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Background: The pain-relief properties of tricyclic antidepressants can be attributed to several actions. Recent observa-
tions suggest that adenosine is involved in the antinociceptive effect of amitriptyline. The A3 adenosine receptor (A3AR) 
is the only adenosine subtype overexpressed in inflammatory and cancer cells. This study was performed to investigate the 
role of A3AR in the anti-nociceptive effect of amitriptyline.
Methods: Spinal nerve-ligated neuropathic pain was induced by ligating the L5 and L6 spinal nerves of male Sprague-Dawley 
rats. The neuropathic rats were randomly assigned to one of the following three groups (8 per group): a neuropathic pain with 
normal saline group, a neuropathic pain with amitriptyline group, and a neuropathic pain with amitriptyline and 3-ethyl-5-ben-
zyl-2-methyl-4-phenylethynyl-6-phenyl-1,4-(±)-dihydropyridine-3,5-dicarboxylate (MRS) group. Amitriptyline or saline was 
administered intraperitoneally and 3-ethyl-5-benzyl-2-methyl-4-phenylethynyl-6-phenyl-1,4-(±)-dihydropyridine-3,5-dicar-
boxylate (MRS-1191), an A3AR antagonist, was injected subcutaneously immediately before amitriptyline administration. The 
level of extracellular signal-regulated kinase P44/42 (ERK1/2), cyclic AMP response element-binding protein (CREB), and 
proinflammatory cytokines were assessed using immunoblotting or reverse-transciption polymerase chain reaction.
Results: Amitriptyline increased the mechanical withdrawal threshold of the neuropathic rats. The level of phos-
pho-ERK1/2 and phospho-CREB proteins, and proinflammatory cytokines produced by spinal nerve ligation were signifi-
cantly reduced by amitriptyline administration. However, the use of MRS-1191 before amitriptyline administration not 
only reduced the threshold of mechanical allodynia, but also increased the signaling protein and proinflammatory cyto-
kine levels, which were reduced by amitriptyline.
Conclusions: The results of this study suggest that the anti-nociceptive effect of amitriptyline involves the suppression of 
ERK1/2 and CREB signaling proteins, and A3AR activation also affects the alleviation of the inflammatory response.
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Introduction

Neuropathic pain is a chronic pain condition that can be 
caused by many disorders such as diabetic polyneuropathy, 
post-spinal surgical pain, post-herpetic neuralgia, stroke, and 
spinal cord injury [1].

The inflammatory response of the nerves is one of the causes 
associated with the progress of neuropathic pain. Pro-inflamma-
tory cytokines are involved in the demyelination and degenera-
tion of peripheral nerves, increased sensory afferent excitability, 
and induction of neuropathic pain [2].

Recent studies have shown that the levels of extracellular sig-
nal-regulated kinase P44/42 (ERK1/2), which belongs to the mi-
togen-activated protein kinase (MAPK) family, and cyclic AMP 
response element-binding protein (CREB) are increased in rat 
neuropathic pain models [3,4]. ERK1/2 and CREB signaling 
proteins, which are induced by the activation of G-protein cou-
pled receptors (GPCRs), cause plasticity changes and inflamma-
tory responses in the spinal nerves. These changes are important 
factors in causing neuropathic pain [4]. 

Amitriptyline, a member of the tricyclic antidepressant (TCA) 
family, is currently the most widely prescribed antidepressant 
for neuropathic pain. Many studies have demonstrated that 
amitriptyline can profoundly change symptoms such as hyperal-
gesia and allodynia [5,6]. However, the mechanisms underlying 
the anti-hyperalgesic and anti-allodynic actions of amitriptyline 
have not yet been fully understood. Previous studies have shown 
that interactions with the endogenous adenosine system seem 
most important for the anti-nociceptive effect of amitriptyline 
[6]. Moreover, caffeine, a non-selective adenosine receptor (AR) 
antagonist, has been shown to reduce the antinociceptive effect 
of amitriptyline in both inflammatory and neuropathic pain 
models [7]. Evidences also suggest the involvement of an ade-
nosine component in this action [5,6].

