to intentionally injure the inferior alveolar

nerve, as described previously.14,15 The rats constituting

the sham group were operated on without dental implant

placement. For the control group, we used naïve rats that

did not receive any operation. Only data from the rats with

inferior alveolar nerve injury caused by the malpositioned

dental implant were used in the final analyses.

Approximately 90% of rats with inferior alveolar nerve

injury experienced neuropathic pain.

Intracisternal Catheterization
For intracisternal administration in the ratmodel, the individual

rats were anesthetized with a mixed solution of ketamine

(40 mg/kg, ip) and xylazine (4 mg/kg, ip). Each anesthetized

ratwasmounted on a stereotaxic frame and a polyethylene tube

(PE 10) was implanted, as described previously.16–19 The

polyethylene tube was inserted through a tiny hole made in

the atlantooccipital membrane and dura using a 27-gauge

needle. The tip of the cannula was placed dorsal to the obex

level. The anterior portion of the polyethylene tube (length,

8 cm) was advanced subcutaneously to the top of the skull and

secured in place using a stainless steel screw and dental acrylic

resin. All intracisternal treatments were administered as 4 μL
microinjections delivered slowly, and 10 µL saline was

injected to flush the cannula after each drug microinjection

with the aid of a Hamilton microsyringe connected to the

catheter. A recovery period of 72 hours was allowed before

commencing the experiment.15,20 Any animals showingmotor

dysfunction or malpositioning of the catheter after intracister-

nal catheterization were excluded from further analysis.

Evaluation of Mechanical Allodynia
Mechanical allodynia was measured at 2 days before and 1,

3, 5, 7, 10, 12, 15, 18, 21, 25, 30, 35, and 40 days after the

placement of the malpositioned dental implant, as described

previously.14,21 For behavioral observation, each animal was

placed in a transparent plastic cage (width, 25 cm; height,

18 cm; length, 35 cm) in a dimly lit testing room for 30

minutes before behavioral measurements to allow the ani-

mals to adapt to the test environment. The behavioral with-

drawal response was evaluated after each 4-second

application of air-puff pressure delivered ipsilateral to the

nerve injury site for 10 times at 10-second intervals at the

same pressure, before increasing the pressure intensity in the

subsequent trial, as described in previous studies.21–23 The

intensity and intervals of the air-puff pressure were con-

trolled using a pneumatic pump module (BH2 System,

Harvard Apparatus, MA). After inducing injury to the infer-

ior alveolar nerve, we searched for the most sensitive area via

air-puff stimulation, as previously described.24,25 The most

sensitive areas included the lower jaw and the mouth angle

area of the facial region. We applied the air-puff stimulation
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protocol to the most sensitive area through a 10 cm long 26-

gauge metal tube located 1 cm from the skin at a 90° angle.

The air-puff thresholds were determined as the air-puff pres-

sure at which each rat responded in 50% of the trials.

Allodynia was defined as the intensity of air puffs when the

rats attempted to escape or exhibited aggressive behavioral

responses to stimulation, such as face withdrawal responses

or biting. The cut-off pressure for the air-puff threshold

determination was 40 psi, as described previously.26–28 The

naïve animals did not respond to a pressure lower than 40 psi.

Western Blotting
The rats were sacrificed under anesthesia, and the ipsilateral

dorsal parts of the caudal medulla were removed and frozen

rapidly in liquid nitrogen. The samples were sonicated with

Biorupture (Cosmo Bio., Tokyo, Japan) in a lysis buffer con-

taining a cocktail of protease and a phosphatase inhibitor

cocktail (Thermo Scientific, Rockford, IL). The protein con-

centrations in the samples were measured using a fluorometer

(Invitrogen, Carlsbad, CA). Total proteins (30 μg) were sepa-
rated on a 10% NuPAGE Novex Bis-Tris gel (Invitrogen) and

transferred to a polyvinylidene fluoride membrane using the

iBlot Dry blotting system (Invitrogen). The membranes were

blocked with 5% non-fat milk in Tris-buffered saline contain-

ing 0.1% Tween 20 for one hour at room temperature and then

incubated with rabbit anti-EphA4 antibody (1:2000; Santa

Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight. The

mouse anti-glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) antibody (1:10,000; Santa Cruz Biotechnology)

was used as the loading control. The blots were incubated

with goat anti-rabbit or anti-mouse horseradish peroxidase-

conjugated IgG for two hours at room temperature. The blots

were developed using enhanced chemiluminescence kits

(Millipore, Billerica, MA), followed by exposure to an

Amersham Imager 600 (GE Healthcare, Little Chalfont,

UK). The bands were captured with the image analysis system

and the Image J analysis system (NIH, Bethesda, MD) was

used to quantify the protein bands of interest.

Intracisternal Administration of EphA4

siRNA
An siRNA molecule against EphA4 and another for a non-

targeting control were designed and purchased from Ambion

(Carlsbad, CA) with the following sequences: sense, 5′-

GCCGUAGACGGAGUAAGUAtt-3′ and antisense, 5′-

UACUUACUCCGUCUACGGCtg-3′. Catalog numbers

were 4457308 for the siRNA construct directed against

EphA4 and 4459405 for the in vivo negative control. The

siRNA solution was mixed with a complexation buffer and

then diluted with Invivofectamine 3.0 Reagent (Invitrogen)

before being incubated for 30 minutes at 50°C. The EphA4

siRNA or negative control solutions at doses mentioned

below were administered intracisternally to the rats immedi-

ately after inflicting inferior alveolar nerve injury.

Experimental Protocols
Changes in Behavioral Response and EphA4

Expression After Inferior Alveolar Nerve Injury

In several previous studies, inferior alveolar nerve injury

was shown to produce prolonged nociceptive

behavior.14,21 The present study examined ipsilateral

mechanical allodynia after inferior alveolar nerve injury

(n=8 per group). To determine the changes in EphA4

expression in rats with inferior alveolar nerve injury, we

examined EphA4 expression in the ipsilateral trigeminal

subnucleus caudalis by Western blot analysis (n = 6 per

group) on postoperative day (POD) 1, 3, and 5 because the

trigeminal subnucleus caudalis (medullary dorsal horn)

receives nociceptive information from the orofacial area,

including skin, tooth pulp, and muscle.29

Effects of a Single Treatment with EphA4-Fc on

Mechanical Allodynia

To block EphA4, EphA4-Fc (0.1, 1, or 10 μg/10 μL), an
EphA4 antagonist, was administered intracisternally

through the implanted PE10 tube on POD 3. EphA4-Fc,

a soluble chimeric fusion protein of the EphA4 receptor,

has been shown to block the activation of the endogenous

EphA4 receptor by acting as a soluble decoy receptor,

which prevents the activation of membrane-bound

EphA4 study.30 Changes in the air-puff threshold were

determined at 10, 30, 60, 90, 120, 180, 360 minutes, and

24 hours after the intracisternal administration of EphA4-

Fc or vehicle (n=8 per group). EphA4-Fc was purchased

from R&D systems (Minneapolis, MN) and dissolved in

sterile PBS.

Prolonged Anti-Allodynic Effects of Early or Late

Repeated Treatments with EphA4-Fc

To determine whether repeated treatments with EphA4-

Fc exerted a prolonged anti-allodynic effect, we inves-

tigated the anti-allodynic effects after daily treatment

with EphA4-Fc (0.1 or 1 μg/10 μL). A previous study

demonstrated that central hypersensitivity was estab-

lished by POD 3 after nerve injury.31 This time point

is very important to identify whether chronic
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neuropathic pain will develop after nerve injury. To

examine the effects of daily treatment with EphA4-Fc

prior to the establishment of chronic neuropathic pain,

daily treatment with EphA4-Fc or vehicle (n = 8 per

group) was initiated immediately after inferior alveolar

nerve injury (POD 0) and repeated on the following two

days (POD 1 and 2, early treatment protocol). After

daily treatment with EphA4-Fc, the changes in air-puff

thresholds were evaluated. To investigate the long-term

anti-nociceptive effects of EphA4-Fc, we measured the

air-puff thresholds once a day until POD 40, including

24 hours after daily treatment with EphA4-Fc. On the

other hand, to examine the prolonged anti-allodynic

effects of EphA4-Fc after chronic neuropathic pain was

already established, either EphA4-Fc or vehicle (n =

8 per group) was administered intracisternally for three

days starting on POD 3 (late treatment protocol). We

also measured the changes in the air-puff threshold after

daily treatment with EphA4-Fc and measured air-puff

thresholds once a day until POD 40, including 24 hours

after daily treatment with EphA4-Fc.