 The A3 adenosine receptor (A3AR) is the only adenosine 
subtype overexpressed in inflammatory and cancer cells. Al-
though the relationship between early proinflammatory cyto-
kines and A1AR on the inflammatory responses of nerves in 
the development of neuropathic pain has been studied [8], the 
association with A3AR has not yet been explored.

Therefore, the aim of the present study was to investigate 
whether (1) amitriptyline was effective in relieving the symp-
toms of neuropathic pain in a rat model of spinal nerve ligation 
(SNL), and (2) whether the effect of amitriptyline was associated 
with endogenous adenosine, particularly A3AR.

Materials and Methods

All experiments conformed to the guidelines of and were 
approved by the Institutional Laboratory Animal Care and the 

Ethical Committee of Catholic University of Korea, Seoul, Ko-
rea, on March 26, 2015 (IRB 15-12). All animals were kept in 
separate cages with a certain photoperiodism (a 12-h light-dark 
cycle) and sufficient water and food. The rats were allowed to 
acclimatize for 7 days before the experiments. Twenty-four male 
Sprague-Dawley rats (weighing 250–300 g) were randomly as-
signed to one of three groups (8 per group): a neuropathic pain 
with normal saline group (NP + NS group, control group, n = 8), 
a neuropathic pain with amitriptyline group (NP + Ami group, 
n = 8), and a neuropathic pain with amitriptyline and MRS-1191 
(CAS 185222-90-6, USA, 3-ethyl-5-benzyl-2-methyl-4-pheny-
lethynyl-6-phenyl-1,4-(±)-dihydropyridine-3,5-dicarboxylate) 
group (NP + Ami + MRS group, n = 8). In the NP + Ami + MRS 
group, amitriptyline was administered intraperitoneally imme-
diately after the subcutaneous injection of MRS-1191.

Neuropathic pain models and behavioral tests

The Kim and Chung [9] method was used to create the neu-
ropathic pain models by ligating the spinal nerves. Rats were 
anesthetized using pentobarbital sodium (50 mg/kg i.p.). A 
dorsal midline incision was made from L3 to S2. Under the mi-
croscopic guidance, the left L6 transverse process was partially 
resected to visualize the L5 and L6 spinal nerves. These nerves 
were tied up with 5-0 black silk. The wound was sutured again 
with a 4-0 soluble Vicryl suture, and the wound was closed using 
wound clips. Before the behavioral testing, the rats were housed 
in groups for 7 days. Among the animals, those exhibiting a foot 
withdrawal response to 8 von Frey filaments (0.6, 1.0, 2.0, 4.0, 
6.0, 8.0, 10.0, and 15.0 g; Stoelting, USA) with an applied bend-
ing force of 4 g or less were considered neuropathic, and they 
were used in this study [10]. The rats were excluded from this 
experiment if they either showed the motor deficiency or did 
not exhibit subsequent mechanical allodynia. The mechanical 
withdrawal threshold test was performed for 1 week, daily after 
drug administration based on each group’s designation. Chang-
es in the levels of pERK1/2, and pCREB signaling proteins and 
mRNA levels of proinflammatory cytokines determined using 
immunoblotting or reverse-transciption polymerase chain re-
action (RT-PCR) techniques on tissues harvested from the spi-
nal cord were compared among the three groups. All tests and 
analyses were performed by observers blinded to the assignment 
of animals in the treatment groups. All drug treatments were 
also blinded. The drug was administered intraperitoneally to 
neuropathic rats on the basis of their assigned treatment group 
of saline and amitriptyline (10 mg/kg). In the NP + Ami + MRS 
group, amitriptyline was administered immediately after the 
subcutaneous injection of MRS-1191 (1 mg/kg) 7 days after 
SNL [5,7,11]. The doses of amitriptyline and MRS-1191 were 
determined on the basis of pilot experiments conducted in our 
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laboratory, in which the doses selected in the current study were 
found to have no effect on normal and pain behaviors. After 
an initial observation period, the rats were housed with their 
cage mates in an enriched environment during the experiment. 
Experiments for evaluating static tactile mechanical thresholds 
were carried out by examiners blinded to the assigned treatment 
groups.