Effects of Intracisternal Administration of EphA4

siRNA on Mechanical Allodynia

EphA4 siRNA (0.1, 0.5, 1 nmol/10 μL) or a negative

control solution (10 μL) was administered intracisternally

immediately after inferior alveolar nerve injury.

Subsequently, the changes in the air-puff threshold were

evaluated for 9 days (n = 9 per group). To confirm the

effects of EphA4 siRNA and the negative control, changes

in EphA4 expression in the ipsilateral medullary dorsal

horn were evaluated by Western blot analysis on POD 3 (n

= 6 per group).

Data Analysis
Statistical analysis of the behavioral data was performed

by repeated-measures analysis of variance (ANOVA) fol-

lowed by Holm-Sidak post hoc analysis. Data from the

Western blot were analyzed by one-way ANOVA followed

by Holm-Sidak post hoc analysis or unpaired Student’s

t-test with one-tailed analysis. In all statistical compari-

sons, P < 0.05 was considered significant. All data are

presented as the mean ± SEM.

Figure 1 Changes in air-puff thresholds and EphA4 expression after inferior alveolar nerve injury. (A) Inferior alveolar nerve injury produced significant mechanical allodynia

compared with the sham-operated group. The cut off pressure was 40 psi, and naïve animals did not respond to pressures less than 40psi. There were 8 animals in each

group. (B and C) Inferior alveolar nerve injury increased EphA4 expression in the ipsilateral trigeminal subnucleus caudalis compared with the sham group. GAPDH was

used as a loading control. There were 6 animals in each group. The values shown are the mean ± SEM. *P < 0.05, sham vs nerve injury group.

Abbreviation: POD, postoperative day.
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Results
Changes in Air-Puff Thresholds and

EphA4 Expression After Inferior Alveolar

Nerve Injury
We found that the rats with a malpositioned dental implant

manifested obvious nocifensive behavioral changes.

Inferior alveolar nerve injury resulted in a decrease in

the air-puff threshold as compared with sham surgery

(F(2,21) = 1335.3, P < 0.05; Figure 1A). However, the

sham-operated rats did not show an altered air-puff thresh-

old compared with the naïve group. Ipsilateral mechanical

allodynia presented on POD 1 and persisted until 35 days

after surgery. Western blot analysis showed that EphA4

expression increased significantly in the ipsilateral trigem-

inal subnucleus caudalis on POD 1, 3, and 5 after inferior

alveolar nerve injury compared with that in the sham

group (P < 0.05, Figure 1B and C).

Effects of a Single Treatment with

EphA4-Fc on Mechanical Allodynia
Figure 2 illustrates the anti-allodynic effects of a single

treatment with EphA4-Fc, an EphA4 antagonist, on neuro-

pathic mechanical allodynia on POD 3. Treatment with the

vehicle did not affect mechanical allodynia induced by the

malpositioned dental implant. Intracisternal administration

of a low dose of EphA4-Fc (0.1 μg) did not affect the air-

puff threshold; however, treatment with higher doses of

EphA4-Fc (1 or 10 μg) produced significant anti-allodynic

effects compared with vehicle treatment (F(3,20) = 514.1,

P < 0.05). The anti-allodynic effects produced by a single

treatment with EphA4-Fc appeared within 30 minutes and

returned to the pretreated levels within 24 hours after

injection. Although a high dose of EphA4-Fc (10 μg)

provided effective pain relief, it caused motor dysfunction.

Therefore, the high dose of EphA4-Fc was excluded from

the following experiments.