Tissue preparation and immunoblot analysis

After assessing the static tactile mechanical thresholds for 7 
days, by using oxygen and 5% sevoflurane, the rats were anes-
thetized. The third lumbar vertebra and the sacrum were cut 
almost simultaneously, and the spinal cord from the lumbar 
enlargement was harvested by rapidly injecting saline into the 
spinal canals and pushing the spinal cord toward the lumbar 
vertebra. The harvested spinal cord tissues were stored at −80°C 
after quick-freezing with liquid nitrogen. Spinal cord tissue was 
dissected on ice and immediately placed in ice-cold radioim-
munoprecipitation assay buffer (150 mmol NaCl, 50 mmol Tris-
HCl, 1 mmol EDTA, and 1% Triton-X100 [pH 7.4]) and homog-
enized for 10 s on ice. Tissue was super-centrifuged (32,500 g, at 
4°C, and in a vacuum) for 1 h. For the immunoblotting described 
above, the supernatant was collected. Bovine serum albumin 
was used as a standard solution and analyzed using the Bradford 
assay (BioRad, USA), and the sample was stabilized using the 
Laemmli buffer. The protein bands, obtained by electrophores-
ing each protein in 10% sodium dodecyl sulfate polyacrylamide 
gel for 4 h at 80 V, were transferred to a polyvinylidene fluoride 
membrane. The membranes were washed with Tris-Buffered 
Saline Tween-20 (TBST) solution (0.1% Tween 20 in 1 × TBS) 
and coated with a blocking solution (5% dry milk in TBST). 
The membranes were incubated with primary phospho-ERK1/2 
(pERK1/2) and phospho-CREB (pCREB) antibodies (Cell Sig-
naling Technology, USA) for 16 h. After washing with TBST 

solution, the membranes were incubated with the secondary 
antibody (goat anti-rabbit or anti-mouse IgG, Santa Cruz Bio-
technology, USA) for 1 h, and developed using electrochemilu-
minescence reagents (Amersham, USA) and a UVP Bio-imaging 
System (Upland, USA).

Semiquantitative RT-PCR for the mRNA of 
proinflammatory cytokines 

The inflammation in the harvested spinal cord was also 
determined by measuring mRNA encoding markers of inflam-
mation, including tumor necrosis factor α (TNF-α), intercellular 
adhesion molecule 1 (ICAM-1), macrophage inflammatory 
protein 2 (MIP-2), and monocyte chemoattractant protein 1 
(MCP-1) [11]. Primers were designed on the basis of published 
Gen-Bank sequences (Table 1). A 1-ml aliquot of Trizol reagent 
(MRC, USA) was added to the spinal cord tissues of the rats, 
which were then homogenized and left for 5 min. A 0.2-ml al-
iquot of 1-bromo-3-chloropropane (Sigma, USA) was added, 
followed by centrifugation at 14,000 g for 15 min. The superna-
tant was then separated and centrifuged at 14,000 g for 10 min 
after adding the same amount of phenol:chloroform (5:1, pH 4.7) 
(Sigma, USA). After separating the supernatant, 100% ethanol 
was added and reacted at −20°C for 1 h, followed by centrifu-
gation at 14,000 g for 10 min. The supernatant was discarded, 
and the RNA precipitate was washed with 75% ethanol. Dieth-
ylpyrocarbonate was added and reacted at 60°C for 5 min and 
stored in a refrigerator (−70°C). The RNA concentration was 
determined using a UVP Bio-imaging System (Upland, USA) at 
an absorbance of 260 nm. cDNA (50 μl) was constructed using 
the extracted RNA (0.5 μg) as a template and using avian mar-
row astrovirus reverse transcriptase (Promega, USA). The PCR 
was performed by generating 10 μl of the final reaction solution 
containing dNTPs (2.5 mM/L each) and 1 unit I Start Taq DNA 
polymerase (Intron, Korea), and each primer of 20 μM/L using 