Effects of Repeated Treatments with

EphA4-Fc on Mechanical Allodynia
The present study investigated the anti-allodynic effects

induced by daily treatment with EphA4-Fc for 3 days

starting on POD 0 before the chronic neuropathic pain

was established (Figure 3). The measurements of beha-

vioral responses on POD 0 were omitted because the

effects of drug administration could be masked as

a result of anesthesia for surgery. Daily intracisternal treat-

ments with both doses of EphA4-Fc (0.1 and 1 μg) pro-

duced significant anti-allodynic effects on POD 1 and 2

(P<0.05, Figure 3A). Anti-allodynic effects appeared

within 1 hour after intracisternal administration of EphA4-

Fc (1 μg) and persisted until 24 hours on both POD 1 and

2. Moreover, we measured air-puff thresholds once a day

until POD 40 to investigate the long-term antinociceptive

effects of EphA4-Fc. An early treatment protocol with 1

μg of EphA4-Fc for 3 days starting on POD 0 produced

significantly prolonged anti-allodynic effects (F(2,15) =

41.1, P < 0.05, Figure 3B), which were sustained through-

out the entire observation period until POD 36.

Administration of vehicle or a low dose of EphA4-Fc

(0.1 μg) did not produce prolonged anti-allodynic effects

in rats with inferior alveolar nerve injury.

The present study also investigated the anti-allodynic

effects after daily treatment with EphA4-Fc for 3 days

starting on POD 3, when the chronic neuropathic pain

was already established (Figure 4). Daily intracisternal

administrations of a low dose of EphA4-Fc (0.1 μg) did

not produce any anti-allodynic effects, except on POD 5

(3rd treatment). Daily treatment with 1 μg of EphA4-Fc

produced significant anti-allodynic effects on POD 3, 4,

and 5 (P < 0.05, Figure 4A). However, the anti-allodynic

effects returned to the pretreatment levels by 24 hours after

EphA4-Fc injection. In contrast to the early EphA4-Fc

treatment protocol, late treatment with EphA4-Fc for 3

Figure 2 Effects of a single treatment with EphA4-Fc, an EphA4 receptor antago-

nist, on mechanical allodynia in rats with inferior alveolar nerve injury on POD3.

Intracisternal administration of EphA4-Fc (1 or 10 μg) produced anti-allodynic

effects compared with that of the vehicle. The values shown are the mean ± SEM.

There were 8 animals in each group. *P < 0.05, vehicle vs EphA4-Fc-treated group.
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days starting on POD 3 did not produce any prolonged

anti-allodynic effects when the chronic neuropathic pain

was already established (Figure 4B).

Effects of Intracisternal Administration of

EphA4 siRNA on Mechanical Allodynia
Figure 5 illustrates the effects of EphA4 siRNA on

neuropathic mechanical allodynia following inferior

alveolar nerve injury. Western blot analysis revealed

that a single intracisternal administration of EphA4

siRNA, microinjected immediately after the malposi-

tioned dental implantation, attenuated the upregulated

EphA4 expression resulting from inferior alveolar nerve

injury (P < 0.05, Figure 5A and B). However, the nega-

tive control did not affect the upregulated EphA4 expres-

sion. Furthermore, intracisternal injection of the negative

control did not affect the air-puff threshold. However, all

doses of single EphA4 siRNA produced an anti-

allodynic effect in rats with trigeminal neuropathic pain

(F(3,24) = 188.2, P < 0.05, Figure 5C). A high dose

Figure 3 Effects of early treatment with EphA4-Fc on mechanical allodynia after inferior alveolar nerve injury before chronic pain was established. (A) Daily treatments with

EphA4-Fc (0.1 or 1 μg) significantly alleviated mechanical allodynia on POD 1 and 2 (second and third treatment). (B) Intracisternal treatment with EphA4-Fc (0.1 or 1 μg)
for 3 days starting on POD 0 (early treatment protocol) produced significant prolonged anti-allodynic effects compared with vehicle treatment. Arrows indicate the

treatment with EphA4-Fc. The values shown are the mean ± SEM. There were 8 animals in each group. *P < 0.05, vehicle vs EphA4-Fc-treated group.

Abbreviation: POD, postoperative day.
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(1 nmol) of EphA4 siRNA produced a significantly pro-

longed anti-allodynic effect that persisted until 6 days

after a single treatment.