Table 1. RT-PCR Primer Sequences

Primer Accession  
number Sequence (5' → 3') Size (bp) Cycle 

number
Annealing 

temperature (°C)

β-actin NM031144 F: AGCCATGTACGTAGCCATCC
R: CTCTCAGCTGTGGTGGTGAA

228 35 55

TNF-α X66539
S40199

F: TACTGAACTTCGGGGTGATCGGTCC
R: CAGCCTTGTCCCTTGAAGAGAACC

295 35 62

ICAM-1 S46779 F: TTTCGATCTTCCGACTAGGG
R: AGCTTCAGAGGCAGGAAACA

113 35 55

MIP-2 AB060092 F: CCACCAACCATCAGGGTACA
R: TGGACGATCCTCTGAACCAA

214 35 56

MCP-1 M57441 F: CACCTGCTGCTACTCATTCACT
R: GTTCTCTGTCATACTGGTCACTTCT

349 35 62

RT-PCR: reverse-transcription polymerase chain reaction, TNF-α: tumor necrosis factor α, ICAM-1: intercellular adhesion molecule 1, MIP-2: 
macrophage inflammatory protein 2, MCP-1: monocyte chemoattractant protein 1.
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composed cDNA of 2 μl. The PCR included 35 cycles of dena-
turation at 95°C for 30 s, annealing at 55°C for 30 s, and exten-
sion for 1 min at 72°C, and the reaction was terminated at 72°C 
for 10 min [12]. A 228-bp region of the β-actin gene was used 
as an internal control to determine whether appropriate mRNA 
was separated from the cells. After electrophoresis on 2.0% aga-
rose gel and staining with ethidium bromide, the obtained PCR 
products were quantified using Gel DocTM XR (BioRad, USA).

Statistical analysis

Data are expressed as mean ± SD. Statistical analyses were 
performed using GraphPad Prism 5 (GraphPad Software Inc., 
USA). Data were analyzed using one-way ANOVA, Dunnett’s 
test, and Kruskal-Wallis nonparametric test for comparing of 
the three groups. A P value < 0.050 was considered statistically 
significant.

Results 

After 7 days of SNL, with a foot withdrawal threshold < 4 g, 
all rats used in the experiment showed mechanical allodynia and 
hyperalgesia. The withdrawal thresholds more significantly in-
creased on the 4th, 5th, 6th, and 7th days after drug injection in 
the NP + Ami group than in the NP + NS and the NP + Ami + 
MRS groups. The use of MRS-1191 before amitriptyline admin-
istration reduced the threshold of mechanical allodynia (Fig. 1).

In the western blots of the spinal cord tissues, the expression 
of pERK1/2 and pCREB signaling proteins in the NP + Ami 

group was significantly decreased by 32% and 33%, respectively, 
in comparison with the NP + NS group (P = 0.022 and 0.003, 
respectively). However, the expression of pERK1/2 and pCREB 
signaling proteins in the NP + Ami + MRS group was signifi-
cantly increased to levels similar to those in the NP + NS group. 
Moreover, no significant difference was observed in the changes 
of pERK1/2 and pCREB signaling protein levels between the NP 
+ NS and NP + Ami + MRS groups (Fig. 2).