Discussion
The present study is the first to demonstrate that central

EphA4 activity is a key mechanism for the development of

nerve injury-induced trigeminal neuropathic pain. Our cur-

rent findings show that inferior alveolar nerve injury

induced significant mechanical allodynia and up-

regulated EphA4 expression in the ipsilateral trigeminal

subnucleus caudalis. Although nerve injury-induced

mechanical allodynia was unaffected by daily treatment

with an EphA4 antagonist once the phenomenon had been

established, this treatment effectively and persistently

reduced mechanical allodynia when initiated shortly after

the nerve-injury procedure. Moreover, the down-regulation

of EphA4 by EphA4 siRNA produced significant pro-

longed anti-allodynic effects. These results suggest that

the central EphA4 signaling pathway plays an important

role in the development of trigeminal neuropathic pain

after nerve injury.

Generally, Eph receptors have been classified into

two subclasses, EphAs and EphBs, based on similarities

in sequence and binding affinity.32 EphA receptors,

identified by nine receptors, showed promiscuous bind-

ing activity with five ephrin-A ligands.3,33 The EphA

pathway has been reported to regulate normal function

Figure 4 Effects of daily treatment with EphA4-Fc on mechanical allodynia after inferior alveolar nerve injury after chronic pain was established. Either EphA4-Fc or vehicle

was administered intracisternally beginning on POD 3 for three consecutive days. (A) Daily treatment with a low dose of EphA4-Fc (0.1 μg) did not produce anti-allodynic

effects except on POD 5 (third treatment). Administration of EphA4-Fc (1 μg) significantly reduced mechanical allodynia on POD 3, 4, and 5 (first - third treatment). (B)
Intracisternal treatment with EphA4-Fc (0.1 or 1 μg) for 3 days starting on POD 3 (late treatment protocol) did not produce any prolonged anti-allodynic effects when

chronic pain was already established. The arrows indicate treatment with EphA4-Fc. The values shown are the mean ± SEM. There were 8 animals in each group. *P < 0.05,

vehicle vs EphA4-Fc-treated group.

Abbreviation: POD, postoperative day.
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and synaptic plasticity in the central nervous

system.34,35 In particular, EphA4 is a synapse modulator

involved in the formation of specific synapses and neu-

ronal plasticity, such as long-term potentiation (LTP) in

the adult hippocampus35,36 and the neuromuscular

junction.37 In addition, blockade of EphA4 by EphA4-

Fc, an EphA4 antagonist, delayed the development of

experimental autoimmune encephalomyelitis (EAE) in

mice,38 and attenuated the apoptotic cell death of hip-

pocampal CA1 pyramidal neurons induced by ischemia/

reperfusion in an experimental animal model of stroke.39

These findings suggest that EphA4 plays an important

role in axonal reorganization and synaptic plasticity

after various types of neuronal damage or injury. On

the other hand, EphA4 promoted or enhanced the onset

and severity of EAE and neuronal cell death in a stroke

model.38,39 Therefore, EphA4 might play a role in the

pathogenesis of neuronal damage or injury rather than

axonal reorganization and synaptic plasticity.

The present data demonstrated that inferior alveolar

nerve injury, which produces significant mechanical allo-

dynia, increased EphA4 expression in the ipsilateral tri-

geminal subnucleus caudalis. Moreover, acute treatment

with the antagonist EphA4-Fc attenuated mechanical allo-

dynia induced by nerve injury in a dose-dependent and

transient fashion, as compared with the vehicle-treated

group. These results suggest that the upregulation of

EphA4 expression plays a critical role in the development

of mechanical allodynia in rats with trigeminal neuro-

pathic pain after inferior alveolar nerve injury. The role

of Eph receptors in central nociceptive processing, in

particular the role of EphA4 in the development of trigem-

inal neuropathic pain, has not yet been addressed. In con-

trast, following spinal cord injury, another condition

associated with an up-regulation of central EphA4 expres-

sion and persistent mechanical allodynia, the intensity of

the latter was actually potentiated by suppression of

EphA4 expression.40 These results indicate that the

Figure 5 Effects of EphA4 siRNA on EphA4 expression and neuropathic mechanical allodynia after inferior alveolar nerve injury caused by a malpositioned dental implant.