The mRNA levels of proinflammatory cytokines determined 
using the RT-PCR analysis of the spinal cord tissues were com-
pared between the three groups. The NP + Ami group showed 
significantly decreased expression of TNF-α, ICAM-1, MIP-
2, and MCP-1 (P = 0.016, 0.010, 0.024, and 0.018, respective-
ly) than did the NP + NS group. Although, the expression of 
TNF-α, ICAM-1, MIP-2 and MCP-1 was significantly decreased 
in the NP + Ami group, it was significantly increased again in 
the NP + Ami + MRS group, similar to that in the NP + NS 
group. No significant difference was observed between the NP + 
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NS and NP + Ami + MRS groups (Fig. 3).

Discussion 

The results of this study showed that the use of TCAs in 
neuropathic rats resulted in a reduction of pain and that the an-
ti-inflammatory reaction of A3AR played a significant role in its 
action, in addition to the known actions of antidepressants.

Neuropathic pain is one of the most debilitating chronic pain 
conditions, caused by traumatic nerve injury, various infections, 
autoimmune diseases, diabetes mellitus or nerve damage due to 
bone compression of cancer. Many studies have focused on neu-
rons to understand the mechanism of neuropathic pain [13–15]. 
Neuropathic pain is a reflection of abnormal excitability of 

secondary sensory neurons in the spinal dorsal horn induced 
by peripheral sensory input and is the anatomic reconstruction 
of pain pathways in the peripheral and central nervous systems 
[14]. Persistent inflammatory responses in the spinal cord may 
also cause spontaneous pain and allodynia by generating ectopic 
discharges in the primary afferent nociceptors [15]. Faden and 
Simon [16] showed that excitatory amino acids (EEAs), acting at 
the N-methyl-D-aspartate receptor, contribute to secondary tis-
sue damage following traumatic spinal cord injury. Furthermore, 
this study showed that elevated EEAs lead to the activation of 
MAPKs, including ERK1/2, JNK, and p38. Recent studies have 
shown an increase in the levels of ERK1/2, which belongs to the 
MAPK family, and CREB signaling protein in a rat neuropathic 
pain model [17,18]. Many studies on central sensitization after 
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peripheral insults have also emphasized the role of ERK1/2 and 
CREB signaling proteins and inflammatory activities in nocicep-
tive hyper-reactivity [3,17,18]. In a previous study, we demon-
strated that the expression of ERK1/2 and CREB proteins was 
increased by 43% and 2.5 times, respectively, in the neuropathic 
pain group than in the control group [18]. 

TNF-α levels are elevated in inflammatory conditions, and its 
presence may indicate an ongoing inflammatory process. It also 
appears to play a key role in both peripheral and central neuro-
degenerative pathologies and in the development of neuropathic 
pain after following nerve injury [19]. Above study analyzed the 
proinflammatory cytokine mRNA markers KC, MIP-2, ICAM-
1, MCP-1, TNF-α, interferon-induced protein 10 (IP-10), and 
regulated on activation normal T-cell expressed and secreted. 
For each experiment, the researchers also performed semiquan-
titative RT-PCR under conditions yielding linear results for 
GAPDH to confirm equal RNA input between the groups [20]. 
We also demonstrated in previous study that neuropathic pain 
induced significant mRNA expression of TNF-α, ICAM-1, MIP-
2, and MCP-1 compared to that in the control group [18]. 

ARs modulate inflammation and apoptosis in many organs, 
including the heart, kidney, lungs, and liver, and these organs 
are subject to multi-organ injury in sepsis [21]. Previous study 
showed that ARs play an important role in regulating the out-
come after renal ischemia and reperfusion injury, as well as after 
cecal ligation and puncture-induced sepsis, partly by modulating 
inflammation [19–22]. Purinergic signals are involved in pain 
signal transduction, transmission, modulation, and sensitization 
in the nociceptive sensory nervous system. Furthermore, endog-
enous adenosine has been well established to induce anti-noci-
ception in a variety of pain conditions [23]. Adenosine induces 
analgesia via the activation of A1 receptors expressed in the pe-
ripheral sensory nerve fibers. Previous studies have demonstrat-
ed that blocking A1 receptors abolishes the adenosine-induced 
anti-nociception in various inflammatory pain models [20–22].