(A and B) Western blot analysis revealed that intracisternal administration of EphA4 siRNA downregulated EphA4 expression compared with the negative control (NC). The

values shown are the mean ± SEM. There were 6 animals in each group. *P < 0.05, sham group vs negative control. #P < 0.05 negative control group vs EphA4 siRNA-treated

group. (C) Intracisternal treatment with EphA4 siRNA produced significant anti-allodynic effects. A high dose (1 nmol) of EphA4 siRNA produced prolonged anti-allodynic

effects until 6 days after treatment. The values shown are the mean ± SEM. There were 9 animals in each group. *P < 0.05 negative control vs EphA4 siRNA-treated group.

Abbreviation: n.c., negative control.
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upregulation of EphA4 after spinal cord injury may limit

the development of abnormal pain. The mechanisms

underlying the conflicting findings observed in these dif-

ferent experimental animal models of nerve injury remain

to be examined.

As a single treatment with EphA4-Fc produced signifi-

cant but short-lasting anti-allodynic effects, we examined

whether repeated daily treatment with the EphA4 antagonist

would result in prolonged antinociceptive effects.

Intracisternal daily microinjections of EphA4-Fc for 3 days

starting on POD 3 (ie once allodynia was already established)

failed to modify the intensity of allodynia during the treat-

ment period or thereafter. However, when daily treatment

with EphA4-Fc (at 1 μg) was initiated on POD0 and repeated

on the following 2 days, allodynia was markedly and persis-

tently reduced over the entire 30-day observation period.

These results suggest that the early blockade of the EphA4

pathway prior to the establishment of neuropathic pain effec-

tively attenuated mechanical allodynia after inferior alveolar

nerve injury. These early treatment findings were consistent

with those of previous studies. Central hypersensitivity was

established within POD 3 and was not modified by peripheral

input after chronic pain was established.30 Early pain treat-

ment can prevent the transition from acute to chronic

pain.41,42 Moreover, early treatment with dexamethasone

produces prolonged antinociceptive effects in rats with mal-

positioned dental implants, whereas delayed treatment has no

effect.14 These results indicate that once neuropathic pain is

established, it tends to becomemore difficult to treat success-

fully, requiring more aggressive treatments. Therefore, our

findings indicate that early blockade of the EphA4 pathway

can significantly limit the further development of neuropathic

pain in response to nerve injury. On the other hand, it is

noteworthy that EphA4-Fc is a glycosylated receptor decoy

with a very short half-life in vivo, which is likely to have

a negative effect on the duration of its antagonistic actions. In

this regard, deletion of three of the N-linked glycosylation

sites of the EphA4-Fc molecule by glycoengineering has

been shown to dramatically improve the in vivo half-life

and pharmacokinetic characteristics.43 Such a long-lasting

EphA4 antagonist may prove to be more effective than

EphA4-Fc in counteracting neuropathic pain induced by

nerve injury.

It is well known that bidirectional signaling between

Eph receptors and ephrin ligands plays an important role

in the cross-talk or communication between cells.44 The

present study demonstrated that inferior alveolar nerve

injury increased EphA4 expression in the superficial

lamina of the trigeminal subnucleus caudalis.

Upregulated EphA4 expression was observed in the astro-

cytes in the trigeminal subnucleus caudalis (unpublished

data). Therefore, the upregulated EphA4 expression may

participate in cross-talk or communication between the

neuron and astrocytes after inferior alveolar nerve injury.

However, further studies are needed to identify the under-

lying cellular mechanisms.

The present study also assessed the effects of EphA4

siRNA to confirm the participation of EphA4 in the devel-

opment of trigeminal neuropathic pain. Intracisternal

administration of EphA4 siRNA attenuated the upregu-

lated EphA4 expression in the ipsilateral trigeminal sub-

nucleus caudalis induced by inferior alveolar nerve injury,

whereas the negative control did not affect EphA4 expres-

sion. Importantly, this same treatment also promoted long-

lasting anti-allodynic effects. These results support our

hypothesis that early EphA4 activity is a key mechanism

for the development of trigeminal neuropathic pain after

nerve injury.

In summary, early treatment with EphA4-Fc promoted

persistent anti-nociceptive effects in rats with inferior

alveolar nerve injury. Moreover, intracisternal administra-

tion of EphA4 siRNA produced anti-allodynic effects and

limited the upregulation of EphA4 expression in the tri-

geminal subnucleus caudalis. These results suggest that

early modulation of EphA4 signaling is a potentially

important treatment strategy for trigeminal neuropathic

pain.
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