Endogenous adenosine mediates antinociception by ac-
tivating A2A, A2B, or A3 receptors expressed in nociceptive 
neurons, astrocytes, or immune cells [24–26]. A2AR agonists 
show some peripheral pronociceptive effects; moreover, they act 
on immune cells to suppress inflammation and on spinal glia to 
suppress pain signaling and may be useful in improving inflam-
matory and neuropathic pain [24]. Adenosine can also mediate 
antinociception by enhancing GABA inhibition through the 
activation of A3 receptors [25]. Selective A3AR agonists, like 
IB-MECA or its 2-chloro analog Cl-IB-MECA, block neuro-
pathic pain caused by various chemotherapeutics such as pacli-
taxel, oxaliplatin, and bortezomib without interfering with their 
anticancer effects [26]. A3AR have now been demonstrated to 
produce antinociception in several preclinical neuropathic pain 
models, with mechanistic actions on glial cells, and they may be 

useful in improving neuropathic pain [25,26]. In this study, we 
also observed a significant increase in the mechanical allodynia 
threshold with the use of amitriptyline in rats with neuropathic 
pain, and had planned the use of the selective A3AR antagonist 
MRS-1191 to determine the role of A3 receptor because we were 
confident that adenosine was involved in its effect.

In particular, A3ARs appear to have a complex role in inflam-
mation because of their demonstrated pro-inflammatory and 
anti-inflammatory effects in many cases [27]. In another study, 
a selective A3AR agonist (IB-MECA) reduced inflammation in 
mouse models of colitis and reduced LPS-induced mortality in 
mice [28]. However, Sullivan et al. [29] speculated that the pro-
tective effects of IB-MECA against endotoxemia may actually 
be mediated by A2aARs because high doses of IB-MECA may 
activate both A2aARs and A3ARs. Conversely, another study 
reported that sometimes A3AR activation before renal ischemia 
led to the worsening of renal function, and that the mice lacking 
A3ARs displayed improved renal function after ischemia-reper-
fusion injury [30]. Therefore, the role of A3ARs in protecting 
against sepsis and inflammation is not clear.

Treatment of neuropathic pain is still difficult because of the 
inadequate understanding of the mechanisms involved in the 
development and maintenance of neuropathic pain and the rel-
ative absence of clinically effective therapies. Amitriptyline is a 
commonly used antidepressant for the treatment of neuropathic 
pain with multiple actions, some of which are still incompletely 
understood. While this diversity of action may provide amitrip-
tyline a unique analgesic effect on chronic pain, it may also be a 
major factor limiting the use of this drug because it can interact 
with multiple mechanisms acting simultaneously.

In this study, we found that amitriptyline significantly re-
duced the amount of pERK1/2 and pCREB signaling proteins al-
ready induced in rats with neuropathic pain. Furthermore, ami-
triptyline significantly reduced the expression of the mRNAs of 
proinflammatory cytokines, which are markers of inflammatory 
response. However, the positive protective effect of amitriptyline 
on neuropathic pain was completely reversed by the subcutane-
ous injection of the selective A3AR antagonist. On the basis of 
these experimental results, we could confirm that the therapeu-
tic effect of amitriptyline on neuropathic pain was caused by the 
activation of A3ARs.

In conclusion, amitriptyline, currently used as a treatment 
for neuropathic pain, is an excellent drug that can be effectively 
used to alleviate the symptoms of neuropathic pain owing to 
its unique anti-inflammatory action in addition to its various 
known actions. Moreover, the previously known antinociceptive 
effect of amitriptyline on the neuropathic pain resulting from 
SNL is closely associated with the activation of A3ARs as well as 
A1ARs and A2ARs. 
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